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Abstract - The Vazante Mine is located in the Yazante District, the largest zinc district in Brazil. 
The Yazante deposit consists dominantly of an unusual willemitic ore. Small sulfide bodies are tec­
tonically imbricated with the willemitic ore, within the Yazante shear zone. Structural styles of defor­
mation and petrographic and isotopic evidence indicate that willemitic mineralization and deforma­
tion occurred synchronously during the Neo-Proterozoic. Various generations of hydrothermal veins 
and hydraulic breccias may pre-date, accompany and overprint the mineralization. Ore-formation 
temperatures are deduced from stable isotope geothermometry and mineral chemistry of both sulfide 
bodies and willemitic ore. Temperatures during the main stage of mineralization range from 206°C 
to 294°C (willemitic ore) and 317°C (sulfides), and reflect the prevailing metamorphic conditions 
within the shear zone. The fluid from which the gangue minerals of the sulfide bodies precipitated 
(at 250°C) had an oxygen isotopic average value of 6180=+19.4%0. This value appears to reflect the 
interaction of metamorphic fluid with the carbonate rocks of the Vazante formation. At 250°C, the 
fluid in equi librium with the vein mineral phases and willemitic ore assemblage exhibits a uniform 
oxygen isotopic composition, with an average value of 01so = + 11.5%0. The positive linear covari­
ance of 6180 and 613C ratios of the carbonates is most likely due to the mixing of metamorphic and 
meteoric fluids. The 634S values of sulfides indicate a direct crustal origin for the sulfur. It is sug­
gested that the sulfur is largely derived from pre-existing sulfide bodies and has been transported by 
metamorphic fluids. The willemitic ore may have originated from the precipitation of metal in sul­
fur-poor fluids under oxidized conditions, within the Vazante shear zone. © 2000 
Canadian Institute of Mining, Metallurgy and Petroleum. All rights reserved. 

Introduction 

The Vazante zinc mine is located in the northwest part 
of the Minas Gerais state, Brazil (Fig. I). It is the largest zinc 
mine in Brazil. The mine has been worked since 1968. Pro­
duction has been from both an open pit and an underground 
mine, started in 1969 and 1983, respectively. To December 
1997, approximately 10.3 Mt of ore grading 20 wt% Zn 
have been mined and a total of 2 066 800 t of Zn metal have 
been recovered. The current production rate is l 00 000 tpy 
of Zn, 5000 tpy of Zn oxide and 75 tpy of cadmium. The 
measured reserves to a depth of 250 mare estimated at 8.9 
Mt witn an average grade of 22 wt% Zn. 

ciation is unusual in relation to base-metal deposits, but is 
quite similar to classic willemite and franklinite occurrences 
such as the Sterling Hill and Franklin Furnace deposits 
(U.S.A.) (Frondel and Baum, 1974; Johnson et al., 1990). It 
is also similar to the mineral assemblages of the Bob Zinc 
and Star Zinc deposits in Zambia (Sweeney et al., 1991). 

The lack of reliable and widespread geological data has 
made the genesis of the Vazante deposit controversial. It is 
clearly different from the other deposits that occur in the 
same ore-field, within the Vazante-Unaf region, such as the 
Morro Agudo deposit. This deposit is a sulfide-dominant 
zinc-ore and represents a SEDEX-type deposit (Misi et al., 
1996; Freitas-Silva and Dardenne, 1997) or Irish-type 

deposilo.(Ritzman et=al.., 1995..)=============== ======Willfilllitiv.orC=is_th~main base---metal ore=ty.pedt=..is 
composed of willemite, quartz., dolom~ ankerite, siderite, 
hematite, chlorite, barite, franklinite, and zincite. This asso-
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The current genetic model for the Vazante willemitic 
ore suggests that it was formed by supergene processes 
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(Amaral, 1968; Rigobello et al. , 1988) or hydrothermal 
epigenetic processes closely linked to the development of 
the Vazante Shear Zone (Pinho, 1990; Pinho et al. , 1989, 
1990; Monteiro, 1997; Monteiro et al., 1996). However, 
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due to the unusual mineral assemblage, and signi fican t di f­
ferences from the other carbonate-hosted zinc-lead 
deposits worldwide, it is diffic ult to draw analogies with 
other Zn-Pb deposits. 
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Fig. 1. Location map and geotectonic setting of the Vazante formation, in the Brasflia Fold Belt (after Schobbenhaus et al., 1981 and Fuck 
et al. , 1993). 
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The purpose of this paper is to discuss the geological 
attributes of the Vazante primary zinc deposit and use these 
as a basis for the development of a genetic model for this 
uncommon type of mineralization. 

Regional Geologic Setting 

The Vazante Mine is located in the eastern part of the 
Brasflia Fold Belt (Almeida, 1967) which is one of the 
longest continuous features related to the Brasiliano 
Orogeny (-600 Ma) extending for 800 km over a width of 
300 km along the Sao Francisco Craton. The fold belt rep­
resents an unstable crustal block that was subsequently 
affected by successive stages of reactivation of ancient 
(Archean) continental rift structures (Marini et al., 1981). 

The Brasflia Fold Belt displays sequences of rocks 
thrust to the east, with increasing deformation and meta­
morphism to the west (Marini et al. 198 1 ). During the 
Brasi liano Orogeny, the region (Fig. 1) was affected by a 
regional compressive stress regime related to the closure of 
the basins. This closure was responsible for nappe structure 
systems and subsequent deformation of the Vazante forma­
tion, the host of the zinc mineralization (Almeida, 1993). 
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In addition, the transpressive tectonic regime permitted 
the development of extensive brittle-ductile shear zones 
with sinis tral transcurrent displacement (Valente, 1993). 
This can be seen in the Vazante Shear Zone, which is the 
main structural feature of the studied area. 

The Vazante Formation: Geological Attributes 

The zinc mineralization occurs in the metasedimentary 
rocks of the Vazante formation (Dardenne, 1978, 1979), 
which is part of the Brasflia fold belt. According to Fuck 
( 1994) and Rigobello et al. (1988), the Vazante formation 
(Fig. 2) encompasses reef complexes (Upper and M iddle 
facies of Pamplona member) and lateral variations from off­
shore to tidal flat facies (Lower facies of Pamplona member 
and Morro do Pinheiro member). 

Conophyton stromatolites in the Vazante formation 
(Dardenne 1978, 1979; Da Rocha Araujo et al. 1992; Fre­
itas-Silva and Dardenne, 1997), indicate that it is older than 
the Bambul Group (950 Ma to 650 Ma; Babinski, 1993), 
which is the platformal cover of the Sao Francisco craton. 
This type of stromatolites indicates relative age intervals of 
1650 Ma to 950 Ma (Conophyton Cylindricus Maslov, 

Argillaceous metadolomite and 
elastic rocks 

Metadolorudite, metadolarenite 
and stromatolitic metadolomite 

Gray and pink algal metadolomite 
and lenses of columnar stromatolite 

Slate, cabonatic shale, phyllite, pink and 
gray metadolomites with microbial mats 

Dark gray metadolomite with bird's eyes 
and microbial mat, argillaceous marl and 
pyrite-bearing carbonaceous shale. 

Light gray metadolomite with microbial 
mats and layers of columnar stromatolites. 

Pyrite-bearing black shale 

Fig. 2. Stratigraphic column of the Vazante units in the Vazante mining area (Rigobello et al., 1988). 
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Moeri, 1972) and 1350 Ma to 950 Ma (Conophyton metula 
Kirichenko, Cloud and Dardenne, 1973) while in the Bam­
buf Group only Gymnosolen stromatolites (950 Ma to 650 
Ma) are reported (Marchese, 1974). 

207Pb/2' 16Pb analyses of galena and Rb-Sr whole rock 
isochrons for shales from the Vazante formation yield ages 
which agree well with those of the Bambuf Group, varying 
between 570 Ma and 750 Ma (Amaral, 1966, 1968; Ama­
ral and Kawashita, 1967; Cassedane and Lasserre, 1969; 
Iyer, 1984; Iyer et al. , 1992, 1993; Misi et al., 1997), as 
summarized in Table I. However, these ages may only rep­
resent the last closing of the isotopic systems during the 
Brasiliano metamorphic event that affected both 
sequences. 

Iyer ( 1984) and Iyer et al. ( 1992, 1993) reported marked 
differences between galena from the Bambuf Group and 
from the Yazante region. The first contains markedly radi­
ogenic J-typc lead, whereas the galena from Ya1ante is less 
radiogenic and displays an isotopic zonation. These authors 
considered all the galena samples in their studies to be from 
Mississippi Valley-type deposits. 

Freitas-Silva ( 1996), Freitas-Silva and Dardenne 
( 1997), Dardenne and Freitas-Silva ( I 998) consider that the 
lead isotope data indicate different mineralizing processes 

for the galena from the Bambuf Group and Yazante region. 
According to these authors, additional analyses of galena 
from the Yazante formation and reinterpretation of available 
data yielded 207pbf206Pb ages of 1200 Ma (Table 1 ). This age 
could represent the Liming of the lead separation from the 
basin itself, or the mineralization age of the Morro Agudo 
deposit, which is considered diagenetic and similar to an 
Irish-type deposit (Hitzman et al., 1995; Dardenne and Fre­
itas-Silva, 1998). An approximate remobili.lation age of680 
Ma (Brasiliano Orogeny) is also estimated from the galena 
of the Morro Agudo and Yazante deposits (Freitas-Si lva and 
Dardenne, 1997). 

Vazante Mine Geology 

The bulk of the minerali1ation is associated with two 
distinct facies of the Vazante formation (Fig. 2): the Morro 
do Pinheiro member upper facies (footwall sequence) and 
the overlying Pamplona member lower facies (Rigobcllo et 
al., 1988). Their stratigraphic relationships are shown in 
Figures 2 and 3. 

The rocks of these units consist of dolomite, shale, marl, 
and pelites, which were metamorphosed to greenschist facies. 
The units form a homoclinal sequence, which generally 

Table I. Geochronological data for the Vazanle Formation and for the Bambu! Group 

Locali.tUtion Sample Method Age (Ma) Interpretation Model 

Vazante Formation 
Vai.ante depos11 (I) Shale Rb/Sr 600 ± 50 Deposition age 
Vazante depo~it (2) Galena Pb/Pb 600 ± 30 Lead separation Russel and Farquhar ( 1960) 
Va1.ante deposit (3) Galena Pb/ Pb 740 ± 40 Type-B galena Holmes-lloutennans; Holmes (1946); 

and Houtermans (1946) 
Va1.ante/Paracatu Ga.lena Pb/Pb 650 ± 50 Mineralization age Single Stage model 111 
region (4, 5, 6) (Cumming and Richards. 1975) 
Morro Agudo deposit (7) Primary galena Pb/Pb 1200 Lead separation Plumbotectonic Model (Doe and Zartman, 

or mineralization age 1979; Zartman and Doe, 1981) 
680 Remobilization age 

Vatante deposit (7) Remobilized Pb/Pb 680 Remobilization age Plumbotectonic Model 
galena 

Morro Agudo deposit (8) Galena Pb/Pb 1800 Lead separation from Two-stage mode l (Stacey and Kramcrs, 1975) 
basement rocks. 

650 Mineralization age 
Bombu! Group 
Sao Francisco (9) Shale K/Ar 576 ± 12 (minimum age) 

to 662 ± 18 melamorphism 
Sao Francisco (I 0) Limestone K/Ar 582 ± 12 (minimum age) 

and shales to 607 ± 15 metamorphism 
Montalvlinia (I I) Limestone 87Srl86Sr 680- 570 Deposition age 

17Srf'Sr = 0.7077 
Montalvllnia ( 12, 13) Limestone 87Srl86Sr 600 Deposition age 

17Sr/86Sr = 0.70745 
Patos de Mina~ (3) Galena Pb/Pb 605 ± 100 Type-J galena Holmes - Houtcrmans 
Tiros, Pains, Galena Pb/Pb 1800 Lead separation from Two-stage model (Stacey and Kramers, 1975) 
Sete Lagoas, basement rocks 
Janu:iria c 650 Mineralization age 
Montalvlinia (4, 5, 6) 
Janu:iria, Arcos Carbonale Pb/Pb 2 100 Lead separation Two stage mode l (Stacey and Krarners, 1975) 
and Pains (14) rocks 500-550 Incorporation of 

radiogenic lead 
686 ± 69 Minimum depositional age 

Reference~ (I) Amaral and Kawashita (1967); (2) Amaral (1968): (3) Cassedane and Lasserre (1969); (4) Couto et al. (1981 ); (5) Iyer (1984); (6) Iyer ct al (1992. 1993); 
(7) Freita,-Silva and Dardenne (1997); (8) Misi et al. (t997); (9) Thom112. Filho and Bonhome (1979); (10) Thomaz Filho and Lima (1981); (t I) Kawashita ct al. (1987); (12) 
Knwash11n et al (1993): (13) Chang el al. (1993); (14) Babinski (1993). 
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trends N50°E and dips 15°NW. Sedimentary and diagenetic 
structures are well preserved. However, a planar fabric, the S1 
foliation, which is related to a regionally pervasive ductile 
deformation, is sub-parallel to the microbial-mat lamination 
of the metadolomites and to the stratification of metapelites. 

The Morro do Pinheiro member (upper facies) includes 
gray metadolomites, carbonaceous black shale, and marl. 
The metadolomites consist of mudstone with less than 10% 
intraclasts and pellets. The micritic portions of these meta­
dolomites contain stromatactis-type structures with acicular 
(or fibrous) spar and mosaic dolomite fillings. Microstalac­
titic cement and associated internal sediments are present at 
the bottom of this geopetal structure. Breccia layers within 
the Morro do Pinheiro member are characterized by fibrous­
radiaxial dolomitic cement and fragments of dismicrite, 
including microstalactitic cement and portions of internal 
sediments. Their textures indicate local environmental vari­
ations from low-energy (inter/subtidal flat) to high-energy 
settings, which permitted sediment break-up and later 
marine cementation. 

The metadolomite contains pyrite-bearing carbona­
ceous shale intercalation related to microbial mats. The 
microbial-mat acted as an ecological membrane, and may 

NW SE 
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30 O 30 60 90 m 

have caused an increase of H2S, and physico-chemical envi­
ronmental changes, thus favoring the establishment of a 
microeuxinic environment in the inter/subtidal setting. 

The Lower facies of the Pamplona member is com­
posed of either terrigenous metasediments or light gray to 
pink metadolomites with interbedded slate and sericite phyl­
lite. The gray metadolomite has microbial mats, tepees, pel­
lets, intraclasts, and intraformational breccia layers. It also 
displays neomorphically-derived microspar or pseudospar 
textures. Sub-angular to angular detrital quartz and micro­
cline grains indicate mineralogical and textural immaturity. 
Authigenic minerals are biterminated quartz, feldspar, phlo­
gopite, and, more rarely, pyrite. Voids were filled by dog­
tooth and drusy mosaic calcite cement associated with 
quartz or chert. Dolomitization is selective and/or associated 
with stylolitic surfaces, which contain iron oxides. Pink 
metadolomite contains ooids, exhibits silicification parallel 
to stratification, and has irregular crusts, which are similar to 
the trapping of insoluble material in calcrcte. These features 
are typical of an inter-supra-tidal setting, with local evapor­
itic conditions and periods of sub-aerial exposure. 

Minor magmatism associated with this sequence is rep­
resented by small bodies of metabasic rocks tectonically 
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Fig. 3. Cross-section of the Vazante ore zone showing the spatial relationship between host sequence, willemitic ore and the Vazante shear 
zone. The Vazante shear zone is indicated by the dashed lines. 
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imbricated with sedimentary layers of the Morro do Pinheiro 
and Pamplona members, and with willemitic ore along shear 
zones. This rock type was initially interpreted to be diabase 
dikes of the Cretaceous age (Rigobello et al., 1988). How­
ever, their metamorphic mineral assemblages and mylonitic 
fabrics are features which indicate that this magmatic unit 
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was affected by the Brasiliano deformation event. These fea­
tures are not recorded in Brazilian Cretaceous rocks. 

The metabasic rock exhibits a relict sub-ophitic igneous 
texture and consists of the primary minerals plagioclase, 
pyroxene, ilmenite, and a greenschist facies metamorphic 
assemblage of chlorite, clinozoizite, epidote, talc, sericite, 
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quartz, rutile, leucoxene, and apatite. Biotite remnants indi­
cate the early introduction of potass ium. Fe-chlorite, 
hematite and dolomite formation, associated with S-C struc­
tures, overprints the biotite, accompanying the total destruc­
tion of igneous textures and minerals. 

Hydrothermal Alteration 
Related to Vazante Shear Zone 

The Vazante shear zone trends N50°E, plunges 60°NW 
and displays a dominant sinistral transcurrent displacement 
(Pinho, 1990; Pinho et al., 1989, 1990). This is characterized 
by complex zones of irregular anastomosing geometry and 
by a structural pattern of intersections between C foliation 
planes and C, R, R', P, and T Riedel-type shear fractures 
(Riedel, 1929). The brittle-ductile s. represents a mylonitic 
S-C foliation and brittle Sn+t and Sn+2 structures correspond 
to oblique foliations, exhibiting patterns similar to flower 
structures and brittle fractures, respectively. 

Within the shear zone, hydrothermal alteration is 
largely fracture controlled, producing a complex zone of net 
veined breccia (Laznicka, 1989). This is the result of the 
replacement of unaltered rocks by Fe-bearing minerals, such 
as siderite, ankerite, hematite, jasper, and chlorite, as well as 
dolomite, quartz, and chert. 
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Veins and hydraulic breccias of varying ages are sub­
paraJlel or perpendicular to the original metadolomite layer­
ing, in the plane of the principal displacement shear, (C), 
and in the secondary synthetic, (P), and T-type Riedel ten­
sion shears (extension gash veins) that developed in a con­
sistent system of brittle-ductile simple shear. 

Siderite, ankerite, quartz, and jasper commonly pre­
date or accompany the mineralization. Hematite and chlorite 
veins also cut and replace the willemitic ore. Dolomite is a 
common mineral phase in aJI generations of veins and also 
forms the matrix of cataclastic breccias and veins that post­
date the ore formation. The veins display successive crusti­
form layering, indicating that growth occurred by progres­
sive infilling of open fractures by different precipitates. A 
foliated texture due to mylonitization also occurs in some 
veins. 

There is little evidence of pervasive alteration within 
the fault zone, but it is better developed below the mineral­
ized zone, in the Morro do Pinheiro dolostone. The color of 
the dolostone changes from dark gray to pink, due to 
ankerite and siderite formation along the mylonitic planes. 
Initially, this process produces a banded fabric that increases 
progressively to a massive pink alteration. Chert and 
hematite occur in cataclastic structures, and gahnite veinlets 
are common. 
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Fig. 5. Profiles of geochemical, oxygen, and carbon isotope compositions of metadolomites relative to stratigraphic position along drill 
hole F-551-65°. 



28 Explor. Mining Geol., Vol. 8, Nos. I and 2, 1999 

The Pamplona dolostone over the deposit is strongly 
brecciated and cut by hydrothermal veins. Silicification, in 
the form of chert and microcrystalline quartz, occurs prefer­
entially along mylonitic planes, fractures or, more rarely, as 
a secondary vug infilling. The original microspar or pseu­
dospar texture is replaced by non-planar dolomite (Sibley 
and Gregg, 1987), which is characterized by closely packed 
anhedral crystals with undulatory extinction under crossed 
polarized light. 

The Pamplona slates contain chlorite, phlogopite, cal­
cite, hematite, chert, and dolomite along the mylonitic foli­
ation. Silicification occurs as chert and quartz veins often 
formed within fabric-controlled, conjugate fractures and 
mylonitic penetrative foliation. Prominent structures indica­
tive of tectonic deformation such as stretched detritic­
quartz, drag folds, stylobreccias, and chalcedony-filled pres­
sure shadows on pyrite are common in the slates. 

The metadolomites are bleached and metasomatically 
altered along the contact with metabasic rocks and exhibit 
calcite fillings in fractures parallel to the mylonitic C fabric. 
A metasomatic assemblage of Fe-chlorite, serpentine, chert, 
and saddle dolomite is recognized within this zone. 

The metabasic rock has been altered to chlorite and 
chrysotile that are associated with Sn+i brittle-ductile folia­
tion. Dolomite formation and replacing of ilmenite by leu­
coxene, rutile, and hematite are related to Sn+2 brittle struc­
tures. These alterations result in the total destruction of 
igneous textures and minerals. 

Strong enrichment of Zn and Pb in all lithotypes present 
in the shear zone is the most pervasive chemical modifica­
tion. Unaltered rocks have correlations of Si02, Fe20 3, 
MnO, Sc, W, Zr, Y, Th, V, Ba, Sr, Ag, Cu, Co, Ni, and REE 
with Ah03, K20 and Ti02 (Figs. 4a and 4b). A detrital ori-

gin, related to clay minerals, is suggested to explain this cor­
relation. In altered rocks, this pattern is absent (Fig 4b). 

Within the willemitic ore zone, the rocks display an 
apparent positive correlation between Si02, Fe20 3, Zn, Pb, 
Ba, Cu, and Cd (Figs. 4c, 4d and 5) while the small sulfide 
bodies exhibit an apparent correlation between Zn, Ba, Cu, 
Cd (Fig. 5). The enrichment of Si02 (Fig. 4b) and Fe203 
(Figs. 4c and 6), in altered and mineralized rocks, could 
indicate a hydrothermal source. A hydrothermal process 
could also be responsible for the enrichment of As, Sb, W, 
V, and LREE (Figs. 4e and 4f), which are associated partic­
ularly with hematite-rich willemite ore, as indicated by the 
increase of La/Sm ratios in this ore type, as follows: 5.45 
(unaltered rocks); 5.52 (altered rocks); 6.90 (bleached 
dolomite); 9.25 (willemitic ore with up to 10% hematite) 
and 13 (willemitic ore with up to 30% hematite). 

Zinc Ore 

Willemitic ore is the main ore type in the Vazante 
deposit. It occurs as pods that are controlled by intersections 
of C, P, R, and R' shear planes, and veins related to T-type 
shear fractures. The willemitic pods are tectonically imbri­
cated with small sulfide orebodies, metabasites, and brec­
ciated metadolomites. The sulfide orebodies are off-set by 
normal and reverse faults and also cut by late hydrothermal 
veins, which causes complex relationships between orebod­
ies and the host sequence. 

The small sulfide orebodies occur as tense-shaped irreg­
ular bodies with a well-developed mylonitic fabric, elon­
gated parallel to C shear planes (Fig. 7), or are localized 
within late-vein fillings. These orebodies are composed 
mainly of colorless iron-poor sphalerite (80% to 95%), with 
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Fig. 6. Plot of A'203'(A'203 + Fe203 + MnO) versus Fei0:i/Ti02 for Vazante samples (n = 25), showing a hydrothermal contribution of 
Fe20 3 in altered and mineralized rocks (after Bostrom, 1973 and Peter and Goodfellow, 1996). 
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Fig. 7. Geology of lhe 500 ft level , between GVSOO/SWIOO and GV500/NW050 area, showing: A - the morphology and distribulion of 
the orebodies. B - lhe theoretic model for relationships between Riedel structures (C, P, R, R', and T). C - the structural controls of 
sulfide and willemilic ore, related to the Vazante shear zone (compiled and modified after Cia. Mineira de Metais files). 
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round inclusions of galena (5% to 20%). The sphalerite con­
tains small inclusions of hematite, quartz, and dolomite as 
well, a ll strongly deformed and stretched along the 
mylonitic foliation (S0 ) planes (Table 2). 

The brittle-ductile shear zone development is of para-

mount importance in the mechanical remobilization, recrys­
tallization, and replacement of the sulfides by willemitic 
assemblages (Figs. 8a and 8b). Willemite formation in the 
sulfide bodies occurs, initially, along the mylonitic foliation 
and results in two distinct associations. The first is 

Fig. 8. Photomicrographs of sulfide orebody features. A - SEM image, showing the formation of the willemite, dolomite and quartz 
alteration assemblage, related to mylonitic fabric (S.). B - sphalerite remobilization related to Sn+1 structures (width of field= 5.50 mm; 
plane - polarized light). C - association of franklinite, sphalerite, willemite, and galena (width of field= 1.39 mm; reflected light). D 
- hematite and zincite replacing franklinite (SEM image). E - mineral deformation related to brittle-ductile structures, sphalerite remo­
bilization, and formation of granoblastic willemitic aggregates (width of field= 1.39 mm; plane - polarized light). F - fibrous radiate 
willemite crystals densely fractured and veined by latter galena (width of field = 1.39 mm; reflected light). 
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willemite, sphalerite, franklinite, and zincite (without 
quartz) and the second mineral assemblage is willemite with 
quartz, dolomite, and franklinite (without sphalerite), which 
occur in pockets. These assemblages suggest the formation 
of willemite through the following reaction: 

2 ZnS + Si02 + 0 2 = ZnSi04 + S2 ........ (I) 

sphalerite quartz willemite 

Fig. 9. Photographs of the willemitic ore association. A - hand specimen of the willemitic ore sample. B - photomicrograph of 
willemitic ore is showing the association of willemite, quartz, dolomite, zincite and hematite. (Width of field= 5.50 mm; crossed polars). 
C - fibrous, radiate willemite associated to fine willemitic matrix and cloudy dolomite (width of field = 1.39 mm; plane - polarized 
light). D - relationship between willemite (right) and dolomite (left), showing the willemite crystallization along dolomite cleavage 
(width of field= 0.70 mm; plane - polarized light). E - willemite deformation related to Sn+1 brittle-ductile structures (width of field 
= 0.70 mm; plane - polarized light). F - strong willemite stretching related to Sn+1 brittle-ductile structures (width of field= 0.70 mm; 
plane - polarized light). 
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Table 2. General paragenetic association of the sulfide and willemitic 
orebodies in relation to brittle-ductile and brittle structures related to 
Vazante shear zone development 

Mineral Brittle-ductile Brittle-ductile and Brittle Structures 
Foliation (Sn) Brittle Structures (S .. 2) 

(S .. 1) 

Sphalerite 
Galena ~ 
Wille mite 

Quartz ~ -----. 
Hematite ~ •••..,411•••• ... 
Magnetite ~ 

Franklinite ~ ~ 

Zin cite ._ ••• ... 
Side rite 
Dolomite 
Chlorlte 
Zin cite 
Baryte 
Apatite 
Smithsonite 
Talc 

.. .. .. .. --
In this mmmg district, the franklinite (Fig. 8c) is 

described for the first time in the Vazante deposit. Zn2+ sub­
stitutes for Fe2+ in franklinite. Magnetite intergrowths con­
tain Fe2+, which substitutes to a limited extent, for Zn2+. 
There is evidence that hematite and zincite have progres­
sively replaced franklinite and magnetite (Fig. 8d). This fea­
ture is expressed by the reaction below: 

ZnFez04 = Fez03 + ZnO ........ . ... (2) 

franklinite hematite zincite 

Sn+1 structures related to a brittle-ductile regime resulted 
in the deformation and recrystallization of the willemitic 
assemblage and in the substitution of fibrous-radiated or 
prismatic crystals of willemite by granoblastic aggregates of 
willemite (Fig. 8e). A new generation of willemite is also 
related to Sn+I structures, occurring as fracture or vein filling 
associated with sphalerite, which indicates the formation of 
both zinc minerals in the same event. 

Willemite crystals are fractured and filled by galena 
and sphalerite, resulting in a cataclastic texture (Fig. 8f) 
with brittle character (S.+2).The main ore type of the 
Vazante mine is willemitic ore (Fig. 9a), which rarely con­
tains sulfides. It is composed of willemite (70% to 50%); 
dolomite (40% to 10%), quartz (15% to 10%), hematite 
( 10% to 05% ), barite ( <5% ), franklinite ( <5%) and zincite 
( <5% ), as summarized in Table 2. Variations of this type 
of ore include lithotypes with up to 40% hematite and up 
to I 0% chlorite, both of which are concentrated in shear 
planes and related to the development of the Vazante 
Shear Zone. 

Fibrous-radiated and prismatic willemite is associated 
with quartz and dolomite (Figs. 9b, 9c, and 9d). It is cut by 
barite and dolomite veinlets or by veins of very pure 

willemite associated with franklinite, zincite, and minor 
sphalerite. The sphalerite in these veins, is almost com­
pletely replaced by zincite, suggesting the reaction below, 
which indicates that.fS2 and.f02, may have had an important 
role in the stability of this assemblage. 

2 ZnS + 0 2 = 2 ZnO + S2 ............ (3) 

sphalerite zincite 

The brittle-ductile deformation of willemitic ore also 
results in a granoblastic texture and mineral stretching (Figs. 
8e and 8t) and is accompanied by the formation of hematite 
and Zn-rich chlorite. Cataclastic breccia comprises 
willemitic fragments surrounded by cloudy saddle dolomite 
and is cut by hematite, chlorite, and dolomite veins. The 
willemitic ore in tectonic contact with metabasic rocks, dis­
plays a different mineral association, characterized by Zn­
rich chlorite, which is partially replaced by hematite, talc, 
and apatite . 

Previous studies of the Vazante deposit (Amaral, 1968; 
Rigobello et al., 1988) indicated a supergene origin for 
willemite ore. However, petrographic evidence, such as the 
relationship between willemite formation and the develop­
ment of microstructures, suggest that the willemitic miner­
alization and deformation are synchronous episodes related 
to the Vazante shear zone. 

The studies of Essene and Peacor (1987) and Johnson et 
al. (1990) on the Sterling Hill and Franklin Furnace deposits 
indicate that under the conditions of 1000°K and 5 kbars, 
willemite and zincite are stable phases in a restricted range 
of high.f02 and low .fS2 values. These redox conditions pre­
clude the precipitation of pyrite and pyrrhotite, and are very 
different from the conditions commonly met in the majority 
of base metal deposits. 

Petrographic studies of Vazante samples indicate tem­
perature conditions very different from the temperatures of 
the Sterling Hill and Franklin Furnace studies. At Vazante, 
the maximum temperature is consistent with greenschist 
facies conditions. However, the same phase stabilities, asso­
ciated with high .f02 and low .fS2, appear to be valid for 
Vazante mineralizations. This could explain the absence of 
pyrite in the Vazante deposit. In addition, the replacement of 
sphalerite by willemite or zincite could be related to varia­
tions of the .fOJ.fS2 ratio during fluid evolution. 

Analytical Techniques 

Sampling at Vazante was undertaken in the under­
ground mine and from drill cores. SEM analyses were car­
ried out at the Laborat6rio de Caracteriza~ao Tecnol6gica, 
of the Departamento de Engenharia de Minas-POLI, Uni­
versidade de Sao Paulo, using a Leica Stereoscan 440/quan­
timet 600S, equipped with a back-scattering electron detec­
tor coupled to a microanalysis system with spectrometry by 
R-X fluorescence and EDS detector. Microprobe analyses 
were done on a CAMECA 50 instrument at the Universi-
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dade de Brasflia and a Jeol , JXA 8600 SuperProbe at the 
lnstituto de Geociencias, Universidade de Siio Paulo. 

Whole rock chemical analyses were done at Activation 
Laboratories Ltd., Canada. The bulk of the major element 
analyses were completed by ICP-MS, and a suite of trace 
elements (Cl, Au, As, Br, Co, Cr, Cs, Hf, Hg, Ir, Mo, Rb, Sb, 
Sc, Se, Ta, Th, U, W, and REE) were done by INAA. Sulfur, 
total carbon and C02 were measured by the LECO method. 

Samples were prepared for isotopic analysis by crush­
ing and mechanical separation of individual minerals, or by 
using a fine dental drill. The analyses were performed at 
NIGL (NERC Isotope Geosciences Laboratory), of NERC 
(Natural Environment Research Council) in Keyworth, Eng­
land. 

Oxygen-isotope ratios in si licates and oxides were 
determined on sample aliquots of approximately 5 mg 
(quartz) and 10 mg (for other minerals). The oxygen libera­
tion technique of Clayton and Mayeda (1963) was 
employed. ClF3 was used as a reagent instead of BrF5, as 
described by Borthwick and Harmon ( 1982). C02 isotopic 
ratios were measured on a CJS Sciences Phoenix 390 mass 
spectrometer and were reported in the usual 6 notation as per 
mil (%0) relative to the SMOW standard for 180/160 ratios. 
The 6180sMow results were normalized through NIGL labo­
ratory standard (LQS-Lock Aline Glass Sand) and quested 
relative to the international standard quartz NBS#28 
(African Glass Sand) at a value of 9.63. The determined val­
ues of NBS#28 were +9.6%0 ±0.2. 

The 13C/12C and 180/160 ratios in carbonates samples 
were determined using the method of McCrea ( 1950). C02 
was produced by the reaction of carbonate minerals with 
H3P04 in high vacuum conditions. C02 isotopic ratios were 
measured on a CJS Sciences Phoenix 390 mass spectrome­
ter and were reported here in the 6 notation as per mil (%0) 
deviations relative to the SMOW standard for 180/160 ratios 
and to the PDB standard for 13C/12C ratios. Eight replicated 
analyses of a range of unknown samples exhibited an aver­
age difference of 0.07%0 for 13C/12C ratios and of 0.06%0 for 
180/160 ratios. 

The 34S/32S ratios were determined using the techniques 
of Rafter ( 1965) and Sasaki et al. (1979). S02 isotopic ratios 
were measured on a CJS Sciences Phoenix 390 mass spec­
trometer and were reported in the usual 6 notation as per mil 
(%0) deviations relative to the CDT standard for 34S/32S 
ratios. 

Stable Isotopic Constraints 

Sulfur Isotopes 

The isotopic compos1t1ons of sphalerite and galena 
from sulfide bodies (Table 3) are similar to those from the 
wi llemitic ore, and are in the range of l)34SZns = + 13. l %0 to 
+ 14.4%0 and 634Srbs = + 11.8%0. However, the diagenetic 

pyrite of carbonaceous black shale of the footwall sequence 
(Morro do Pinheiro member) displays a distinctly different 
isotopic composition (634S = -2.5%0). Diagenetic pyrite 
could be formed from the reaction of iron oxides and H2S 
produced through bacterial sulfate reduction, in an euxinic 
environment (Donnelly and Crick, 1992). The isotopic com­
position of biogenic sulfides is determined by kinetic fac­
tors, the seawater isotopic composition and by the nature of 
the involved system, closed or open in relation to so4 and 
H2S. These factors permit a greater interval of isotopic com­
positions (634S = -50%0 to +50%0), according to Field and 
Fifarek ( 1985), which could be compatible with the isotopic 
composition of Vazante diagenetic pyrite. 

However, the ore sulfides display a distinct isotopic 
composition in relation to diagenetic pyrite, which pre­
cludes the H2S source through diagenetic pyrite hydration, 
because this mechanism should result in sulfides with a sim­
ilar pyrite 634S value. Thus, different sulfur sources and for­
mation conditions for diagenetic pyrite and the other sul­
fides are necessary. 

The source of sulfur can only be determined with full 
knowledge of the isotopic composition of the total sulfur in 
the system (634SLs). However, as the sulfur isotopic compo­
sition of sulfides is a function of 634SLs, T, pH, and I (ionic 
strength), the redox condition inferred through the mineral 
assemblage may inform us about the relation between 
634Ssulfides and 634SLs (Ohmoto, 1972). The isotopic fraction­
ation results in 34S enrichment in oxidizing species and con­
sequently 32S enrichment in sulfides. Thus, in highj02 con­
ditions, as indicated by the stability of mineral associations 
(willemite, zincite, franklinite, hematite, barite) the relation­
ship 034Ssu1fic1c < 034SLs could be valid. 

The positive 634SZns values indicate incompatibility with 
an igneous sulfur source, with values of (>34SLs == 0 (Ohmoto 
and Rye, 1979; Ohmoto, 1986). However, the positive values 
are consistent with sul fates in equilibrium with Proterozoic 
seawater (634SLs == + 10%0 to +30%0), and with reduced sulfur 

Table 3. Sulfur and oxygen isotope compositions of mineral phases of 
sulfide orebodies (sphalerite, galena and franklinite) and willemitic ore 
(willemite, quartz and hematite) 

Sample Mineral d"'Swr (%•) d'8
0sMOW (%•) 

Sulfide orcbodies 
VZ..01 Sphalerite +14.40 
F-551-08 Sphalerite +13.50 
VZ-28 Sphalerite +13. 10 
VZ-29c Galena + 11.80 
F-466-7 Pyrite -2.50 
F-5S 1-8 Franklinite +9.66 
Willemitic ore 
VZ-29g Willemite + 10.95 
VZ-29g Quartz + 18.7 1 
F-SS l - 11 Willemite + 13.00 
F-SSl -1-30 Willemite + 13.80 
F-5Sl-l-30 Hematite + 1.16 
F- 5S 1-I-3S Willemite + 12.29 
F- SS l-l-3S Willemite + 13.07 
F-5Sl -l-28 Hematite +0.61 
F-SS 1-1-19 Quartz +22.24 
VZ-06 Quartz +24.04 
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derived from leaching of basement host rocks or pre-existing 
sulfides deposits (634S~s"' +5%0to+15%0), which indicate a 
crustal source for the sulfur (Ohmoto, 1996). The absence of 
anoxic conditions, restricted to the footwall sequence, may 
preclude the reduced sulfur formation from sulfate bacterial 
reduction. Another possibility is that sulfur could originate 
from the thermochemical sulfate reduction in presence of 
Fe2·-bearing minerals, which results, according to Ohmoto 
( 1996) in 634Ssulfidcs "' -8%0 to +22%o and/or derived from 
leaching of pre-existing sulfides. Thus, a hydrothermal sulfur 
aqueous solution origin (Ohmoto, 1996) could explain the 
fluid flux into the country rocks, and the dissolution, the 
assimilation and the transport of sulfur together with metals, 
and finally remobilized into the shear zone. 

Oxygen and Carbon Isotopic Characteristics 

The unaltered mctadolomites of the Pamplona and the 
Morro do Pinheiro member yield isotopic compositions in 
the range of 0 180sMow = +27.7130 to +26.22%0 and 613C = 
+2.68%0 to +2.22%o and 6 180sMow = +27.24%0 and 6 13C = 
+ 1.0 I %0, respectively (Table 4). In 01so vs one space (Fig. 

10), the samples cluster into a uniform group. However, the 
hydrothermally altered metadolomites, which have 01so and 
613C values varying from 01so = +27.1930 to +22.0730 and 
613C = + 1.93%0 to +0.90%o (Pamplona member) and 6 180 = 
+25.60%0 to +24.4630 and 6 13C = +0.6230 to +0.53%o 
(Morro do Pinheiro), display a co-variance of the oxygen 
and carbon isotopic values. This feature could reflect an 
alteration halo, which might be considered an important 
exploration guide. 

The hydrothermal dolomite and siderite of vein systems 
(Fig. 10) yield average compositions (n = 14) of 01so = 
+ 19.4330 and ()13C = +0.5930 (Table 4), which could represent 
a progressive isotopic shift from the unaltered rocks (Fig. 5). 

The metadolomites in contact with metabasic rocks dis­
play great differences in the isotopic compositions (()1so = 
+21.4430 to + 16.7030 and b13C = -0.2230 to -l .48%0) rela­
tive to unaltered metadolomites. The calcite of this bleached 
metadolomite, however, has the most distinct b13C value 
(-10.313o), suggesting a different source of carbon. 

The gangue carbonates (siderite and dolomite) associated 
with sulfide bodies have a () 180 range of +25.85%0 and 
+3 1.85%0, which represent similar or significantly higher val-

Table 4. Carbon and oxygen isotope composition of carbonates from host sequence, hydrothermal veins, sulfide orebodies and willemitic ore 

Sample Description 1\13C•on(%o) 1\180pon(%0) 1\ 180s~10w(%0) 

Vazante Formation: Lower Fades of Pamplona Member 
F-551-14 Pink metadolomite +2.43 -4.5 +26.22 
F-551-G Light gray massive metadolomite +2.68 -4.01 +26.72 
F-551-K Gray metadolomite with microbial mats +2.22 -3.06 +27.71 
F-551-M Gray parallel-laminated metadolomite +2.22 -3.97 +26.77 
Vazante Formation: Upper Fades of Morro do Pinheiro Member 
F-543-36 Dark gray metadolomite (mudstone) +1.01 -3.52 +27.24 
Vazante Shear Zone 
F-364-11 Hydrothermally altered metadolomite (Pamplona) +1.93 -3.56 +27.19 
F-551-27 Hydrothermally altered metadolomite (Pamplona) +1.57 -5.99 +24.68 
VZ-43 Hydrothermally altered metadolomite (Pamplona) +0.90 -8.53 +22.07 
F-4-2 Hydrothermally altered metadolomite (Morro do Pinheiro) +0.62 -6.2 1 +24.46 
F-8-2 Hydrothermally altered metadolomite (Morro do Pinheiro) +0.53 -5. 11 +25.6 
F-466-3 Bleached metadolomite --0.22 -9. 14 +21.44 
F-568-4 Bleached metadolomite - 1.48 - 14.44 +16.7 
F-466-3 Calcite (associated with bleached metadolomite) -10.31 +7.58 +23.04 
VZ-08 Siderite (tardi-diagenetic, pre-mineralization) +1.13 -9.22 +21.37 
VZ-41b Dolomite (hydrothermal vein, pre-mineralization) +0.38 -10.68 +19.85 
VZ-4lb Siderite (hydrothermal vein, pre-mineralization) +0.83 -9.95 +20.6 
F-551-19 Dolomite (hydrothermal vein, related to mineralization) +1.02 - 11.64 +18.87 
F-55 1-23 Sideritc (hydrothermal vein, related to mineralization) +0.77 -9.94 +20.61 
F-551-26 Siderite (hydrothermal vein, related to mineralization) +0.63 -9.28 +21.29 
F-364-3 Dolomite (hydrothermal vein, related to mineralization) -1.06 - 14.43 +15.98 
F-364-3 Siderite (hydrothermal vein, related to mineralization) +0.76 -9.75 +20.81 
F-10-2 Dolomite (hydrothermal vein, related to mineralization) --0.32 - 13.59 +16.85 
F-543-10 Dolomite (hydrothermal vein, related to mineralization) +1.28 -10.82 +19.7 
VZ-13 Saddle dolomite (cataclastic breccia, posterior to ore) --0. 12 - 11.16 +19.36 
VZ-05 Spar dolomite (cockade texture, posterior to ore) +1.19 -13.99 +16.44 
VZ-05 Spar siderite (cockade texture, posterior to ore) +1.19 - 13.99 +16.44 
VZ-16 Siderite (cockade texture, posterior to ore) +l.05 - 10.32 +20.22 
Sulfide Orebodies 
VZ-28 Hydrothermal dolomite -5.94 -4.86 +25.85 
VZ-28 Hydrothermal siderite -1.03 +0.68 +31.56 
F-551-8 Hydrothermal siderite +t.66 +0.96 +31.85 
F-551-10 Hydrothermal siderite +0.98 -9.00 +21.58 
Willemitic Ore 
F-551-30 Hydrothermal dolomite +0.57 -13.02 +17.43 
F-551-30 Hydrothermal siderite +0.83 - 10.3 +20.24 
F-551-28 Hydrothermal dolomite +0.29 - 10.94 +19.58 
F-551-28 Hydrothermal siderite +0.86 - 11.13 +19.39 
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ues than the &1so host rock values. The &13C values are 
extremely variable from + 1.66%0 to -5.94%0, but are consis­
tently lower than one values of unaltered host rocks in &18Q­

&13C space. These isotopic compositions define a distinct co­
variant trend from that determined for isotopic compositions 
of carbonates from willemitic ore and altered host rocks (Fig. 
10). The calcite from the bleached metadolomite has more 
affinity with this data than the other hydrothermal carbonates. 

The gangue carbonates of willemitic ore have composi­
tions of &1so = +20.24%0to+17.43%0 and &13C = +0.86%0 to 
+0.29%0. These values are close to hydrothermally altered 
metadolomites and hydrothermal carbonates of veins and 
breccias (Fig. I 0) and represent the same covariance trend. 
This suggests a genetic link between the hydraulic breccia­
tion, vein infilling, and willemitic mineralization. 

Oxygen Isotopes in Willemitic Assemblage 

The oxygen isotope analyses of wi llemite, franklinite, 
quartz, and hematite of the willemitic ore, are presented in 
Table 3. The observed 1so partitioning is quartz> willemite > 
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Willemitic ore 

2 -m 
c 0 a. 
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~ e....._2 
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franklinite > hematite, which is similar to the partitioning of 
the willemite and the franklinite of Sterling Hill (Johnson et 
al., 1990). There are few other studies on the isotopic charac­
teristics of these mineral phases. However, theoretical calcu­
lations of the temperature dependence of equil ibrium oxygen 
isotope fractionation in minerals of zinc ore (Zheng, 1996) are 
useful for geothermometric studies, as discussed below. 

Geothermometry 

The geothermometric calculations were done using co­
genetic mineral pairs from different associations, such as 
sulfide bodies (sphalerite-galena), willemitic ore (willemite­
quartz, hematite-quartz) and hydrothermal phases of veins 
and breccia (siderite-quartz). These mineral pairs were cho­
sen from petrographic studies, which indicate the relative 
chronology of mineral formation and equilibrium textures. 
The lack of reversals and the agreement of temperatures 
obtained by different stable isotope (0, C, S) and mineral 
chemistry geothermometers were utilized as an indication of 
isotopic equilibrium. 

,.., 
lo \ I I 

I I 
I I 
) I 

I I 
'QI I I 

/ / 
/ / 

/ / 

@ /// 
// /// 

// // 

// // 
// / 

/
1 

1 / Sulfide ore bodies 
I 

0 
I 

I I 
I I 

I I 
I I 

I I 

Unaltered 
<> metadolomite 

Altered 
+ metadolomite 

Altered 
~ metadolomite 

Bleached 
• metadolomite 

Hydrothermal 
• dolomite 

O Hydrothermal 
siderite 

Siderite of 
• willemitic ore 

6. Calcite 

I I 
O Dolomite of 

Sulfide bodies 
-8 

-10 

-12 
10 15 

I I 
I I 

I I 
I I 

I I 
I I 

I I 
I /\ I 
JU I 
I I 
\_/, 

20 25 
d18Q (o/oo SMOW) 

30 

O Siderite of 
Sulfide bodies 

II Siderite of 
willemitic ore 

35 

Fig. 10. The d 180 vs d 13C plots for carbonates from Vazante mine. A- unaltered metadolomites of Pamplona and Morro do Pinheiro 
members. B - hydrothermally altered metadolomite of Pamplona member. C - hydrothermally altered metadolomite of Morro do Pin­
heiro member. D - bleached metadolomite. E - dolomite and siderite from net veined breccias and willemitic ore. F - gangue car­
bonates (dolomite and siderite) from willemitic ore. G - gangue carbonates (dolomite and siderite) from sulfide orebodies. 
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Table 5. Calculated temperatures of mineral formation based on fractionation factors between mineral pairs and Cd distribution coefficient between 
galena and sphalerite 

Amostras Mineral Reference Calibration T (OC) 

Sulfide Orebodies 
Cogenetic mineral pairs related to britle-ductile structures 
VZ-01/VZ-29c sp-ga Sakai (1968) 
VZ-01/VZ-29c sp-ga Kiyosu (1973) 
VZ-Ol/VZ-29c sp-ga Kajiwara and Krouse (1971) 
VZ-Ol/VZ-29c sp-ga Czamaske and Rye (1974) 
VZ-Ol/VZ-29c sp-ga Rye (1974) 

Graphical method 
1031na = 8.91 (10SIT2) 
I 031na = 0.8 (I 061T2) 
103lna = 0.7 (1061T2) 
103lna = 0.7 (1061T2) 

330 
312 
282 
246 
246 
317 VZ-29g-CI sp-ga Geletii et al. (1979) In KDCds = 1.663 -(26.4 (P-1) ]IT -0.702 

Cogenetic mineral pairs related to britle structures 
VZ-29g-C3 sp-ga Geletii et al. ( 1979) 
VZ-30-Cl sp-ga Geletii et al. (1979) 

In KDcdS = 1.663 - (26.4 (P- 1) ]IT-0.702 
In KDcdS = 1.663 -((26.4 (P-1) ]IT --0.702 

127 
110 

Willemitic Ore 
VZ-29g 
VZ-29g/F-55 l-28 
F-551-19/F-551-30 
F-551-19/F-55 l-30 
F-551-19/F-55 l-26 

qtz-will 
qtz-hm 
qtz-will 
qtz-hm 
qtz-sid 

Zheng ( 1993) 
Zheng (1991) 
Zheng ( 1993) 
Zheng (1991) 
Becker and Clayton ( 1976) 

1031na = 0.69 x 1061T2 + 4.18 x 1011T-l.75 
103lna = 1.55 x 1061T2 + 9.05 x 1031T-482 
103Ina = 0.69 x 1061T2 + 4.18 x 1011T-l.75 
1031na = 1.55 x 1061T2 + 9.05 x 1031T-4.82 
Graphical method 

294 
254 
263 
206 
26 1 

Table 6. Fractionation factors between mineral-H20 used in the oxygen isotope compositions of ore fluids calculation 

Reference 

Carbonates 
Northrop and Clayton (1966) 
O'Neil et al.( 1969) 
Carothers et al. (1988) 
Oxides and Silicates 
Clayton et al. ( 1972) 
Zheng ( 1991) 
Zheng ( 1993) 
Zheng ( 1996) 
Zheng ( 1996) 

6dol-H20 
6cc-H20 
6sid-H20 

6qtz-H20 
6hm-H20 
6will-H20 
Mrankl-H20 
6frank2-H20 

Isotopic Fractionation Factor (lnUPa.,,.-H20) 

3.20 (1061T2) -2.00 
2.78 (1061T2)-3.38 
3.13 (I 061T2) -3.50 

3.38 (1061T2) -3.4 
2.69 x 1061T2-12.82 x 1031T + 3.78 
3.79 x 1061T2-8.94 x 1031T + 2.50 
2.88 x 1061T2 -11.37 x 1031T +2.89 
2.52 x 1061T2 -12.02 x 1031T +2.99 

Abreviations: dol =dolomite, sid = siderite, qtz =quartz, hm =hematite, will = willemite, frank I = franklinite with spine! inverse structure, frank2 = spine) structure 
franklinite. 

The data presented in Table 5 demonstrate distinct tem­
peratures for sulfide related to ductile-brittle structures in 
stratabound mineralization (3 l 7°C) and to brittle features 
(110°C to I 27°C). The estimated temperatures of willemitic 
mineralization related to ductile-brittle structures vary from 
206°C to 294°C (Table 5), and are similar to those estimated 
for sulfides controlled by these structures. 

Fluid Evolution 

The oxygen isotopic compositions of the fluids in equi­
librium with hydrothermal minerals were estimated by 
applying the isotopic compositions of minerals, the temper­
ature interval calculated by geothermometric studies, and 
the fractionation factor between mineral-H20 (Table 6). The 
results imply uncertainty in relation to the fluid reservoir 
due to the possibility of a similar isotopic composition that 
could be compatible with different types of fluids, multiples 
sources and isotopic exchanges due to fluid-rock interaction 
processes. 

The calculated isotopic compositions of fluids in equi­
librium with minerals of the vein systems, such as dolomite, 
siderite, hematite, quartz, (&180 = + 11.05%0) and with 
gangue and willemitic ore, such as dolomite, siderite, 
hematite, quartz, willemite (&tBO = +11.81%0), at 250°C, are 

similar (Fig. 11), suggesting that the hydraulic brecciation, 
vein infilling, and willemitic ore could be associated with 
the same hydrothermal fluid. However, the &180 of gangue 
minerals of the sulfide mineralization (siderite, dolomite, 
franklinite), for the same temperature (250°C), indicates that 
the fluids responsible for those minerals were strongly 
enriched in 180, with an average &180 composition of 
+ 19.4%o (Fig. 11). 

These calcul ated isotopic compositions of the 
hydrothermal fluid s should reflect final compositions, due to 
interaction processes, such as, fluid-rock exchange, fluid 
mixing and secondary fluid percolation. These processes 
generally result in values more enriched in &180 than origi­
nal fluids. According to Zheng and Hoefs (1993), the co­
variance trends of &180 and &13C of carbonates may inform 
us about the processes related to fl uid evolution, which can 
be investigated through quantitative models. Thus, the mod­
els of fluid/rock interaction and fluid mixing (Zheng and 
Hoefs, 1993) were used for hydrothermal dolomite related 
to sulfide and willemitic mineralization, based on the frac­
tionation factors of the oxygen isotope of Northrop and 
Clayton (1966) (dolomite-H20) and of the carbon isotope of 
Ohmoto and Rye (1979) (dolomite-H2C03). 

The fractionation factor between carbonate-H2C03 was 
used considering that oxidized species of carbon (H2C03 
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Fig. 11. Calculated oxygen isotope compositions of hydrothermal fluids responsible for the Vazante mineralization, based on fractiona­
tion factors between mineral and water (see Table 4) at 250°C. 
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and HC03l are dominant in the fluid due to high j02 

inferred by mineral stabi lity fields. The small difference 
between the isotopic composition of these species (::. 
0.11%o), as estimated by Ohmoto (1972) and Ohmoto and 
Rye ( 1979), was also considered. 

Sulfide Mineralization 
from Fluid-rock Interaction 

The fluid-rock interaction model (Zheng and Hocfs, 
I 993) is probably the most appropriate to constrain the iso­
topic signature of gangue carbonates associated with sulfide 
mineralization. The isotopic compositions of the hydrother­
mal carbonate can be given by the equation: 

where ~13C'r = O'rock -Orrock. R/W =rock/water ratio, 

where known isotopic compositions of unaltered and a ltered 
host rocks are used for ~Cir calculations. The assumed ini­
tial temperature of the hot hydrothermal fluid is about 
300°C, which is compatible with geothermometric studies 

(see above). A progressive decrease of temperature associ­
ated with variations in the material-balance R/W ratio, in the 
range of 0.1 to 1, was also considered. 

The above model was applied for a large interval of 
hydrothermal fluid composition (6130 nuid and 6 180inuict), which 
represents all known fluid reservoirs. In this way, the original 
isotopic composition of hydrothermal fluid of ()180 = +I 0%0 
and 613C = -7%o (Fig. 12) fits the model better and could 
match the gangue carbonate isotopic compositions. However, 
this composition would be compatible with different reser­
voirs, such as connate, magmatic or metamorphic sources. 

The isotopic composition of magmatic fluids vary 
between ()180 = +5.5%o to +10%o (Taylor, 1979) and the 
exsolved C02 present in this fluid type has 6 13C composition 
between -3.5%0 to -7%o (Zheng and Hoefs, 1993). 13C 
depleted calcite occurs only in metadolomites in contact 
with metabasites, which could indicate an igneous source of 
carbon. However, the 12C contribution of the small metaba­
sic bodies to the hydrothermal system and their implications 
in the formation of sulfide bodies cannot be estimated. 

A metamorphic origin associated with liberation of 
volatile constituents of the host sequence could have mixed 
characteristics, with both sedimentary and igneous similarities. 
This origin could be responsible for a local contribution of 
depleted carbon from metabasites as well. The main sulfide 
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Fig. 13. Covariation plots between d 180 and d'3C values of carbonates. A- calculated oxygen and carbon isotope compositions for car­
bonates derived from mixture of two types of fluid, based on Zheng and Hoefs (1993) model. The end-member compositions of both 
evolved fluids are of d180 = 0%0 and d13C = -1%o, and of d 180 = +10%o and d13C = +2%0 respecti vely. The first fluid has a low tempera­
ture of 50°C, whereas the second has a high temperature of 300°C. x. is the mole fraction of the first fluid in the mixed solution and P 
is the concentration ratio of total dissolved carbon in fluid B to in fluid A. Different oxygen and carbon isotope compositions for car­
bonate result of different proportions of the two fluids and P values. B - relationship between d180 and d13C values of gangue and 
hydrothermal carbonates related to willemitic ore and the representative mixing curve of calculated oxygen and carbon compositions of 
carbonates derived from fluid mixture with P = 0.8. 
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and carbonate precipitation mechanism is probably related to 
temperature decrease and the positive correlation of 6180 and 
613C could be associated with C02 degassing, produced by 
progressive temperature changes during fluid-rock interaction. 

Willemitic Ore from a Mixture 
of Different Fluids 

The observed characteristics of gangue carbonates 
related to willemitic ore could reflect fluid mixture within 
the shear zone. Using the Zheng and Hoefs (1993) model, 
the hydrothermal carbonates formed by interaction of two 
distinct fluids (A and B) present the following isotopic com­
positions: 

l\13Ccarbonate = XA (l\13CA + l03lnacarbona1e.nuid) 
+ P (1 -XA)(l\ 13Cs + I 03lna carbona1c-nu10)/P+XA -PXA 

where XA represents the molar fraction of fluid A 
in the mixture and P = (12Cn/12CA). 

A mixture of a fluid A, having composition of 6180 = 
0%0 and 613C = -7%o and a temperature of 50°C, with a hot 
hydrothermal fluid B having 6180 = +10%o and 613C = +2%0 
and a temperature of 300°C, was considered. The chosen 
values of P are between 0.8 and 2.0. 

Through calculation, we obtained, from fluid A, a com­
position of 6180 = +26.6%0 and ()13C = +2.66%0, close to that 
of unaltered host rocks (6180 = +26.6%0 and 613C = 
+2.22%0). From this, we conclude that for temperature 
(50°C), the isotopic exchanges are slow and the isotopic 
compositions are not significantly altered. 

The distribution of Vazante hydrothermal carbonates in 
the 6 180-613C space coincide with the compositions 
obtained for a temperature interval of 100°C to 300°C, with 
P between I and 2, and a fluid mixture of XJ\= 0.8 and Xo = 
0.2 (Fig. 13). 

The gangue carbonates of willemitic ore would be in 
equilibrium with higher proportions of fluid B, and conse­
quently, high temperatures, which is consistent with our 
geothermometric data (260°C to 294°C). 

The isotopic composition of fluid A could be related to 
meteoric fluids, which, according to Taylor (1987) has 6180 
near to 0%0 and can display negative values of ()13C (up to 
-7%o) associated with dissolved atmospheric C02. This 
meteoric fluid could introduce Si02, Fe20 3, As, Sb, V, W, 
and LREE in the system and favor the formation of 
willemite ore. 

The isotopic composition of fluid B would be similar, 
mainly in 6180 values, to fluids involved with the carbonate 
gangue of sulfide bodies. Thus, the mixture of meteoric and 
metamorphic fluids, linked to shear-zone development, 
could result in hydraulic brecciation and willemitic mineral­
ization, related to physico-chemical modification of the flu­
ids, such as an increase in.f02, consistent with stability fields 
of the observed mineral assemblage. 

Conclusions 

Within the Vazante Shear Zone, the conditions for sul­
fide and willemite formation are similar. The majority of the 
ore deposition occurred at temperatures that range from 
200°C to 300°C. This temperature interval reflects the 
prevalent metamorphic conditions at the time of the shear 
zone development. The willemitic assemblage had to occur 
at narrow intervals of high.f02. 

The sulfides are related to metalliferous fluid of meta­
morphic origin, which is, also, responsible for mobilizing 
and concentrating Zn, Pb, and Cd. The likely source for the 
metals in these deposits is the sedimentary basin itself. The 
634S ratios of sulfides indicate a direct crustal origin for the 
sulfur, which was transported by a metamorphic fluid. This 
favors their origin being from pre-existing sulfide orebodies 
or from thermochemical sulfate reduction and hydrothermal 
transport. 

The occurrence in the Vazante-Unaf region of diagenetic 
deposits, such as Morro Agudo (Misi et al., 1996 and Freitas­
Silva and Dardenne, 1997), could be related to a hydrother­
mal paleo-system, allowing discharge of metalliferous brines 
under euxinic conditions. Anoxic conditions would be a key 
controlling factor for the formation and preservation of sul­
fide-dominant deposits in the Vazante-Unaf region. However, 
there is no evidence of prevalent anoxic conditions within the 
Pamplona member, host of the Vazante deposit. Instead, the 
hydrothermal discharge of metalliferous brines under differ­
ent oxidation states may have generated mineral phases, 
which reflect highj02. This explains the lack of iron sulfides 
in the Vazante mine, a situation similar to the metalliferous 
sediments of the Red Sea and to the protholith of the Sterling 
Hill ore deposit, U.S.A. (Johnson et al., 1990). 

Some genetic aspects of the willemitic ore might be bet­
ter explained by the interplay of various factors, such as, 
specific physico-chemical conditions and a coeval local 
stress regime, responsible for the Vazante Shear Zone. These 
conditions would permit the interaction and mixing of met­
alliferous metamorphic and SiOi-bearing meteoric fluids. 
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