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Identifying the source, origin and time of emplacement of copper and gold deposits in the Neoproterozoic
volcano-sedimentary and plutonic series of southern Brazil is a longstanding research goal. In this geological con-
text, the Camaquã and Lavras do Sul areas are reported to be a post-collisional domain related to the Braziliano–
Pan-African Orogenic Cycle. This study focused on the Uruguay open-pit mine through a detailed assessment of
the mineralogy, geochemistry and (S, O, H and C) stable isotopes of pyrite, chalcopyrite, clay minerals and car-
bonates as veins or disseminated sulfides in sedimentary rocks. The results indicate that the Camaquã mine is
a low-sulfidation epithermal-type deposit with sulfide precipitations related to a mixture of magmatic (δ34S =
1 to 4‰; δ18O: 3 to 9‰) and meteoric waters (δ18O = −4 to −12‰) and a temperature varying from 350 to
80 °C. Ore precipitation is associated with sequential sulfide crystallization exhausting the S magmatic source.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

In the Rio Grande do Sul (RS), the southernmost state of Brazil,
gold mining occurs in disseminated gold deposits associated with
Neoproterozoic volcano-sedimentary sequences and monzonitic to
granodioritic intrusions of shoshonitic affinity related to the Lavras
do Sul granitoids (Lima and Nardi, 1992, 1998; Nardi and Lima,
1985, 1988; Fig. 1). The Camaquã Basin consists of these volcano-
sedimentary deposits located on the eastern side of the Caçapava
do Sul and Lavras do Sul granitoids (Fig. 1). On the rim of the
Camaquã Basin, tens of small Cu–Au–Pb–Zn deposits are disseminat-
ed. The Minas do Camaquã mine, with the Santa Maria, Uruguay and
São Luiz pits, was exploited from the beginning of 1856 to 1996 and
contained the largest Cu deposits of the basin. The copper minerali-
zation (Cu, Au and Ag) in the Uruguaymine has been the focus of sev-
eral studies (Bettencourt, 1972; Laux et al., 2005; Leiz and Almeida,
1941; Ribeiro et al., 1966; Ronchi et al., 2000; Teixeira and Gonzáles,
1988; Veigel, 1989; Veigel and Dardena, 1990). The ore deposits are in
continental sedimentary units with intercalated volcanic rocks. The
main ore minerals are pyrite, chalcopyrite, bornite and hematite
(Laux, 1999; Laux and Lindenmayer, 2000a,b; Ronchi et al., 2000).
In previous studies, syn-depositional to diagenetic transformations
of sediments produced by fluid circulation under high to low tem-
peratures were identified. Late-stage ore was recognized through
ghts reserved.
clay-mineral neoformation, calcite and barite, in oxidized cap-rock
(Laux, 1999; Laux and Lindenmayer, 2000b; Ronchi et al., 2000).

Several genetic models have been used to explain metal enrichment
of Cu, Pb, Zn and Au, such as recurrent fracturing and compositional
changes in the mineralizing fluids, either associated with “syngenetic-
sedimentary” and basinal fluids or magmatic fluids. Sedimentary
models were proposed to explain the enrichment of the Cu and Pb
ores of the Camaquã Basin sedimentary units proposed by Santos and
Chaban (1978). Magmatic genetic models, based on rare earth element
geochemistry (Laux, 1999; Paim and Lopes, 2000) and S and Pb isotopes
(Remus et al., 1997, 1999, 2000) were proposed to explain themain ore
zone of the Camaquãmine. Other studies (Laux et al., 2005; Troian et al.,
2009) suggested that several hydrothermal fluids were associated with
low-sulfidation mineralization (c.f. Hedenquist and Lowenstern, 1994).

The Uruguay mine consists of pyrite and chalcopyrite veins that are
discordant with local sedimentary rocks (Fig. 2). The sedimentary rocks
show strong hydrothermal alteration with silicification, hematite and
clinochlore as alteration halos around massive ore veins and veinlets
(Bettencourt, 1972; Gonzalez and Teixeira, 1980; Laux, 1999; Laux
et al., 2005; Teixeira, 1978; Teixeira et al., 1978b; Veigel, 1989). Electron
microscopy and crystallographic and chemical study of clay minerals
(Troian et al., 2009) led to the identification of several types of chlorite
(Ib90° to IIb Mg-clinochlore and Fe-chamosite polytype) and smectite
(Veigel, 1992) as coatings of detrital quartz and feldspars,filling primary
or secondary porosities or veins. Remus et al. (1999, 2000) have empha-
sized the magmatic origin of sulfides and described the paragenetic se-
quence of mineralization.
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Fig. 1. Simplified geological map of Brazil showing the location of the Camaquã Basin area in Rio Grande do Sul together with the Proterozoic (c.f. Santa Maria Chico Complex part of
Southern Brazilian Shear Belt) and Phanerozoic sedimentary cover. Rectangle represents the location of the studied mining area.
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This study discusses the crystallographic and geochemical changes
related to the origin of fluids and the geneticmodels, roles of fluid circu-
lation and water/rock interaction in veins and porous sandstones asso-
ciated with the ore in the Uruguay mine.

2. Regional geological setting

The Camaquã Basin contains sedimentary and volcanic rocks of
Neoproterozoic age covering approximately 10% of the Sul-Rio-
Grandense Shield area in southernmost Brazil (Fig. 1). The volcanic
and sedimentary sequences lie over older igneous–metamorphic associ-
ations composedof Paleoproterozoicmetamorphic sequenceswith ages
older than 650Ma (c.f. Basei et al., 2000; Bitencourt and Nardi, 2000; da
Silva et al., 1999; Fragoso-Cesar, 1980; Fragoso-César et al., 1992;
Hartmann, 1998; Ribeiro and Fantinel, 1978). According to Brito Neves
and Cordani (1991), the Neoproterozoic geotectonic setting in south-
ernmost Brazil involved the subduction and closure of an oceanic
basin by the collision and amalgamation of at leastfive large continental
masses. The main Braziliano–Pan-African collision in southernmost
Brazil probably occurred at 650 Ma (Gross et al., 2006; Philipp et al.,
2009). Geochronological data from magmatic rocks in the Camaquã
Basin indicate ages from 620 to 537 Ma (Almeida et al., 2005) with a
minimum age of 470 Ma (Hartmann et al., 2007). The Camaquã Basin
magmatism and sediment deposition occurred simultaneously with
the development of the Southern Brazilian Shear Belt in the eastern
part of Sul-Rio-Grandense Shield (Fig. 1). This Southern Brazilian
Shear Beltwas an important conduit formagma transport and emplace-
ment, and itwas responsible formantle decompression and reactivation
of pre-existing magmatic sources (Bitencourt and Nardi, 2000; Nardi
and Bitencourt, 2009). The Camaquã Basin is, therefore, considered by
several authors to be a post-collisional strike–slip basin (Leites et al.,
1990; Oliveira and Fernandes, 1991; Wildner et al., 1999), although
others (c.f. Fragoso-César et al., 1992) have interpreted it as an exten-
sional post-orogenic and pre-cratonic rift system or as a back-arc
basin (Chemale, 1997, 2000). Borba (2006) recognized the following
threemain stages in the evolution of the Camaquã Basin: the oldest cor-
responds to the Maricá Formation (ca. 630 to 600 Ma), which was de-
veloped under the compressive tectonics of the Braziliano–Pan-
African Orogeny; the second, related to the Bom Jardim Group (ca.
600 to 590 Ma), was also related to compressive tectonics, and the
third is represented by the Camaquã group (ca. 590 to 537 Ma), which
is associated with deposition in a pull-apart or rift basin with dominant
extensional tectonics.

Magmatism in the Camaquã Basin evolves from rocks with
shoshonitic affinity, with ages of ca. 600 ± 10 Ma for volcanic and plu-
tonic rocks related to sodic alkaline silica-saturated series (Almeida
et al., 2005; Lima and Nardi, 1998; Sommer et al., 2006; Wildner et al.,
2002). The sedimentary rocks evolve from environments that represent
shallow marine to lacustrine–alluvial settings to a typical continental
environment according to Paim et al. (2000).

Sedimentary units of the Camaquã Basin are shown in Figs. 2 and 3.
They consist of Maricá Group with marine turbidite to delta and fluvial
deposits lying on magmatic to metamorphic basement rocks (Borba
et al., 2007). The Maricá Group is overlaid by the Bom Jardim Group,
which is composed of Vargas and Mangueirão members, also part of
the Arroio dos Nobres Formation according to Paim et al. (2000), and
the Lavras do Sul Shoshonitic Association (600 to 590 Ma). On the
Bom Jardim Group lies the Acampamento Velho Group (Almeida et al.,
2002, 2003; Janikian, 2004; Janikian et al., 2003), which contains volca-
nic and hypabyssal rocks of sodic alkaline affinity (Sommer et al., 2006;
Wildner et al., 2002) and the Santa Fé Formation with its sedimentary
rocks of alluvial origin. The younger Santa Barbara Group consists of
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Fig. 2.Map of the southeastern part of the Camaquã Basin with the location of underground (São Luiz) and open pit mines (Uruguay).
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sedimentary rocks of continental deltaic origin, and the Guaritas Group.
The Guaritas Group is characterized by fine-grained lenticular bodies of
sandstone (Janikian, 2004; Janikian et al., 2005, 2008) with andesites
and trachyandesites with ages ranging from 537 Ma (Almeida et al.,
2005) to a minimum age of 470 Ma (Hartmann et al., 2007).

3. The mining area and its sedimentological setting

The Camaquã copper mine area (Bettencourt, 1972) is located at the
southern part of the Camaquã Basin, in the region of Caçapava do Sul.
The surface was an oxidation zone where the ore contains small
amounts of gold and silver (Bettencourt, 1972). Underlying this cap
rock, sedimentary units belong to the Vargas andMangueirãomembers
(Remus et al., 2000; Teixeira et al., 1978a,b; Figs. 3 and 4). In the
Camaquã mining area, the Vargas and Mangueirão members consist of
the following four levels: lower levels of sandstone, conglomerates
and feldspar-rich sandstones and the upper conglomerate (Figs. 4B, 5A
and B). The upper conglomerate grades from rhythmically coarse-
pebbly sandstones to interstratified decimeter-scale gravel and sand-
stone. The four sedimentary levels of Camaquã's mine host boulders
and gravels of reworked granitic–gneissic rocks, with a few rhyolite
and pyroclastic fragments. Immature sandstones contain angulose
detrital grains of quartz and microcline with less minor biotite and
muscovite flakes.

4. Ore mineralogy and its alteration halo

The main Cu–(Au)-rich ore zone is in meter-width veins located in
northwestern dipping fractures (N50°W and N80°SW) crosscutting
the sandstone and conglomerates (Ribeiro et al., 1966; Teixeira and
Gonzáles, 1988; Figs. 2 and 4C). Previous studies described intermediate
and late stage magmatic ore with successive precipitation of chalcopy-
rite and pyrite replacing bornite and chalcopyrite, respectively (Laux,
1999; Laux and Lindenmayer, 2000a,b; Leiz and Almeida, 1941;
Ronchi et al., 2000). A porphyry-type copper deposit was suggested
due to the occurrence of molybdenite (Laux, 1999) and andesite in the
area and the Pb and S isotopes (Remus et al., 1999) that indicate a
base metal magmatic origin. This porphyry-type deposit was either re-
lated to intrusive granitoids or to the volcanic country rocks formed at
the end of the Braziliano Cycle (Bettencourt, 1972; Laux et al., 2005;
Remus et al., 1999, 2000; Teixeira and Gonzáles, 1988). Moreover, con-
glomerate sandstone and lower intermediate sandstone surrounding
the main ore zone also contained disseminated sulfide grains (Figs. 3
and 4).

Laux et al. (2005), Ronchi et al. (2000) and Troian et al. (2009) have
described the mineralogy in the alteration halo around Cu(Au)-rich ore
veins as a sequence of silicified and Fe-chamosite and Mg-clinochlore
precipitations. Fluid temperatures and compositions were determined
from Mg-clinochlore thermometry to be 330 to 268 °C (Lima, 1998)
using thermometer developed by Cathelineau (1988). Consequently,
chlorite precipitation was associated with ore deposition or late hydro-
thermal fluids. These temperature determinations were completed by
fluid inclusion microthermometry in quartz (180 to 120 °C; salinity:
19.2 to 1 NaCl weight %) and barite (b80 °C; salinity: 17 to 0.7 NaCl
weight %; c.f. Lima, 1998; Ronchi et al., 2000). The large range of obtained
data on temperature, salinity, chemical and isotopic values led to the
proposition of several ore genetic models with different hydrothermal
fluids, a Red Bedmodel and the epithermal/hydrothermal origin of fluids
(e.g., Hedenquist and Lowenstern, 1994; Ohmoto and Goldhaber, 1997;
Santos and Chaban, 1978).
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5. Sampling strategy and methods

The Uruguay and Sao Luiz mines were exploited as open pits. The
upper part of these mines was removed, and upper sedimentary units
are available through the drill core repository (Company's Brazilian
Copper: CBC). Five holes that were drilled prior to or duringmining op-
erations were provided by the VOTORANTIN metal company, who also
provided some samples studied by Ronchi et al. (2000) (PSU-46: PTG
samples). Drill cores U180/94-30 drilled in sandstones, PSU-45 in con-
glomerates U-80 and U-72 in intermediate sandstones were examined
in thefield, and thirty core sampleswere collected togetherwith twenty
outcrop specimens (Fig. 4). The sampling strategy was to collect and to
compare the sulfide-rich samples to the lessmineralized ones. Minerals
were observed through macroscopic and thin section observation with
optical and scanning electron microscopy. Petrographic observations
by reflected light (thin and thick sections) were combined with image
processing (Image J software) to measure the surface proportion
(N0.2 μm2) of pyrite, chalcopyrite, bornite and chalcocite prior to δ34S
measurements (see later methods). Microscopic observations were
completed by qualitative chemical compositions of minerals (SEM-
EDS: Jeol JSM-5800 and Jeol JSM-5600 LV; 15 kV and 0.6–0.7 nA with
a Si–Li diode) and quantitative analyses with an Electro microprobe
(Cameca SX100-WDS, University of Jussieu; 20 kV and 4 to 6 nA).
Electron microprobe data of chlorite used XRD pattern information.
XRD patterns of chlorite indicate a Mg and Fe octahedral occupancy
with dominant Fe2+ compared to Fe3+. Consequently, the electronic
mass balance is related to the Fe3+/Fetot ratio between 0.1 and 0.2.
These Fe3+/Fetot proportion induce in a total deficit lower than 0.83
for 12 octahedral charges.

For further mineralogical and geochemical analyses, grains were ex-
tracted by gentle desegregation, hand-picking, settling (clay particles:
b10, b5 and b2 μm) or magnetic field separation. The mineralogy of
separates was checked by X-ray diffraction (XRD; Brucker Siemens
D5000 Model with 40 kV and 25 mA). Size fraction of clay particles
(b10, b5 and b2 μm) was identified by XRD with air-dried oriented,
glycol-saturated and heated (500 °C for 2 h) and powdered prepara-
tions. XRD allowed crystallinity measurements, polytype identification,
estimation of dioctahedral or trioctahedral occupancy ((00 l) peaks and
(060) band), and Fe octahedron occupancy of clay separates (c.f. Troian
et al., 2009).

Stable isotopes were determined in Saint Etienne using standard
techniques for oxygen, and hydrogen stable isotopes were extracted
from silicates (O, H: chlorite; O: quartz, hematite; Bigeleisen et al.,
1952; Clayton and Mayeda, 1963; Renac et al., 2010). Carbon and oxy-
gen were obtained after extraction, in vacuum, from CO2 carbonate by
reaction with phosphoric acid at 25 °C (Craig, 1953). The extracted
and purified gasses (H2, CO2) were then analyzed on a gas-source
mass spectrometer (Isoprime). The isotopic results are expressed as
δ13C, δ18O and δ2H (‰) relative to the international standard V-PDB
(Vienna-Pee Dee Bellemnite) for δ13C (±0.2‰, 2σ), and V-SMOW
(Vienna-Standard Mean Ocean Water; Coplen, 1988) for δ18O (±0.05
for carbonates and ±0.3‰ for silicates, 2σ) and δ2H (±3‰, 2σ). δ34S
values (V-CDT: Vienna-Canyon Diablo Troilite; ±0.3‰, 2σ) were
measured using a Vario Micro + ISOPRIME (EA-C-IRMS: Elemental
Analyzer-continuous flow-Inlet Ratio Mass-Spectrometer) with an in-
frared detector that allowed the measurement of S contents. Sample
weights varied from 50 to 350 μg and consisted of fragments from cm-
size pyrite, chalcopyrite, bornite and barite. Small grains of sulfide
(Ø N 30 μm, 50 to 150 μg) in sandstone were analyzed for chemical
composition (electron microprobe) and image processing (proportion
of different sulfides) was also performed for thick sections for δ34S.
The oxygen isotopes of the barite sulfate were reacted with BrF5
(Clayton and Mayeda, 1963), and the resulting CO2 gas was analyzed.
For the BrF5 method, corrections were made for incomplete oxygen
yield followingWasserman et al. (1992). A suite of barium sulfate stan-
dards was analyzed by all three oxygen isotopemethods to ensure that
equivalent results were obtained for unknowns.

6. Results

6.1. Petrography and mineralogy

Non-contiguous grains in the sandstones are surrounded by a clay
matrix composed of chlorite (green and b50 μm; Fig. 5C), muscovite
flake and illite (Fig. 5D; Table 1) and a small amount of euhedral epidote
(b25 μm), some of which is associated with quartz overgrowths or cal-
cite andMg-rich calcite cement (Table 2). Conglomerates are composed
of decimeter-sized pebbles of granite and gneisses (Fig. 5A; Table 1).
Sandstones and conglomerates are cemented by chlorite (dark green),
a few large crystals of chloritized biotite, illite–muscovite distorted or
occasional euhedral epidote crystals (b25 μm), some of which are asso-
ciated with quartz overgrowths. Opaque grains are hematite and sul-
fides, located at grain boundaries in conglomerates. Hematite grains
(Ø b 100 μm) are deposited parallel to sedimentation,whereas euhedral
sulfide grains (Ø b 2 mm) are disseminated in the cement or mm wide
veins (Fig. 5E). These sulfide grains consisted of pyrite, chalcopyrite
(Fig. 5F) and/or bornite (Table 2). Veins are filled by barite with small
proportions of euhedral quartz (Fig. 5G, H). Few barite veins contain
specular hematite (b100 μm) or pyrite, and chalcopyrite (mm size). In
the residual ore zone, located in the lower part of the Uruguay open
pit (CAM 11; Fig. 4), there are decimeter wide veins filled by pyrite
and chalcopyrite. This residual ore zone is surrounded by breccia with
chlorite, hematite and quartz.

Petrographic observation indicates that the hydrothermal phases in
sandstone and conglomerate that host the Uruguay's ore are dominant-
ly composed of chlorite, muscovite–illite and quartz. Chlorite appears
either as oriented flake coating grain fringes, filling intergranular grain
or replacing biotite flakes (e.g. Walker et al., 1978). Chlorite habit is
“rosette” shape with sub-hexagonal flake shape (b5 to 20 μm length



upper
sandstone

upper
conglomerate

intermediate sandstone

lower
conglomerate

lower sandstone

ore zone

sea level

C

Open pit Uruguay
NESW

X
U-72

X X
U180-94PSU-45

3

14m

28
to

98
m

b
s

34
to

78
m

b
s

24
to

82
m

b
s

100 m

SE

NW

A

fractures

outcrop sample

upper

sandstone

upper

conglomerate

intermediate sandstone

lower

conglomerate

lower sandstone

Open pit Uruguay

100 m

sea level

SENW

208 m

230 m

B

U-71
PSU-46 X

X 2

12
10

1 3

9
6

5
4

X
drill hole

BBBC

Fig. 4. Sample location presented in A) aerial view. B) and C) schematic cross sections from different directions of precisely localized hand specimen and drill cores (PSU45, U-71, U-72,
U-80, U-180-94-30; the two shades of gray indicate the former position of the main ore zones).

150 C. Renac et al. / Ore Geology Reviews 60 (2014) 146–160
flake; Fig. 5C). Nearby the ore, chlorite is located in vein networks,
in some cases with euhedral quartz (mm size) with overgrowth
underlined by primary fluid inclusion or small hematite inclusions
(Fig. 5G). Similar to previous studies (Laux et al., 2005; Ronchi et al.,
2000; Troian et al., 2009) clay-size separates were Fe-chamosite and
Mg-clinochlore precipitations (Bailey, 1980; Bayliss, 1975; Foster,
1962; Hayes, 1970; Table 1) with Ib90° to IIb polytypes (Bailey
and Brown, 1962) (pure Mg–Fe-chamosite (IIb polytype; PSU45-14),
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Table 1
Representativemicroanalyses of feldspar, chlorite (*:Mg-clinochlore; **: Fe-chamosite), hematite, pyrite, chalcopyrite, bornite and carbonatewith their structural formulae. Temperatures
of chlorite formation (Inoue et al., 2010) were calculated for 10, 15 and 20% of Fetot as Fe3+.

K felds
(n = 8)

plge
(n = 15)

PTG
mica–illite

PT49
(n= 23) *

PT58
(n= 16) *

PSU-45-
1–14 m
(n = 5) *

CAM 1
(n = 8) *

CAM 3
(n= 11) *

CAM6
(n = 4) **

CAM10
(n = 10)
**

CAM 11
(n= 13) *
and **

CAM 12
(n= 23) *
and **

SiO2 61.10 ±
0.48

65.51 ±
0.46

49.18 ±
2.48

27.47 ±
1.42

28.45 ±
2.20

29.79 ± 2 25.00 ±
0.60

26.99 ±
1.72

24.90 ±
1.78

25.81 ±
0.96

25.70 ±
1.42

25.21 ±
1.15

TiO2 0.28 ±
0.10

0.01 ±
0.01

0.07 ±
0.16

0.02 ±
0.02

0.65 ±
2.40

0.21 ±
0.5

0.03 ±
0.03

0.05 ±
0.01

b.d.l. 0.05 ±
0.01

0.14 ±
0.19

0.04 ±
0.03

AI2O3 18.23 ±
0.20

19.16 ±
0.13

29.83 ±
1.80

18.88 ±
1.74

19.27 ±
1.20

21.36 ±
0.82

19.21 ±
0.60

19.46 ±
1.13

18.49 ±
1.25

19.07 ±
0.85

18.38 ±
0.74

18.36 ±
0.65

FeO 0.29 ±
0.08

0.18 ±
0.04

2.30 ±
0.84

21.61 ±
4.04

19.97 ±
2.15

18.18 ±
1.10

27.16 ±
1.44

25.69 ±
2.04

34.90 ±
1.89

34.51 ±
1.16

30.49 ±
0.90

28.76 ±
2.60

MnO 0.02 ±
0.02

0.01 ±
0.02

0.01 ±
0.03

0.07 ±
0.03

0.08 ±
0.03

0.56 ±
0.06

0.24 ±
0.10

0.25 ±
0.07

0.09 ±
0.04

0.085 ±
0.04

0.54 ±
0.18

0.48 ±
0.21

MgO 0.16 ±
0.02

0.11 ±
0.02

1.78 ±
0.37

16.04 ±
3.63

16.59 ±
1.98

16.41 ±
0.56

11.87 ±
0.89

12.95 ±
0.98

7.77 ±
0.93

7.45 ±
1.02

9.94 ±
0.73

10.38 ±
2.14

CaO 0.10 ±
0.03

0.07 ±
0.06

0.30 ±
0.08

0.13 ±
0.05

0.09 ±
0.03

0.23 ±
0.01

0.05 ±
0.02

0.07 ±
0.03

1.24 ±
2.34

0.11 ±
0.06

0.07 ±
0.02

0.03 ±
0.02

Na2O 0.55 ±
0.1

11.31 ±
0.14

0.26 ±
0.10

0.10 ±
0.02

0.12 ±
0.03

0.01 0.28 ±
0.05

0.24 ±
0.20

b.d.l. b.d.l. 0.11 ±
0.02

0.21 ±
0.05

K2O 15.0 ±
0.26

0.07 ±
0.03

9.11 ±
0.49

0.05 ±
0.08

0.29 ±
0.82

0.05 ±
0.05

0.14 ±
0.05

0.29 ±
0.18

0.18 ±
0.03

0.37 ±
0.29

0.11 ±
0.05

0.15 ±
0.20

Total 95.74 ±
0.60

96.42 ±
0.65

92.85 ±
2.60

84.35 ±
1.91

85.51 ±
1.75

86.1 ±
0.1

83.98 ±
1.49

85.99 ±
1.37

87.60 ±
1.60

87.45 ±
1.61

85.49 ±
1.14

83.63 ±
0.80

O 32 32 11 28 28 28 28 28 28 28 28 28

Si/Si (T1 T2) 11.86 11.90 3.32 5.83 5.94 6.01 5.53 5.75 5.49 5.65 5.67 5.65
AlIV, AlIV (T2) 4.17 4.10 2.37 2.17 2.06 1.99 2.48 2.25 2.51 2.35 2.33 2.35
AlVI (M1) – – – 2.55 2.68 3.08 2.53 2.63 2.30 2.57 2.46 2.50
Ti – – 0.00 0.004 0.10 0.03 0.01 0.01 – 0.01 0.02 0.01
2 Fe+3 – – 0.13 0.58

(Fe3+:
15%)

0.52
(Fe3+:
15%)

0.46
(Fe3+:
15%)

0.75
(Fe3+:
15%)

0.68
(Fe3+:
15%)

0.97
(Fe3+:
15%)

0.95
(Fe3+:
15%)

0.84
(Fe3+:
15%)

0.81
(Fe3+:
15%)

2 Fe+2 0.10 0.03 0.00 3.26 2.96 2.605 4.27 3.89 5.47 5.37 4.78 4.58
Mn – – 0.00 0.01 0.01 0.1 0.05 0.05 0.02 0.02 0.10 0.09
Mg – – 0.18 5.07 5.16 4.93 3.91 4.11 2.55 2.43 3.27 3.47
Ca 0.02 0.01 0.02 0.03 0.02 0.05 0.01 0.02 0.29 0.03 0.02 0.01
Na 0.21 3.98 0.03 0.04 0.05 0 0.12 0.10 0.05 0.09
K 3.71 0.02 0.78 0.01 0.08 0.01 0.04 0.08 0.05 0.10 0.03 0.04
H/OH*
(chlorite)

– – 2.00 16 16 16 16 16 16 16 16 16

Number of
vacant

0.53 0.66 0.83 0.49 0.64 0.70 0.66 0.54 0.552

An 0.5 0.3 Inoue et al.
(2010)

Fe3+ 20%:
225 °C

Fe3+ 20%:
183 °C

Fe3+ 20%:
139 °C

Fe3+ 20%:
280 °C

Fe3+ 20%:
215 °C

Fe3+ 20%:
262 °C

Fe3+ 20%:
226 °C

Fe3+ 20%:
248 °C

Fe3+ 20%:
260 °C

Ab 5.2 99.3 Fe3+ 15%:
233 °C

Fe3+ 15%:
188 °C

Fe3+ 15%:
142 °C

Fe3+ 15%:
293 °C

Fe3+ 15%:
222 °C

Fe3+ 15%:
270 °C

Fe3+ 15%:
236 °C

Fe3+ 15%:
260 °C

Fe3+ 15%:
275 °C

Or 94.3 0.4 Fe3+ 10%:
244 °C

Fe3+ 10%:
195 °C

Fe3+ 10%:
145 °C

Fe3+ 10%:
310 °C

Fe3+ 10%:
231 °C

Fe3+ 10%:
282 °C

Fe3+ 10%:
248 °C

Fe3+ 10%:
276 °C

Fe3+ 10%:
310 °C

Sulfides Pyrite (n = 13) Ccp (n = 19) Bor (n = 25) Cc (n = 5) Hem (n= 6)

S 52.62 ± 0.24 34.85 ± 0.33 25.93 ± 0.43 20.20 ± 0.24 0.15 ± 0.04
Fe 46.22 ± 0.39 30.56 ± 0.44 11.40 ± 0.58 0.10 ± 0.06 98.49 ± 1.30
Cu 0.58 ± 0.29 34.31 ± 0.42 62.38 ± 0.90 79.39 ± 0.34 0.93 ± 0.33
Ni 0.04 ± 0.04 0.02 ± 0.03 0.03 ± 0.04 0.03 ± 0.04 0.02 ± 0.02
Co 0.17 ± 0.15 0.08 ± 0.13 0.07 ± 0.09 0.06 ± 0.06 0.14 ± 0.04
Pb 0.31 ± 0.23 0.13 ± 0.16 0.14 ± 0.14 0.18 ± 0.15 0.15 ± 0.09
Zn 0.04 ± 0.04 0.01 ± 0.05 b.d.l. b.d.l. 0.08 ± 0.06
As 0.01 ± 0.03 0.02 ± 0.02 0.03 ± 0.04 0.02 ± 0.03 0.03 ± 0.03
Au b.d.l. 0.01 ± 0.02 0.01 ± 0.03 0.01 ± 0.01 0.01 ± 0.01
S (apfu) 0.661 0.544 0.405 0.335
Fe 0.333 0.184 0.102 0.001
Cu 0.004 0.270 0.492 0.663
Ni 2.7E-04 1.7E-04 2.6E-04 2.7E-04
Co 1.2E-03 6.8E-04 5.9E-04 5.4E-04
Pb 6.0E-04 3.1E-04 3.4E-04 4.6E-04
Zn 2.5E-04 7.7E-05 – –

Au – 2.5E-05 2.5E-05 2.7E-05

Carbonates CAM 3
(n = 13)

Min and max CAM 12
(n = 15)

Min and max

2 Fe+2 0.58 ± 0.53 0.04 to 1.27 0.51 ± 0.47 0.06 to 1.47
Mn 0.08 ± 0.75 0.04 to 0.03 0.09 ± 0.03 0.09 to 0.03
Mg 0.78 ± 0.75 0.04 to 1.78 0.54 ± 0.48 0.03 to 1.26
Ca 4.55 ± 1.24 5.87 to 2.92 4.85 ± 0.92 5.83 to 3.23
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Table 2
Sedimentological units, proportion of clay minerals and image analysis data of hematite pyrite, chalcopyrite and bornite. Image analysis data consists of the number of grains and total
surface proportion of opaques as pyrite, chalcopyrite, bornite and hematite.

Drill core
(name)

Sample depth
(m)

Weight % particle
b10 μm fraction*

Weight %
opaque

Number of
opaque grain

% sulfide/
thin section

Average size StDev
(mm2)

Surface %
of pyrite

Surface % of
chalcopyrite

Surface %
of bornite

Surface %
of hematite

Upper
conglomerate

U71 28.3 7 227 0.060 0.022 0.018 Trace 100
49.1 10 1227 0.360 0.011 0.011 Trace 100
72.5 15.0 n.d.
75.4 14.0 n.d.
76.5 13.6 n.d.
83.3 14.1 1895 0.140 0.012 0.012 Trace 100
93.0 15.3 453 0.220 0.015 0.015 Trace Trace 100
95.0 12.0 n.d.

Intermediate
sandstone

U71 35.2 10.2
59.0 8.4
68.5 7.1

Upper
sandstone

PSU45 34.8 11.2 40 0.744 0.070 0.069 88.71 11.29
5.90 10.7 35 0.104 0.011 0.022 100.00

61.8 13.0
64.0 14.2
70.0 10.1 164 1.511 0.034 0.037 52.60 15.90 31.00 0.41
71.0 9.7 1446 1.190 0.012 0.011 59.90 31.84 7.56 0.56
75.0 8.9 101 1.102 0.045 0.129 57.40 40.10 2.46
78.0 11.1 243 1.626 0.025 0.023 75.44 16.25 8.30

U180 59.0 5.5 1114 1.060 0.212 0.050 92.00 8.00
64.7 7.4 2478 1.770 0.179 0.054 64.83 33.50 1.67
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Fig. 6. A comparison of previous and new δ34S isotopes data measured frommillimeter and centimeter size sulfide grain and veins are presented in panel A. Panel B shows new δ34S data
extracted infra millimeter grains collected from sandstones. A) Histogram of frequency vs. δ34S (‰ V-CDT) from this study (n: samples; gray bars) and Remus et al. (2000) [n samples,
white bar] with minerals and units. B) δ34S sulfide values extracted from grains coming from of 12 thick sections (PSU45, U72, U80) vs. surface analyses × S weight % of each individual
grain analyzed (Table 1). For comparison, mixing trends are plotted using bibliographical values (Remus et al., 2000).
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Mg-clinochlore in cemented sandstone (IIb polytype; PT-49) and
Fe-chamosite (Ib90° polytype; CAM 12) that fill vugs).

6.2. Ore petrography and chemical composition

The disseminated sulfide ores occupy sandstones and sulfide grain
includes angulose quartz and feldspar grains. Optical and electron mi-
croscopic observations allow recognition of pyrite (Py), chalcopyrite
(Ccp), bornite (Bn) and chalcocite (Cc) assemblages. There is no exsolu-
tion texture in μm to cm size sulfides, but rather, fractures and replace-
ments of pyrite by chalcopyrite and pyrite–chalcopyrite grains by
bornite, or scarce pyrite grains totally replaced by bornite (SEM obser-
vation). Gentle sandstone disaggregation allowed the collection of the
clay–micas–chlorite-rich size fractions, angulose hematite and ovoid
sulfides from each rock sample analyzed (Fig. 6). An estimate of clays,
hematite, sulfides and other silicates was then obtained by their relative
weight proportion (weight %; Table 1). Clay materials are dominant
compared to hematite and sulfides grains, except in upper conglomer-
ate unit where hematite grains dominate compared to scarce sulfides.
In the sandstones sulfides are up to 1.8% of a thin section (Table 2)
with a dominant proportion of pyrite compared to chalcopyrite, bornite
and chalcocite. Pyrite grains have broken cubic to quadratic shapes,
whereas polymetallic sulfides (Py + Ccp + Bn + Cc) grains have
ovoid shapes. In thin section, cubic to ovoid sulfide grains enclose
small detrital disseminated quartz grains (Fig. 5F), angulose quartz
and sulfides being surrounded by quartz overgrowth and chlorite flakes.
Ovoid sulfide grains and veins consist cubic to quadratic pyrite; chalco-
pyrite surrounds or fills broken pyrite. Bornite is found in outer rims of
sulfide grains (chalcopyrite and pyrite). Electron microprobe analyses
suggest that sulfides in veins, disseminated in sandstone and barite
Table 3
δ34S values (‰ V-CDT) of pyrite, chalcopyrite, bornite and barite from polymetallic ovoids of sul
inated cement or lenses in sandstone and conglomerate units (NB. Same vein as those analyze

Drill core
(name)

Sample
depth
(m)

δ34S ‰

(V-CDT)
Pyrite grain

δ34S ‰ (V-CDT)
Chalcopyrite vein

δ34

Mi
bo

Upper conglomerate U71 28.3 1.2
49.1 1.1
72.5
75.4 1.4
75.4B
75.4C
76.5
83.3 1.1 1.7 to 2.5 (n = 3)
93.0 1.3 1.0 4.8
95.0 0.8 3.4

Intermediate
sandstone

U71 35.2
59.0 4.2
68.5

Upper sandstone PSU45 34.8 −1.6 3.2
59.0
61.8 4.1
64.0 2.55
70.0 1.9 1.5 and 1.9 3.7
71.0
75.0 1.3
78.0

Upper sandstone U180-94-72 59.0 1.7 4.4
(10

64.7 2 t
Up conglo Outcrop CAM 4
Up conglo CAM 5
Inter sands CAM 9 1.9
Up conglo CAM6 −0.9 (ore zone)
Up conglo CAM5 1.1
Up conglo CAM 8
Up conglo CAM 11 −0.8 ± 0.3

(ore zone; n = 5)
Up conglo CAM 12 −1.8 (ore zone)
bearing veins have similar element compositions (Table 1) to those
referred by Ronchi et al. (2000). Trace metal contents in sulfides (Pb,
Zn, Ni and Au) show an ambivalent Ni-enrichment, whereas Co, Pb, Zn
are enriched in pyrite and Au associated in bornite. In sandstone units,
petrographic observation showed a dominant number of sulfides with
ovoid shapes. Image processing of sulfides observed in reflected light
allowed the calculation of the proportion of each sulfide grain for
hundreds of grains (Table 1). None of this image processing showed
that the occurrence of chalcopyrite or bornite was dependent on
depth, shape or crystal size (Table 1). This image processing allowed
the selection of grains with different proportions of pyrite, chalcopyrite
and bornite. Further polymetallic-sulfide grains were individually
extracted and analyzed for stable sulfur isotopes.

Meter-wide barite veins were sampled to characterize S-rich oxi-
dized fluids (Church and Wolgemuth, 1972; Hanor, 2000). Barite veins
consist of cm-size crystals, some of which have a S-flexuous shape.
Some large barite crystals host scarce euhedral pyrite and chalcopyrite
crystals (Fig. 6 in Troian et al., 2009), euhedral quartz (bmm) and
dusty hematite (μm).

Among conglomerate and sandstone units, carbonate precipitation
occurs as lenses, veinlets (mm size) or as intergranular cement
(b0.1 mm) replacing quartz overgrowths, euhedral quartz and barite
crystals. Electron microprobe analyses show Ca-dominant to Ca N Mg–
Fe carbonates (Table 1).

6.3. O, H, C and S stable isotope values

Specular hematite (δ18O = −1.9‰) and euhedral quartz (δ18O =
12.2‰) associated with Fe-chamosite (CAM 12 b 2 μm: δD = −44‰
and δ18O= 9.8‰) in the residual ore zone (CAM11; Fig. 4). The oxygen
fide, sulfide and sulfate veins. δ13C (‰ V-PDB) and δ18O (‰ V-SMOW) of calcite as dissem-
d for fluid inclusion in Ronchi et al., 2000).

S ‰ (V-CDT)
xed chalco-pyr-
r grain

δ34S ‰

(V-CDT)
Bornite vein

δ34S ‰

(V-CDT)
Barite vein

δ13C ‰

(V-PDB)
Calcite

δ18O ‰

(V-SMOW)

−1.85 17.3
−1.86 16.7
−1.71 18.1
−1.92 6.6

12.9 to 14.4 (n: 4) −1.87 19.8
−2.09 17.8

16 and 16.3
14.8 to 16 (n:3)

−2.53 17.5
to 5.6 (n: 6) 15 and 15.2 −2.65 5.8

−3.03 16.9
to 3.4 (n: 6)

12
to 5.3 (n = 4) 13.8 and 15.7

1.5 to 2.3 (n = 3)

15.3

to 5 (n:4); 10.5
0% chalco)
o 5.7 (n: 6)

12.8
13.7 and 14.5
13.7 and 14.1
14.4
13.7



Table 4
δ34S values (‰ V-CDT) of pyrite and chalcopyrite from polymetallic ovoids of sulfide and
monomineral sulfides in terms of surface pyrite content (c.f. Table 3).

Surface % of pyrite
Py / (Py + Ccp)
Image analysis

Mineral
contaminant

Weight % of S
EA-C-IRMS

δ34S ‰ (V-CDT)
Ovoid grain

95 – 51 3.2
85 qtz 46 3.6
87 qtz 47 3.5
92 – 50.6 3.1
93 – 50.7 3.45
94 – 51 3.2
80 – 48.4 3.7
70 qtz 46.6 4.2
75 – 47.5 4.2
68 – 46.2 4.75
63 qtz 42 4.56
63 – 45.3 4.7
57 – 44.2 5
51 qtz 41 5.6
50 – 43 5.4
70 qtz 42 4.7
61 – 45 5.25
55 qtz 40 5.3
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and hydrogen values of chlorites were determined from two separa-
tions of pure Fe–Mg chamosite and Mg-clinochlore (PSU45-1–14 m b

2 μm: δD = −56‰; δ18O = 8.4‰; PT-49 b 2 μm: δD = −47‰
δ18O = 8.5‰) to complete the previous O and H stable isotope data.

In the residual ore zone, located in the lower part of the Uruguay
open pit, two decimeter-wide veins are filled by pyrite and chalcopyrite.
New δ34S data (Table 3) in 1.0 to 2.5 cm-wide veins of pyrite and chal-
copyrite are similar to those presented by Remus et al. (2000). Never-
theless, the new δ34S values (60 analyses; Tables 3 and 4) of pyrite,
chalcopyrite and bornite in veins or the porosity of sedimentary units
are more scattered and vary from 6 to −1‰ (Fig. 6A). δ34S values
measured in disseminated ovoid-shaped and polymetallic sulfides
from different levels are enriched in 34S isotopes compared to large
ore veins (Fig. 6A). Eighteen ovoid sulfide grains from 3 thin sections
with different proportions of Py + Ccp previously identified by image
analysis (Table 2) were picked up from thick sections and analyzed for
δ34S values (Table 4). Surface proportions of pyrite or chalcopyrite
(image analysis), weight % of sulfur and δ34S values (EA-C-IRMS) form
a trend line (Fig. 6B, Table 4). The trend line of the measured weight %
of S and calculated surface proportion % using image analyses versus
δ34S are different. Some low S contents determined with EA-C-IRMS
were related to inclusion small quartz grain in sulfides. For image anal-
ysis, the surface % of S and δ34S form a better trend line but underesti-
mate the error related to the volume of grain.

However, chalcopyrite form the residual ore zone (δ34S: +1‰) and
pure chalcopyrite ovoid grains (XRD, δ34S ca. +11‰) from sandstone
have different δ34S values.

Similar to the residual sulfide-rich ore zone, large veins filled with
dominant barite are present in the Uruguay open pit (CAM 9). The
δ34S of several barite veins varied from 12 to 17‰ V-CDT (Fig. 6A).
Some centimeter-size barite crystals contain millimeter-size quartz,
pyrite and chalcopyrite euhedral crystals (Fig. 5H). Barite crystals from
a large vein (CAM 9) have δ34S values varying from 14.5 to 13.7‰ and
δ18O = 12.7 to 12.5‰. Euhedral quartz crystals in barite veins have
δ18O values of 14.8 to 14.3‰.

Stable isotope results (δ13C and δ18O) in calcite and Ca–Mg
calcite vary from −1.7 to −3‰ and 20 to 15‰, respectively (Table 3).
The preliminary data show a δ13C difference between sandstone and
conglomerate. Some of the stable isotope data have been obtained
from cores previously examined in a fluid inclusion study (Ronchi
et al., 2000).
7. Discussion

7.1. Reconstruction of Cu–Fe S chemical activity during sulfide and sulfate
depositions

Paragenetic reconstructions in the main ore zone (Laux et al. refer-
ences therein) show successive sulfide, oxide and silicate precipitations.
The chlorites, Fe, Cu-rich sulfides and barite hosting Cl-rich hydrous
fluid inclusions attest to large chemical changes that occurred through-
out Uruguay ore history. Petrographic observation of sulfides (Py, Ccp,
Bn) and late barite indicate relative increases of Cu and Ba activities in
veins or sedimentary units. The change from sulfide to barite indicates
decreasing Fe and S activities controlled by an increasing oxygen activ-
ity and pH change (Chiba and Sakai, 1985; Gustafson, 1979; Gustafson
and Hunt, 1975; Karadjov, 2003).

Experimental quantification of Ccp + Py + Bn and Cc solubility in
subcritical NaCl and Na–HS + H2S fluids report that Cu is complexed
as Cu(I) chloride in Na-rich solutions (Crerar and Barnes, 1976) and as
dominant Cu(I)-bisulfide in S-rich fluids (Archibald et al., 2002). The
stability of Cu(I)-bisulfide seems to increasewith lowering temperature
thatmay induce the precipitation of Fe and Cu as Py and Ccp. Fe–Cu-rich
sulfide precipitation might induce an increase in the Cl− and H+ con-
tents in fluid that would induce hydrolysis. Concomitantly, hydrolysis
might be responsible for changes in the oxidation state (cations
and anions) of the fluid (c.f. Chambefort et al., 2008; Hattori and
Muehlenbachs, 1980; Richards, 2009; Rowins, 2000). In this hypothesis,
the low thickness of the Camaquã sedimentary pile of immature sand-
stone combined with the magmatic origin of sulfur (Remus et al.,
1999, this study) suggest that the fluid contained sulfur as H2S(aq)–
HS−(aq)–S−(aq) rather than SO2 (Hattori and Muehlenbachs, 1980) and
dissolved sulfate as HSO4

−
(aq) and/or SO4

−
(aq) depending on the pH

and temperature.
Consequently, barite precipitation is related to either a high concen-

tration of Ba++ or SO4
− in solution, low Ba/SO4molar ratio in solution or

a Ba/SO4 molar ratio higher than the saturation index produced at the
oxic–anoxic boundary (e.g., Bolze et al., 1974; Breheret and Brumsack,
2000; Brumsack and Gieskes, 1983; Cecile et al., 1983; Dean and
Schreiber, 1977; Hattori and Muehlenbachs, 1980). Barite saturation
can occur at temperatures as low as 25 °C (Church and Wolgemuth,
1972; Edmond et al., 1979; Elderfield and Schultz, 1996; von Damm
et al., 1985) to 250 °C (Glasby et al., 2006; Hanor, 2000; Lüders et al.,
2001; Noguchi et al., 2011). Given the different processes of sulfide
oxidation or sulfate reduction, we examined barite formation using S
and O stable isotope values (e.g., Chiba and Sakai, 1985; Claypool
et al., 1980; Kusakabe and Chiba, 1983; Kusakabe and Robinson, 1977;
Ohmoto and Lasaga, 1982).

7.2. Sulfur isotope source and temperature in large veins

Sulfides in ore veins of the Uruguay mine produced pyrite and chal-
copyrite values similar to those reported by Remus et al. (1999), which
suggested a magmatic source of the sulfur (Watanabe and Sakai, 1983).
However, δ34S values of euhedral pyrite and euhedral chalcopyrite in
veins suggest an unrealistic isotopic equilibrium at high temperatures
(N500 °C) that is not compatible with sediment metamorphic zonation
or exsolution in sulfide grains. Moreover, barite veins including
euhedral pyrite, chalcopyrite or ovoid polymetallic sulfidesmay precip-
itate from different S isotopic sources. Petrographic observations of
S-shape centimeter-size barite crystals indicate a ductile to brittle strain
in crystals that may have produced oxygen isotopic exchange
(c.f Hedenquist and Lowenstern, 1994; Simon and Ripley, 2011). This
ductile deformationwas also recorded through a secondaryfluid assem-
blage entrapped at ca. 80 °C. Consequently, we calculated the δ34SSO4

(Kusakabe and Robinson, 1977) and δ18OH2O or δ18OSO4
values

(Kusakabe and Robinson, 1977; Lloyd, 1968) of fluid in equilibrium
with barite assuming a temperature of 80 °C (secondary fluid inclusion;
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Fig. 9). The calculated δ34SSO4
(−12‰), δ18OH2O (−12 to −4‰) and

δ18OSO4
(8.6‰) values of several SO4 complexes might produce barite

when combined with stable isotope data derived from bacterial re-
duction (δ34SSO4

), meteoric water (δ18OH2O) and/or seawater sulfate
kinetic equilibrium (δ18OSO4

). Bacterial reduction and seawater sul-
fate may be compatible with a diagenetic system with oxic to anoxic
reduction. However, the barite δ18O/δ34S ratio (12.7/13.7 or calculated
δ18OSO4

/δ34SSO4
= 8.6/−12) is not compatible with the modern ocean,

bacterial sulfate reduction (δ18OSO4
/δ34SSO4

= 9/21; c.f. Aharon and Fu,
2000; Chiba and Sakai, 1985; Paytan et al., 2002) or diagenetic barite
precipitation (Torres et al., 1996, 2002). Consequently, we considered
hydrothermal barite and examined the magmatic source of sulfur at
temperatures higher than 80 °C. δ34S/δ18O stable isotope ratios that
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Fig. 8. Changes in the δ34S values of pyrite, chalcopyrite and bornite precipitated due to a chang
CDT). Dashed lines represent pyrite and chalcopyrite centimeter-sized crystals from the same o
deviate from 4 suggest that oxygen isotopes of barite re-equilibrated
with H2O at higher temperatures or were influenced by oxidized H2S.
Therefore, we assumed that barite with euhedral pyrite and chalcopy-
rite precipitated from similar parent fluids. Consequently, the S stable
isotope values of barite and sulfides remained unchanged by ductile de-
formation or H2O fluid circulation (secondary fluid inclusion). Under
this assumption, the δ34Sbarite–δ34Ssulfides differences (Fig. 7; Rye,
2005) indicate temperatures between 500 and 400 °C, a bulk sulfur iso-
tope (δ34SΣS) value of +3‰ and a SO4

−
(aq)/H2S ratio between 0 and 1.

The δ34SΣS of +3‰ indicates S from a magmatic source but is higher
than previously estimated values (Remus et al., 1999). The whole
δ34SΣS estimated from barite–sulfide (+3‰) or δ34Ssulfide (1 to 4‰)
are values reported for porphyry-type copper deposits (Ohmoto,
1986; Rye, 2005; Seal, 2006; Seal et al., 2000; Watanabe and Sakai,
1983). The large domain of δ34S values (1 and 4‰) suggests several sul-
fur magmatic source or a single and isotopically evolved source of sul-
fur. However, temperatures between 500 and 400 °C do not support
sulfide exsolution. Moreover, the calculated δ18OH2O value of barite at
400 °C is higher than the magmatic domain (Sheppard and Epstein,
1970; Taylor, 1968, 1987; Fig. 8). This unrealistic calculated δ18OH2O

value combined with the ductile aspect of barite crystals suggest oxy-
gen isotope exchanges associatedwith deformation thatmay be related
to the entrapment of aqueous fluid inclusions (Ronchi et al., 2000).

Phase diagrams from the literature (350 to 250 °C: Heald et al.,
1987; Ohmoto, 1986; Ohmoto and Rye, 1979) indicate that pyrite, chal-
copyrite and barite assemblages can occur for sulfur at 10−8.5 atm
and oxygen fugacities between 10−32 to 10−35 atm. These O and S
activity/fugacity values would allow quartz formation under low acidic
to neutral pHs (4.3 bH2Saq b 7.8), which is compatiblewith the SO4/H2S
ratio between 0 and 1 determined from the interpretation of barite–
sulfide S isotopes.

7.3. Sulfur source and thermometry in sandstone

Stable isotope data from sulfide in sandstone differ from those of
large veins. Moreover, petrographic observation in sandstone suggests
a sequence of precipitation and replacement with Py, broken Py re-
placed by Ccp and Ccp with rims of Bn. Consequently, Py, Ccp and Bn
precipitationsmay have been produced from different sources of sulfur,
copper and iron, unrelated to grain size or depth. Therefore, δ34S values
form a single mixing line from pure Py to pure Ccp grains. This binary
mixing line indicates one episode of Py and Ccp precipitation rather
1

350°C

350°C

350°C

250°C

250°C

250°C

ore in sandstone

e in the H2S fraction remaining in a magmatic reservoir with an initial δ34SH2S =−1‰ (V-
re vein (square: sulfides frommain ore zone; circle: sulfides disseminated in sandstone).
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than several episodes. We consider a crystallization sequence of pyrite,
followed by chalcopyrite and then bornite and examine a fractional
crystallization (FC) model associated with different sulfur magmatic
reservoirs (δ34S). This fractional crystallization model assumes that
the first S flux (impulse) was FeS-rich and came from a Smagmatic res-
ervoir. Later S-richfluidswere CuNAu- and Pb-enrichedwith increasing
oxygen fugacity and/or pH. Therefore, δ34S values in pyrite, chalcopyrite
and bornite were calculated for temperatures varying from 350 to
250 °C, an initial δ34SH2S of −1‰ close to the magmatic source and an
S fractionation factor of H2S-pyrite, H2S-chalcopyrite or H2S-bornite
(Li and Liu, 2006; Fig. 8). In this FC model, Δ34S pyrite–chalcopyrite
from joined grains in an ore vein indicates that pyrite then chalcopyrite
formation could have precipitated from a single S isotope reservoir
(δ34SH2S: −1), and the initial S reservoir would have lost 90 to 50% of
its initial H2S to precipitate chalcopyrites (0.1 to 0.5 of H2S remaining
fraction). In this model, chalcopyrite would form after a large pyrite de-
position. This hypothesis is supported by mining observations (Ronchi
et al., 2000) that found a 60/40 pyrite/chalcopyrite proportion in
Uruguay mine ore.

However, some δ34Spyrite or chalcopyrite values in sandstone (Py:+3‰;
Ccp: 10.5‰) or Santa Barbara ore (e.g., Remus et al., 2000; Ccp:−13 to
−15‰ and Ba: 8.5 to 7.5‰) could not have formed from H2S-rich fluid
with a unique δ34S value of −1‰ or lower temperature of formation.
Consequently, we explored a pyrite–chalcopyrite precipitation for tem-
peratures lower than b250 °C and an initial δ34SH2S of −1‰. The FC
model never predictedmeasured δ34S values (negative), which demon-
strates a different δ34SH2S reservoir for sediments (≠ −1‰) than the
main ore zone. We also examined the FC model for ovoid sulfides pre-
cipitated in sandstone. Δ34S pyrite–chalcopyrite differences indicate ei-
ther a high H2S loss precipitated as pyrite (b0.1 of H2S remaining
fraction; Fig. 8) or highly fractionated H2S fluids in equilibrium with
chalcopyrite or temperature lower than 250 °C. These hypotheses
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Fig. 9. Temperature vs. calculated δ18OH2O values from barite, chlorite quartz, hematite and calc
timated (barite), calculated (chlorite) or measured temperatures (fluid inclusions of quartz an
(H2S loss or isotope-fractionated sulfur and temperature) would then
be associated with porosity or impermeability in sandstones compared
to fractures (main ore zone; δ34SH2S: −1‰). However, the minimal
temperature would be bracketed by examination of chlorite on quartz
coating some sulfide or chlorite veins that mark late fluid circulation.

7.4. Silicates and late hydrous fluids

Among the alteration phases, chlorite is themost ubiquitous silicate.
Fe-clinochlore, Mg–Fe chamosite and Mg-chamosite as well as quartz
and hematite indicate a high Mg–Fe–Si activity associated with H2O-
rich fluids compared to sulfide–sulfate precipitation (H2S–SO4–H2O).
These chlorites with different polytypes could form from a low to high
temperature hydrothermal system (Inoue et al., 2010; Zang and Fyfe,
1995). Chamosite and clinochlore in pelitic units suggest Mg-
enrichment and Fe/Fe + Mg change related to hydrothermal fluid
(Laux et al., 2005). Moreover, chlorite polytypes indicate layer ordering
at high temperatures (N150 °C: Bailey, 1988; Walker, 1993). However,
the temperature calculation of chlorite depends on thewhole rock com-
position, pressure and temperature (Vidal et al., 2001; Walshe, 1986)
and AlVI–Fe3+ contents (Cathelineau, 1988; Inoue et al., 2010). We
choose the geothermometer developed by Inoue et al. (2010) applied
to sedimentary rocks, active geothermal fields, low-grade metamor-
phism and Fe-rich chlorite.

Differences between geothermometers are related to the cation dis-
tribution in the structural formula of chlorite. Temperature ranges were
calculated with average electron microprobe data and a Fe3+/Fetot ratio
from 0.1 to 0.2 (Table 1).

They vary from ca. 140 (PT-45-14, Mg-clinochlore) to 310 °C (CAM
1, CAM12). The present estimate of temperature range is wider than
the chlorite temperature reported by Lima (1998) using the thermom-
eter proposed by Cathelineau (1988). Temperature changes are related
170 220 270
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to thermometers (Cathelineau and Inoue). A temperature of 310 °C cal-
culated (Lima, 1998) using the method suggested by Cathelineau
(1988) is equivalent to temperatures of 260 (Fe3+/Fetot ratio of 0.2)
and 290 °C (Fe3+/Fetot ratio of 0.1; Table 1) using themethod presented
by Inoue et al. (2010). There are two extreme cases; a) Fe3+ = Fe2+,
which does not agree with the XRD pattern (Fe2+ N Fe3+) and b) all
iron as Fe2+, which will lead to a too large a number of vacant sites
for a chlorite structure. Temperatures would have to have been 30 to
50 °C lower (a) or 50 to 100 °C higher (b). Regardless of large errors
of temperature, a reasonable Fe3+/Fetot content indicating tempera-
tures varying from310 to 145 °C for chlorite does not seem to be related
to a specific chemical composition (Table 1) or chlorite polytype
(Ib or IIb). Nevertheless, the PS45-1–14 m chlorite vein composed of
Mg–Fe chamosite (IIb polytype) has the lowest estimated temperature
(ca. 145 °C).

Therefore, we used 310 to 145 °C (Table 1) with O and H stable iso-
topes data (PSU45-1–14m; PT-49 and CAM 12) to calculate the δ18OH2O

and δDH2O in equilibrium chlorite (oxygen fractionation factor: Savin
and Lee, 1988; hydrogen isotopes fractionation factor: Capuano,
1992). The calculated δ18OH2O and δDH2O vary from +7 to +3‰
(Fig. 9) and−35 to−45‰, respectively. Regardless of temperature un-
certainty, calculated δ18O and δD values of H2O are located between the
magmatic and metamorphic domain described by Sheppard and
Epstein (1970) and Taylor (1968). This stables isotopes values far
from the meteoric water line suggest a meteoric water/magmatic rock
interaction or a small proportion of meteoric water mixed with a mag-
matic fluid. For the specular hematite crystals collected with chlorite
(Fe-chamosite CAM 12; CAM 11), no thermometer or paragenetic se-
quence is available. We assumed that hematite could have formed
from 310 to 80 °C. Moreover, the hematite-H2O oxygen fractionation
factor (Bao and Koch, 1999) is not well constrained for a temperature
lower than 150 °C. Nevertheless, for a temperature domain between
150 and 310 °C, the calculated δ18OH2O in equilibrium with hematite
would vary from+4 to−2‰. Similarly, chlorite vein and sandstone ce-
ment are associated with disseminated quartz overgrowth and or
euhedral quartz in veins. Quartz crystallization temperatures between
150 and 110 °C and b80 °C for calcite measured by fluid inclusion
microthermometry (Table 3) were used to calculate δ18OH2O in equilib-
rium. Calculated δ18OH2O varies from−3 to−9‰ for quartz and−2 to
−12‰ for calcite (oxygen fractionation factor = quartz-H2O: Clayton
et al., 1972; calcite-H2O: Kim and O'Neil, 1997; Fig. 9). Moreover,
Open pit Uruguay NE

3

1

2

3

4

FeS2, Cu2S Cu5S: distillation and fractional crystallization

of a dominant magmatic source of S (low oxygen fugacity)
Several pulse of magmatic H2S, conductive cooling in sandstone

and increasing oxygen fugacity

Si, Mg, Fe, Al-rich silicate with H2O dominant magmatic

to meteoric signature

SiO2 and CaCO3 related to dominant meteoric fluid circulation

δδ18OH2O= -4 to -12‰
T= <80°C

4

δ18OH2O= 3 to 9‰
T = 250 to 350°C

δ34sH2S= -1 to +3‰
T= 250 to 350°C

Fig. 10. Synthetic cross-section of the Uruguay open pit with temperatures, δ34SH2S and
δ18OH2O of fluids involved the Cu–Au ore deposit.
different δ13CCaCO3
values for calcite cements in sandstone and conglom-

erate units indicate two slightly different sources of inorganic carbon,
suggesting different stages of calcite precipitation associatedwithmete-
oric recharge in the area (e.g., Bongiolo et al., 2011) and of the Camaquã
Basin.

8. Conclusions

From the sequence of sulfides, chlorite, barite and calcitewe propose
a schematic of the chemical origin of fluids and temperature evolution
of the Uruguaymine (Fig. 10). The reconstruction of the sulfide and sul-
fate paragenetic sequence of pyrite, chalcopyrite and bornite associated
with different values of δ34S suggest that the ore precipitated from
several pulses of mineralizing fluids with sulfur of magmatic origin.
The different pulses were associated with Cu enrichment and bornite
precipitation in sandstone and veins. Moreover, the pervasive occur-
rence of Fe–Mg chlorites coating grains of sandstone and conglomerate
or barite and calcite veins indicate porosity reduction in sandstone and
fractures with fluid circulation associated with H2O–HS–SO4/rock inter-
action in slightly acidic conditions. The Fe–Mgchlorite, barite and calcite
precipitations were related to decreasing temperatures varying from
310 to 80 °C and calculated δ18OH2O and δDH2O values that cover a
range fromamagmaticfluid (+9‰; barite and chlorite) tometeoric hy-
drothermal fluids (−3 to −12‰; quartz and calcite). We interpreted
temperature and chemical isotope changes as a H2O–HS–SO4/rock in-
teraction combined cooling magmatic H2O and S-enriched fluids with
S-poor meteoric fluids infiltrated throughout the sediment (Fig. 10).
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