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The SeivalMines are situated in the NE portion of the Lavras do Sulmining district, southernmost Brazil. They are
hosted by volcanic and sub-volcanic rocks of Neoproterozoic age, which are part of the post–collisonal Camaquã
Basin volcano–sedimentary sequence. The mineralization occurs in shoshonitic volcanic and sub–volcanic rocks
of the Lavras do Sul Shoshonitic Association. They are of intermediate composition and exhibit widespread
hydrothermal alteration. The mineralization occurs primarily in the form of bornite, chalcocite, covellite, pyrite,
and in supergene phases as malachite. Mineral occurrence is always controlled by fractures. Ore is associated
with chloritization processes, which produced smectite, chlorite/smectite and corrensite clay minerals and
gangue of carbonate, mostly calcite, and barite. In this study field mapping and drill core sampling, petrography
with optical microscopy and electron microscopy, X–ray diffraction for clay size fraction characterization and
whole–rock geochemistry are used to understand the spatial distribution and relative chronology of hydrother-
mal alteration products of different lithology in the mineralized zones. The post–magmatic fluid activity and
hydrothermal lower–temperature alteration that produced smectite ➔ chlorite/smectite ➔ chlorite and
corrensite ➔ carbonate have changed the major, minor, trace and rare earth element (REE) contents. Lavas
and sub-volcanic rocks contain Cu–Fe sulfides. In alteration halos, Cu–sulfideswith supergene influence is related
to circulation of late hydrothermal fluids. The pH variations and sulfidematerials are related to dispersionmetals
around vertical structures.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The Lavras do Sulmining district in RioGrandedo Sul, Brazil contains
Pb, Zn, Au, Ag and Cu deposits associated with hydrothermal alteration
that are hosted by Neoproterozoic volcano–sedimentary sequences and
igneous intrusions (Nardi and Lima, 1988; Vieira and Soliani, 1989;
Mexias et al., 1990; Mexias et al., 1991a, 1991b; Lima and Nardi,
1998a; Gastal and Lafon, 1998; Gastal, 1999; Bongiolo et al., 2007,
2008, 2011; Gastal et al., 2015). The hydrothermal alteration, metal
distribution and consequent ore deposition by epithermal processes
have previously been reported in the area. The high to low sulfidation
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mineral assemblages have been associated with a post–collisional
magmatic–tectonic context (Mexias et al., 2007; Bongiolo et al., 2011;
Müller et al., 2012; Lopes et al., 2014; Remus et al., 1997, 2000; Renac
et al., 2014).

This project focuses on the SeivalMines which are situated in the NE
portion of the Lavras do Sul city and hosted by volcanic rocks of the
Hilário Formation (Ribeiro and Fantinel, 1978). These mines were the
most important Cu–mines in the region during the first half of the
twentieth century. Research on mineral exploration resulted in several
regional scientific papers (Teixeira, 1937; Leinz, 1946; Leinz et al.,
1947; Barbosa, 1958; Gavronski, 1963 and Robertson and Johnson,
1966). The mines comprise a set of small deposits with 0.6 to 2.5 wt%
of Cu and up to 70 ppm of Ag (Reischl, 1978). These deposits are con-
fined partly to Hilário Formation volcanic sequence and concentrated
in areas without apparent continuity. The mineralization is mainly in
the form of sulfides, bornite, chalcocite, covellite and supergene phases
as malachite. It is controlled by fractures and faults oriented predomi-
nantly NE in extrusive and sub–volcanic rocks. Ore is associated with a
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gangue of carbonate, barite and clays. The Cu–rich ore is generally dis-
seminated or fills small cavities and fractures associated with argillic
and propylitic alteration (Lopes et al., 2014).

Field descriptions, petrography, mineral and whole–rock chemistry
were used in order to study the distribution of hydrothermal alteration
products of different lithology in the mineralized zones of Seival Mine.
The chronology of alteration events and their spatial distribution
combined with whole–rock geochemistry contribute to understanding
of the alteration sequence and its relationship with the Cu deposition
in the Seival Mine.

2. Geological settings

The configuration of Brasiliano–Pan–African belts in West Gondwana
and its relationshipwith the remaining cratons during theNeoproterozoic
(880 to 550 Ma) is fundamental to understand the tectonic evolution
of the southernmost Brazilian shield. The southernmost Brazilian shield
is compartmented in four geotectonic units: (i) Taquarembó Block,
composed of Archean rocks which were metamorphosed during the
Paleoproterozoic; (ii) São Gabriel Arc, composed of Neoproterozoic rocks
(900 to 700 Ma) comprising the intercalation of gneisses, amphibolites,
granitoids and low–grade metamorphic rocks, (iii) Porongos Belt, com-
posed of Paleoproterozoic metamorphic rocks of greenschist to amphibo-
lite facies, reworked at the beginning of Ediacaran period (660 to 580Ma)
and covered by the volcano–sedimentary rocks fromCamaquã Basin (640
to 450 Ma); and (iv) Pelotas Batholith, including mostly Neoproterozoic
granitoids (630 to 550 Ma) and subordinate metamorphic rocks
(Fig. 1–A). The details of the geodynamic evolution of tectonic blocks
underlying the Camaquã Basin were previously described in several
papers (e.g. Hallinan et al., 1993; Chemale et al., 1995; Saalmann et al.,
2005; Hartmann et al., 2011; Saalmann et al., 2007, 2011).

The Camaquã Basin (Fig. 1–A) (Chemale, 2000; Paim et al., 2000;
Wildner et al., 2002) located in the central part of the state of Rio Grande
do Sul, southern Brazil, is composed of volcano–sedimentary sequences
of Neoproterozoic age and contains the largest Cu, Pb, Zn and Ag de-
posits of this region, firstly described by Carvalho (1932). Camaquã
Basin is a strike–slip basin formed in the final stage of the Brasiliano
cycle (Wernick, 1978; Machado and Fragoso-Cesar, 1987; Brito Neves
and Cordani, 1991). The stratigraphic evolution of Camaquã Basin has
been discussed (Melcher and Mau, 1960; Goni et al., 1962; Robertson,
1966; Ribeiro and Fantinel, 1978; Fragoso-Cesar et al., 1985). The volca-
no–sedimentary basins of Camaquã Basin are related to a transcurrent
system of deformation in a post–collisional context (Wildner et al.,
1999, 2002), with collapsed tectonic blocks (Saalmann et al., 2011).

The Neoproterozoic sequences in the southernmost Brazilian shield
occur in the SE, E and NE parts and consist of magmatic associations
that show subalkaline medium to high–K, to shoshonitic, and sodic
silica saturated alkaline affinities (Bitencourt and Nardi, 1993; Wildner
et al., 2002; Sommer et al., 2006). The Hilário Formation (Ribeiro and
Fantinel, 1978) is part of Lavras do Sul Shoshonitic Association, which
contains the rocks of shoshonitic affinity, and includes the oldest volca-
nic rocks of Camaquã Basin sequence. Lima and Nardi (1998a) have
related this shoshonitic volcanism to coeval monzonitic to quartz–
monzonitic and lamprophyric hypabyssal magmatism. The hydrother-
mal alteration present in the eastern portion of the Lavras do Sul
Shoshonitic Association, near the contact with the monzonitic to
monzogranitic rocks (Mexias et al., 1991a,b) is associatedwithmagmat-
ic fluids (Lima and Nardi, 1998a) and with the generation of ore bodies
(Au, Pb, Cu) (Fig. 1–B). U–Pb (Gastal et al., 2005; Liz et al., 2009) and Ar–
Ar ages (Janikian et al., 2008) from the Lavras do Sul Shoshonitic
Association and Hilário Formation vary from 583 to 601 Ma (Gastal et
al., 2005; Liz et al., 2009), which is considered as the age range of
shoshonitic magmatism in the Camaquã sequence. In the eastern
portion of Lavras do Sul Shoshonitic Association, hydrothermal and
magmatic processes generated disseminated Cu–ore, described as
the Seival Mines. In the Seival Mines area, the N–NE ruptil structures
result largely on the reactivation of the regional shear zones. The main
regional structures that affected the Hilário Formation are part of a
NW fault system, correlated with the Ibaré Shear Zone (Paim et al.,
2000 and Borba et al., 2008). According to Porcher and Lopes (2000),
this zone of strike–slip faults of Proterozoic age and intermediate crustal
level, shows evidence of several reactivations during the Phanerozoic
and has controlled the deposition of the sediments of Paraná Basin.

3. Materials and methods

Eleven hand specimens from surface outcrops of background volca-
nic rocks and ores were collected from Seival Mine region. They consist
of samples from subvolcanic, lava and pyroclastic rocks, with variable
hydrothermal alteration. This sampling was complemented by thirteen
whole–rock fragments collected from four drill cores that intersect the
volcanic sequences of SM. This sampling covered two regions Location
1 (L–1) and location 2 (L–2) (Fig. 2–A and B). On location 1, in the
north portion of the area, the samples were collected from the surface
(1–9, Fig. 2–A). In location 2 (center of the area) sampleswere collected
in surface (1, 2) and drill cores (1–30, Fig. 2–C). Petrographic, mineral-
ogical identification and modal quantification were obtained from opti-
cal microscopy and Scanning Electron Microscopy (SEM) and Energy
Dispersive X–ray Spectroscopy (EDS), Zeiss EVO LS15, 20 kV, 2.5 nA
with X–Max Oxford EDS detector, IAEA Monaco and Jeol 6610–LV –
EDS, LGI–UFRGS. The observation and preliminary work of fluid inclu-
sion assemblages was observed by optical microscopy and crushing to
identify of CO2 and CH4 liquid. The alteration mineralogy was realized
by X–ray diffraction (XRD; BRUKER AXS SIEMENS Model D5000 Cu
Kα1 + 2, 40 kV and 25 mA). Clay–size fractions were separated from
powdered samples settled to recover b4 μm.Crystallographic character-
ization were performed and determined relative proportions in clay–
rich materials (b4 μm) using air–dried oriented preparation, glycolated
solvatation and heated at 550 °C for 2 h. Clay mineral content was esti-
mated using the NEWMOD software (Reynolds, 1985). Whole–rock
samples as well as hydrothermal alteration products were collected
and pulverized. Whole–rock samples were first fused and analyzed for
major and trace elements in the Activation Laboratories Ltd., Ontario,
Canada, by Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP–AES) and Inductively Coupled Plasma Mass Spectrometry (ICP–
MS). In strategic samples, it was carried out with technical breakdown
andmicro sampling with diamond drill and split with binocular magni-
fying glass for whole–rock analysis. Contents of minor, trace and REE
elements were measured after acid digestion dissolution of powdered
rocks with HNO3 2 cm3 15 N, HF 1 cm3 20 N ultrapure both. All digested
solutions were analyzed by ICP–MS (Elan DRCII, Perkin Elmer) at the
University of Nice Sophia–Antipolis. Detection limits are below
50 ng·L−1.

4. Results

4.1. Lithologies and textures of volcanic rocks

The Seival Mine Cu ore is hosted by pyroclastic, effusive and
subvolcanic rocks. The pyroclastite are dominantly lapilli–tuff with
less amounts of tuff–breccia (Fig. 3–A). The upper sequence (L2–1 and
2; DH–2 and 3) consists of trachytic lava flows with vesicular textures
(Fig. 3–B). The subvolcanic rocks enveloped by lapilli–tuff and lavas
occur parallel to the volcanic lava flows with predominant NE/NW
directions (Fig. 2–A, B and C). Subvolcanic rocks show andesite–type
porphyritic texture.

In the Seival Mines area, drill holes sampled N300 m of pyroclastic
and lava flows (L2 area) and a few meters of subvolcanic rocks (DH3
and 4, Fig. 2–C). Feldspar phenocrysts occur parallel to the lapilli–tuff
– subvolcanic rocks contact where the matrix is altered to materials of
predominantly white colours (DH4–24) (Fig. 2–C). The Seival Mines
effusive and subvolcanic rocks also contain calcite disseminated or



Fig. 1. Tectonic setting of Neoproterozoic post–collisional magmatism and volcanic rocks of Hilário Formation: A) Geotectonic units of southernmost Brazilian shield; B) Simplified
geological map of Lavras do Sul plutonic and volcanic rocks. The construction of this map after Reischl, 1978; Lima and Nardi, 1998a; Gastal et al., 2005; Wildner et al., 2008; Liz et al.,
2009; Bongiolo et al., 2011; Janikian et al., 2012; Lopes et al., 2014 and Gastal et al., 2015.
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filling vesicles and veins (Fig. 3–A and B). Parts of lava flows enriched in
vesicles fulfilled by calcite (Cal–1, Fig. 3–B) are crosscut by calcite–rich
veins further described as Cal–2 and Cal–3. Cal–2 contains c. 1.2 at.% of
Fe, and Cal–3 c. 1.2 at.% of Mn. Quartz, sometimes as euhedral grains,
occurs filling vesicles and veinlets that cut Cal–2 and Cal–1. Cal–3
veins contain fragments of host–rocks, minor sulfide grains and barite.



Fig. 2.A and B) L1 and L2: extrusive rock samples (pyroclastic and lavas) from L1/1, 2, 5–8 and L2/1, 2; porphyritic andesite in L1/2, 3 and 9; C) Simplified stratigraphic column is presented
with sedimentological settings. Adapted from: Reischl, 1978 and Lopes et al., 2014. Extrusive rock samples (pyroclastic and lavas) from DH–1 to 4: 1–14; 16–23; 26–30 and porphyritic
andesite in DH/3 and 4: 15; 24–26.
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In the mining area L1–1 (Fig. 2–C), fractured rocks are replaced
by green–coloured materials composed of malachite associated with
Sr–rich barite (XRD) and hematite.

4.2. Petrography and mineralogy

The lapilli tuff show an altered matrix containing fragments of
andesine–oligoclase and augite, as well as clasts of andesitic rocks. The
altered LT matrix is a mixture of clay minerals and carbonate (Fig. 4–A
and B). Fe–Ti oxides, anhedral chalcocite and bornite occur in Cal–2,
Cal–3, and barite veins.

The lavas have trachytic texture with phenocrysts of Pl and Px
(Fig. 4–C and D). The altered matrix contains relictual Pl, Px, glass and
microlithswhich are replaced by quartz, clays, carbonatewithminor ep-
idote + titanite, iron oxides, euhedral pyrite and vesicles filled by green
clays and quartz (Fig. 4–C) or carbonate (Cal–1; Fig. 4–D). In the L rocks,
millimetric fractures are filled by carbonate previously described as Cal–
2 and Cal–3. Carbonates (Cal–1 to 3) contain primary and secondary
aqueous fluid inclusions with H2O–CO2 liquid in Cal–3 crystals.

The subvolcanic rocks collected in drill–holes (DH–3; DH–4, Fig. 4, E
and F) have centimeter–sized phenocrysts of Pl and smaller Px. In the
matrix and phenocrysts, clays fill vesicles and the Pl crystals. Thin sec-
tion studies show phenocrysts of plagioclase and pyroxene (Fig. 4–E)
in a matrix composed of oligoclase–andesine microliths (Fig. 4–F).
Plagioclases, particularly the phenocrysts, are transformed to albite–
epidote + titanite–“sericite”–white to green clays and carbonates.

4.2.1. Alteration mineral assemblages in volcanic rocks
Alterationmineral recognized by petrographic observation, SEM–EDS

and powder XRD analyses are albite associated with white to dark green
clayminerals, disseminated epidote+ titanite, quartz, calcite and oxides.
SEM–EDS observations revealed that colour and habits related to vesicle,
pervasive alteration and veins are associated with relative changes in Al,
Fe andMg contents. X–ray diffractometry shows that clay–rich materials
(b4 μm) are smectite, irregular chlorite/smectite (C/S) mixed–layers or
corrensite (C/S regular mixed–layer) and chlorite (Fig. 5). The smectite
and C/S were dominantly observed in lavas and lapilli–tuff rocks. In
lavas smectite–rich is dominant and appears pleochroic ranging from or-
ange to brown due to the fibrous habit of crystals (Fig. 6–C and D). XRD
patterns indicate 90 to 100% smectite (Beaufort and Meunier, 1994)
with ~10% of chlorite (Reynolds, 1985; EG patterns in Fig. 5–A and B)
and semi–quantitative chemical analyses (SEM–EDS) suggest an Al–rich
saponite with higher Mg content than Fe and minor Ca and Na. The
oriented XRD patterns indicate that smectite have different state of
hydratation related to the Na–Ca contents in the interlayer.

In lavas and lapilli–tuff, C/S fill the matrix porosity or cavities and S
appears only in amygdal cavities (Fig. 6–C, E and F) and C/S irregular
(dark green) is dominant in lapilli–tuff materials appear amygdaloidal
cavities, fractures and thematrix porosity (SEM–EDS). TheXRDpatterns
(AD and EG; Fig. 5–C) indicate irregular C/S mixed–layer with 30%
chlorite and 70% smectite. These irregular C/S mixed layer contain
higher or lower Mg–Fe contents and lower Ca content with minor K
and Na contents than smectite previously described.

A light green clay mineral was recognized in all extrusive and
subvolcanic rocks. In lapilli–tuff, this light green clay mineral is minor
compare to dark green associatedwith calcite (Cal–2 and Cal–3) andhe-
matite. The light green particles are Fe–rich clays with less or more Mg,
and minor Na contents relative to Ca. (Fig. 6–G and H). XRD identified
corrensite (Fig. 5–D) with 50% trioctahedral chlorite with 50%
trioctahedral smectite (reference therein).

With XRD analyses, chlorite was recognized in the center of fracture
associated with high Cu anomalies or replacing magmatic pyroxenes
and feldspars in extrusive rocks (L and LT: L1–1, 7 and 8 in Fig. 2). Augite
phenocrysts were replaced by Fe–rich chlorite (SEM–EDS) and typical



Fig. 3. Hand samples of different types studied in this work: A) drill hole section of the lapilli–tuff hand sample, DH1–2); B) drill hole section of lava sample containing hydraulic breccia
with fractures and vesicles filled by carbonate (DH4–21); C) drill hole section of hand sample contact between lapilli–tuff and subvolcanic rock, DH–4–24; D) hand sample of subvolcanic
rock, DH4–24; E) hand sample of lapilli–tuff with veins L1–8. (Cal–1, 2 and 3=calcite; Py=pyrite; Bo=bornite; Cpy=chalcopyrite; Cc= chalcocite; “spot sampling” (REE patterns – Fig. 9).
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XRD patterns show d001 at 14.2 Å and d002= 7.3 Å. In themeantime, Na
and Ca feldspars are altered into chlorite.

4.2.2. Cu–Fe–S sulfides and oxides
Petrographic, SEM/EDS patterns showdifferent sulfides in the differ-

ent Seival Mines lithologies. The bornite (Cu5FeS4) and chalcocite
(Cu2S) with later covellite (CuS) are dominant in lapilli–tuff and lavas
inside faults and fractures. Hexagonal chalcocite is disseminated in
micro fractures and porosity in thematrix of clast and lapillis associated
with corrensite, hematite and ilmenite (Fig. 7–A and B); whereas in an-
desitic lavas, the pyrite (CuFeS2) are dominant and minor bornite +
chalcocite (Cu2S) (Fig. 7–C and D). The sulfide assemblages are recog-
nized similar to previous description (Reischl, 1978; Lopes et al.,
2014), consisting in pyrite + chalcopyrite, bornite + chalcopyrite and
some covellite (CuS) (Fig. 7–E and F) with scarce occurrences of native
silver (Ag) with calcite and barite.

5. Geochemistry

Major element contents of SM samples with relatively low LOI (Loss
on Ignition) values (this work and Lopes et al., 2014), plotted in Total
Alkali Silica (TAS), Nb/Y vs. Ti/Zr (Pearce, 1996), and, R1–R2 diagrams
(De La Roche et al., 1980) are similar to those of Lavras do Sul Shoshonitic
Association (Lima and Nardi, 1998b; Liz et al., 2009), although the
subvolcanic rocks show slightly more alkaline compositions, consistent
with more evolved sources. Trachytic and basaltic compositions with
K2O N Na2O are predominant, classifying the studied samples as potassic
or shoshonitic, according to Le Maitre et al. (2005). Hydrothermal alter-
ation, indicated mostly by higher LOI values, strongly increases CaO and
Ctotal contents related to calcite as observed in veins and vesicles. Lavas
and lapilli tuffs have Na–rich plagioclase. LOI values in subvolcanic
rocks are lower, 2 to 5 wt%, than in effusive and pyroclastic rocks which
show 6 to 10 wt%. CaO and Ctotal contents show positive correlation
with LOI, SiO2, Al2O3, whilst Na2O contents decreases (Fig. 8).

The Sr contents are high, particularly in equigranular subvolcanic
rocks and lapillit–tuffs (N800 ppm), but decrease in subvolcanic rocks
and in hydrothermally altered samples. The Cu, Au, Ag, S andAs concen-
trations show increased contents in the porphyritic lava and can reach
high values in some samples with higher LOI. The Zn contents have
higher values in the porphyritic lava, but decrease in samples with
high LOI. The Nb and Y values are high in altered lapilli–tuff rocks
compared to less altered smectite–rich lavas. The REE patterns of



Fig. 4. Photomicrographs of thin sections obtained from samples of drill holes – Location 1 and 2: A)DH2/8 sample location lapilli–tuff containing altered green clast Px–rich; B) lapilli–tuff
DH/27 sample location containing altered clasts; C) DH3/13 sample location extrusive rocks (lava flow) sample, having Px and Pl with vesicles filled by clays; D) DH4/25 sample location
extrusive rocks (lava flow) sample carbonate filling vesicles in the matrix; E) Subvolcanic rocks L1/10 sample location containing plagioclase with calcite; F) subvolcanic rocks DH4/25
sample location with plagioclase altered to epidote + corrensite and illite. Cb1 = carbonate 1; Pl = plagioclase; Px = pyroxene; Qtz = quartz; Co = corrensite.
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subvolcanic rocks, lavas and lapilli–tuff samples (Fig. 9) are similar to
those reported by Lima and Nardi (1998b) in the Lavras do Sul
Shoshonitic Association, and Lopes et al. (2014) in the Seival Mines
area. Subvolcanic rocks have the highest ΣREE (total content of REE)
values ranging from 193 to 240 ppm and in the lavas and lapilli–tuffs
rocks ΣREE values range from 130 to 230 ppm. Their chondrite normal-
ized patterns show LREE enrichment in relation to Heavy–REE with the
values of La/Yb in subvolcanic rocks = 40 and in lavas and lapilli–
tuffs = 30 in average. Less altered equigranular subvolcanic rocks
show the highest concentrations of REE elements and slight negative
Eu anomalies. Considering the variation of LOI, the REE behave like the
high field strength elements (Heavy–REE), and tend to decrease when
the LOI increase.

6. Discussion

6.1. Petrogenesis of volcanic material in the Seival area

The field studies, whole–rock geochemistry, petrographic and min-
eralogical observations show hydrothermal alteration, either related
to post–lava deposition supergene alteration and to younger magmatic
intrusions, both controlled by fractures (Fig. 10). The Lavras do Sul
Granite Complex, part of the Lavras do Sul Shoshonitic Association
(Lima, 1995; Nardi and Lima, 1985; Lima and Nardi, 1998a) shows a
thin zone of contact metamorphism with the Hilário Formation
(Mexias et al., 2005 – Volta Grande area and Bongiolo et al., 2011). Pre-
vious studies in the altered Lavras do Sul Shoshonitic Association
highlighted the formation of episyenites in the granitic rocks (Mexias
et al., 1990; Mexias et al., 2005) and, potassic, propylitic, phyllic to
argillic alterations in granitic, volcanic and subvolcanic rocks of the
Lavras do Sul Shoshonitic Association (Bongiolo et al., 2011)
representing post–magmatic to the hypabyssal hydrothermal fluids in
geothermal system. The Seival Mine area is located c. of 10 km from
these previously studied areas, and consists of intermediate pyroclastic
and lavaflows (lavas and lapilli–tuff rocks) and intermediate sub–volca-
nic bodies correlated to monzonite intrusions described by Gastal et al.
(2005) and Liz et al. (2009). Whole–rock geochemistry of extrusive and
sub–volcanic rocks shows a prominent increase of Ca and LOI contents
in hydrothermally altered samples. A preliminary geochemical interpre-
tation indicates that magmas were derived from a potassic trachy–an-
desite composition with a shoshonitic affinity similar to Lavras do Sul
Shoshonitic Association compositions (reference therein).



Fig. 5. XRD patterns of b4 μm clay size fraction, air dried (AD) = black line, after ethylene glycol solvation (EG) = gray and heating treatment (HT) = light gray.

51E. Fontana et al. / Journal of Geochemical Exploration 177 (2017) 45–60
The Lavras do Sul Shoshonitic Association andesite average composi-
tion (non-altered rocks) were compared with the lava with the lowest
LOI (L1–3, Table 1). The C.I.P.W. (Cross et al., 1902; Johannsen, 1931
and Barth, 1955) normative contents of non-altered rocks and Seival
Mine lavas with the lowest LOI, were compared, both show normative
albite–anorthite–hypersthene with augite in the former and corindum
in the Seival Mine lavas (L1–3). The normative albite–orthoclase and
corindum in altered andesitic lava suggest either albitization or potassic
alteration (Boles, 1982; Lee and Parsons, 1997; Hövelmann et al., 2010).
In the most altered samples (LOI N 6%; Table 1) in agreement with
mineralogical observation, normative calculations of alteration were
estimated using major elements (Table 1) distributed in alteration
end–members quartz, albite, orthoclase, oxides, apatite, carbonates
and clay minerals (Kackstaetter, 2014). Petrographic data show that al-
teration in SM is dominated by albitization of plagioclase, deposition of
calcite (Cal–1, Cal–2 and Cal–3) and formation of clayminerals. The XRD
patterns and SEM–EDS identified K–feldspar, illite (DH4–24, 25 and
DH3–15), smectite (S–rich irregular C/S), chlorite/smectite (chlorite–
rich C/S), chlorite and corrensite. Consequently, the normative calcula-
tion of alteration products was modified to calculate proportions of
illite, chlorite (chamosite) and smectite (saponite) further used as
equivalent S, C/S, chlorite and corrensite proportions. The calculation
of most altered rocks failed in a number of analyses by lack of Ca, Mg,
Fe, and LOI or CO2, interpreted as caused by presence of relictual
pyroxene observed in thin sections of fresh and altered rocks (Table 1,
subvolcanic rocks: L1–7, L1–3; lavas + lapilli–tuff: DH1–10). Conse-
quently, for this normative calculation, samples with pyroxene
observed in thin sections and 5 samples with LOI N 6% were discarded.

The normative calculation has distributed K in orthoclase and illite, Ca,
Fe,Mgbetween carbonates and clays and,Nabetween albite andmainly in
smectite (saponite). Five compositions over eight,with LOI higher than 6%,
completed the calculations for 98% of the whole–rock composition.
Calculations indicate dominant albite and clays, in similar proportions,
for 2/3 of the alteration (26 to 44% of clays) quartz, calcite and oxide com-
pleting the mineralogy. The chamosite represents the largest component
of clays (11 to 20 weight %, wt%) with smaller proportion of saponite (4
to 7 wt%) with 70 to 75% of chamosite in a chamosite + saponite mixed
layer. The dominant proportion of ‘calculated chamosite’ is in agreement
with clay mineral proportions observed in XRD patterns (chlorite N

corrensite: L1–1, L1–4, L1–5) associated with minor proportions of illite
and K–feldspar (L1–1). These calculations with dominant chamosite and
no K–feldspar partially agree with a large number of XRD identification
(L1–8, DH1–2). The calculations and observation thatmismatches suggest
the occurrence of different types of smectite and chlorite. Even after
adjusting the normalization using corrensite and saponite end–members,
calculation still overestimates the chlorite proportions, suggesting the oc-
currence of Al–rich chlorite rather thanMg–Fe one. Calculated carbonates,
as calcite (Ca and CO2), represent 8 to 19wt% (DH2–1) in agreementwith
petrographic observation of Cal–2 and Cal–3 calcite–rich veins and dis-
seminated carbonate in the matrix. Adjusting clay mineral end members
(chamosite➔ corrensite) does not modify calcite proportions.

6.2. REE signatures of the less and more altered volcanic rocks

Most lavas of the Seival Mine area have magmatic chemistry
overprinted with hydrothermal alteration (calcite and clay minerals).
Therefore, concentrations of major, minor and trace elements are mod-
ified such as Sr changes related to albitization or calcite contents. Conse-
quently, geochemical source of magmatic material was rather studied
using the REE patterns of less altered subvolcanic rocks with LOI b 2%
and conserved pyroxenes. Such rocks have variable ΣREE contents
with Light–REE enrichment and Eu negative anomaly (DH4–1 EuN, Eu/
Eu* = 0.6; Table 1; Fig. 9–A). These signatures are related to dominant
proportions of albite (SEM observation) as phenocrysts or microliths



Fig. 6. Photomicrographs of Seival Mine rocks and SEM – EDS images with semi quantitative chemical results: A) SEM image of lava (DH4–21) containing K–altered in albite–rich Pl; B)
photography of subvolcanic rock sample (DH4–25) containing epidote and Cofilling vesicles; C) photography of lavas sample containing smectite andminor C/S (DH4–30); D) SEM image
with detail of smectite (saponite) amygdaloidal cavities located in thematrix of lavas (DH4–30); E) photography of lavas sample containing smectite and C/S filling vesicle (DH4–30); F)
SEM image with detail of smectite and C/S filling vesicle (DH4–30); G) photography of lavas sample containing corrensite with calcite filling vesicles in the matrix of lavas (DH4–21); H)
SEM image of corrensite filling vesicles (DH4–21). Pl = plagioclase; C = chlorite; Cal = calcite; S = smectite; C/S = chlorite and smectite mixed layers.
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in the matrix. In order to follow REE changes related to subvolcanic
rocks (point 1 and 2) and lapilli–tuff (point 3) interaction, a section of
four rock samples were analyzed (Fig. 3–C). Petrography andmineralo-
gy (SEM–EDS, XRD) indicate with the occurrence of microlithic albite
with dominant and disseminated corrensite and calcite (point 1). The
subvolcanic rock border contains vesicles filled with corrensite and al-
bite microliths (point 2). The lapilli–tuff sample contains albite
microliths with dominant S–rich irregular C/S (point 3 and 4). There-
fore, the strong modifications of REE patterns record albitized
subvolcanic rocks with corrensite (subvolcanic rocks) and albitized la-
pilli–tuff with S–rich irregular C/S. The occurrence of albite in all matri-
ces suggests that strong modifications of ΣREE concentrations with
more negative Eu DH4–4 EuN, Eu/Eu* = 0.9, Gd and Yb anomalies are
related to S–rich irregular C/S and corrensite precipitations. Moreover,



Fig. 7. Sulfides in the rocks of Seival Mine: A) hexagonal form Cc associated with Co (L1–6); B) Association between Cc + Cv – lapilli–tuff in DH–7 sample; C) Cc vein in a matrix of lava
sample from drill core (DH–2); D) Ccp + chalcocite coronitic reaction in DH–2; E) Cc + bo layers of reaction (L1–3); F) assemblage of bo + ccp in D1 (left and top) and assemblages
between py + bo forming a thin sulfide veins (DH–4). Py = pyrite; Ccp = chalcopyrite; Bo = bornite; Cc = chalcocite; Cv = covelitte; Co = corrensite.
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preserved lapilli tuff textures suggest that chemical changes as domi-
nantly associated with volcanic glass. Consequently, REE and the Eu,
Yb negative anomalies would represent to some extent the glass com-
position and accessoryminerals. REE concentration as related to the ad-
dition of H2O and Fe–Mg precipitating corrensite, this interpretation
would have to be check by mass balance calculation.

6.3. Relative chronology and chloritization processes in the Seival Mine

Field and drill cores allow schematic sequence of clay precipitation
with a petrographic relative chronology to be observed (Fig. 10). Actual
observation shows small proportion of disseminated smectite in lavas
and lapilli–tuff replacing glass and filling vugs. The temperature of
smectite phase formation (considered in this work as post–volcanic cir-
culation fluids origin) is b100 °C (Farmer et al., 1991, 1994; Vogels et al.,
1995). The transformation of C/S from volcanic smectite materials is
previously suggested to occur in response to an increase of temperature
(Bettison and Schiffman, 1988). A variation of S proportion with b20%
chlorite is also supposed to occurwith increasing temperature in hydro-
thermal environments (Inoue et al., 1984; Inoue, 1987; Inoue and
Utada, 1991). However, the temperature could play a secondary role
in C/S formation and can be controlled by different water/rock ratio
(Bettison-Varga andMackinnon, 1997). Nevertheless, the C/S formation
suggests a temperature of precipitation lower than chlorite/
epidote + titanite temperature, with an increasing Ca and Mg activity
in hydrous fluids (Meunier, 2005). Kameda et al. (2011) estimated C/S
formation in faults by frictional heating. This temperature domain be-
tween 185 and 260 °C. These S–rich irregular C/S seems to grow from
smectite (SEM–EDS). The observation of lavas, lapilli–tuff contact with
subvolcanic rocks show a chilled margins indicating intrusive materials
in lavas and lapilli–tuff. In the center of the bodies this intrusive
subvolcanic rocks is pervasively altered to corrensite. Moreover, minor
proportion of corrensite associated with calcite (Cal–2 and 3) occurs
in lapilli–tuff associated with small veins in fault zones. Crushing tests
were performed in these calcite veins only on the Cal–3 which have
CO2liquid into the bi–phasic fluid inclusions. Bubble expansion indicates



Fig. 8. Whole–rock variation diagrams: major and Ctotal vs. LOI (Table 1).
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the presence of 10% to 20% of pressurized gas in the moment of Cal–3
formation. These textural andmineralogical changes show a chronolog-
ical sequence of alteration where precipitations of S and S–rich C/S,
corrensite and corrensite + calcite later formation. Consequently,
corrensite precipitation is related to subvolcanic rocks chemical compo-
sition and water/rock chemistry or thermal changes. Since corrensite
and C/S were recognized both as mixed layers, the precipitation from
irregular S–rich C/S to corrensite was interpreted as a change of order-
ing related to a higher enthalpy conditions (C/S: Inoue et al., 1984; C:
Hoffman and Hower, 1979; April, 1981; Horton, 1985; Bettison and
Schiffman, 1988; Kameda et al., 2011; Vidal et al., 2012; Schleicher et
al., 2013). These interpretations suggest i) temperature higher in SR
than surrounding rocks, or ii) fluid circulation through fractures
associated with calcite precipitation or a combination of (i) and (ii).
Arguments in favor of scenario (i) are: a) occurrence of dominant
corrensite in subvolcanic rocks replacing augite or amphibole shape
filled of C/S + calcite indicates Mg and Fe source related to mafic
minerals; b) the chilled margin of subvolcanic rock, its predominant
‘corrensitic’ alteration, and smaller proportion of S–rich irregular C/S
in surrounding rocks suggests a thermal alteration associated with
sub–volcanic emplacement. Nevertheless, these smectite and C/S +
corrensite fill a large proportion (20 to 50%) of the lapilli–tuff rocks.
Both REE (Chapter 5.2) and mineralogical arguments suggest that
pervasive and fluid migration proceed from successive ‘chloritization
processes’ associated with lapilli tuff alteration (i + ii).

The chloritization process in volcaniclastic rocks involves transfor-
mation of smectite to chlorite with Fe–Mg enrichment compare to Al–
Na–Ca loss (Greenough and Papezik, 1985; Inoue and Utada, 1991).
The chloritization was recognized in the microlithic matrix, replacing
pyroxenes with corrensite and calcite in lavas or filling fractures and
vesicles with smectite and different proportions of chlorite/smectite
mixed layers. The vesicules and fractures show particles with radial dis-
tribution (Fig. 4–C) associated with initial smectite, late C/S irregular, or
S–rich C/S irregular to corrensite and chlorite in the mineralized fault
zone (Fig. 2). A similar chloritization (Inoue et al., 1984) was in recog-
nized in active geothermal field and interpreted as a series of transfor-
mations with segregation of different amounts of C relative to S in
irregular C/S to corrensite and chlorite.



Fig. 9. REE normalized by chondrite values (Boynton, 1984). The samples and methods of this figure can be seen in Table 1.
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The chloritization processeswere previously studied in Volta Grande
area, located several kilometers away from Seival Mines (Mexias et al.,
1990). AlIV values in Mg–chlorite suggested temperatures c. 300 °C re-
lated to propylitic to phyllic alteration in granitic and volcano–sedimen-
tary contact zone. Al and Ca contents were added into the system due to
the albitization process and Mg is from outside the system.
Fig. 10. Synthetic geological section and cross–section from S
The corrensite occurrence and chloritization process (Briagatti and
Poppi, 1984; Beaufort et al., 1997) were previously described in associ-
ation with calcite + hematite. This association was also recognized in
Hilário Formation (Mexias et al., 1990). This occurrence was related to
an argillic alteration with a hydrocarbonic–rich fluid as suggested by
the cogenetic precipitation of calcite. In the Lavras do Sul argillic
eival Mine area with fault and fractures alteration halos.



Table 1
Major and trace data from lapilli tuffs, lavas and subvolcanic rocks samples from Seival Mine volcanic rocks.

Lopes et al., 2014
Lc SR L LT

SURFACE L1-10 L1-4 DH4-24 DH4-25 DH4-26 DH24-28 DH24-29 L2-2 L2-1 L1-5 L1-2 L1-1

wt%
SiO2 55.7 54.7 54.79 56.21 55.63 55.45 55.58 54.67 53.6 53.25 52.41 49.74 48.8
Al2O3 18.3 20.05 18.83 18.01 18.04 18.22 12 12.51 13.59 12.61 13.77 14.27 13.7
K2O 2.4 2.75 2.48 1.58 1.61 1.47 1.61 1.86 3.05 2.47 1.67 2.05 0.96
CaO 6.16 5.08 6.85 2.08 2.04 2.14 5.42 5.39 7 6.78 7.91 10.52 8.44
Na2O 4.09 4.39 3.9 7.06 6.92 7.06 2.78 3.21 4.69 3.99 4.03 2.91 4.54
MgO 2.84 1.5 2.25 4.44 4.71 4.59 7.74 7.9 2.94 4.67 3.52 2.82 4.4
Fe2O3T 5.8 6.73 6.38 5.79 5.42 5.69 6.89 6.5 6.33 7.03 7.13 6.2 7.61
MnO 0.11 0.08 0.07 0.09 0.09 0.1 0.07 0.07 0.14 0.32 0.15 0.12 0.12
TiO2 0.89 0.73 0.9 0.95 0.91 0.94 0.63 0.61 0.64 0.81 0.7 0.72 0.77
P2O5 0.34 0.31 0.37 0.47 0.44 0.46 0.25 0.25 0.25 0.32 0.27 0.27 0.28
LOI 2.2 3.3 2.8 3 3.9 3.6 6.6 6.6 7.3 7.5 8.1 10 10.1
%CTotal 0.36 0.17 0.07 0.06 0.06 0.05 0.17 0.11 1.4 1.15 1.44 2.06 1.75
%STotal 0.28 b0.02 b0.02 b0.02 b0.02 b0.02 0.07 b0.02 b0.02 b0.02 b0.02 b0.02 b0.02

ppm
Ba 1671.8 1832 1225 394 411 506 684 797 803 1082 844 880 272
Sr 1200.3 1215.4 1353.7 428.1 499 551.5 722.9 753.5 298 226.2 535.4 774.9 253.3
Rb 49.83 38.6 60.9 35.6 39.4 38.8 28.8 32.3 61.6 49.5 30.6 46.3 15.3
Cs 2.8 1.7 3.1 3 3.4 1.1 1 0.7 0.9 1.8 3.4 0.7
Ta 61 124 112 104 111 0.4 0.4 87 143 108 109 117
Nb 22 10.3 9.3 10.8 10.8 11.5 7.3 7.4 7.6 7.9 7.9 8.7 8.6
Th 11.3 10.2 12.3 11.5 12.6 5.2 5.5 6.1 8.4 5.9 7 5.8
U 3.9 3.7 4.5 4.3 4.7 2.1 2.2 2 2.9 2 2.6 3.2
Zr 296.6 187.4 168.9 190.1 189.6 194.5 124.7 125.8 143.4 149.8 137.4 155.6 139.3
V 10.1 15.1 13.9 13.4 13 99 100 27.3 19.5 26.2 30.2 32.7
Ga 19.4 26.9 5.6 4.1 2.9 16.7 17.2 13.8 8.2 4.7 5.2 2.8
Sc N.A N.A N.A N.A N.A 15 14 N.A N.A N.A N.A N.A
Cu N.A 71 62 231 141 77 28.4 33.9 62 76 62 35 38
Mo N.A 0.6 0.5 0.9 0.4 0.7 0.5 0.6 0.7 0.8 0.3 0.4 0.2
Sn N.A 2 2 2 2 2 1 1 1 1 1 2 2
W N.A 1.9 1.1 0.9 0.7 1.1 1.1 b0.5 0.8 0.8 0.5 1 5.3
Zn N.A 25.4 25 21.8 23 22.4 61 60 16.4 17.3 18.1 18.8 16.7
Pb N.A 4.7 9.1 3.7 2.8 2.6 11.7 10.4 6.2 10.6 7.7 14.3 3.8
Ag N.A b0.1 b0.1 0.5 0.5 0.3 b0.1 b0.1 2.4 b0.1 b0.1 b0.1 b0.1
Ni 22.5 65.6 86.8 317 363.5 242.3 201.2 175.2 1355.7 55.2 27.1 22.9 52.1
Co 24.67 4.1 11.2 8.6 10.3 7.1 30.7 32 115.8 17 158.1 175.7 145.7
Se N.A b0.5 b0.5 b0.5 b0.5 b0.5 1 b0.5 b0.5 b0.5 b0.5 b0.5 b0.5
As N.A 19.4 26.9 5.6 4.1 2.9 19.8 4.2 13.8 8.2 4.7 5.2 2.8
Sb N.A 0.1 0.8 0.2 b0.1 b0.1 b0.1 0.1 0.2 0.2 b0.1 0.1 b0.1
Li N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
Tl N.A 0.1 0.1 b0.1 b0.1 b0.1 0.2 0.2 b0.1 b0.1 b0.1 b0.1 b0.1
Hg N.A 0.09 b0.01 0.28 0.2 0.18 0.33 0.11 0.1 b0.01 b0.01 b0.01 0.03
Aub N.A 2.7 5.5 7.2 4.4 3.6 b0.5 1.5 1.9 4.1 1.8 0.8 1.5
La 52.14 44.3 42.5 46.2 42.2 54.9 30.7 31.5 31.5 38 31.4 34.6 35.4
Ce 102.73 87 82.3 97.1 93.7 105.7 59.5 61.2 63 77.2 64.9 68.7 72.8
Pr 10.62 10.16 9.75 11.11 11.07 11.86 6.87 7.14 7.07 9.2 7.6 7.84 8.37
Nd 43.21 40.1 37.5 42 42.6 45.1 26.8 27.8 25.3 35.3 29.7 29.6 34.6
Sm 8.9 7.18 6.76 7.25 7.39 7.56 4.82 4.73 4.57 6.59 5.43 5.24 6.07
Eu 2.03 1.79 1.84 1.79 1.96 1.99 1.23 1.22 1.18 1.6 1.56 1.38 1.59
Gd 6.52 4.86 4.98 4.98 5.2 5.18 3.43 3.39 3.14 4.87 3.95 3.69 4.29
Tb N.A 0.63 0.69 0.7 0.7 0.68 0.47 0.45 0.45 0.68 0.53 0.51 0.52
Dy 3.88 2.92 3.15 3.27 3.27 3.27 2.11 2.1 2.14 3.1 2.77 2.38 2.86
Ho 0.71 0.52 0.62 0.56 0.58 0.52 0.41 0.43 0.39 0.65 0.51 0.46 0.45
Er 1.92 1.47 1.58 1.54 1.48 1.59 1.11 1.22 1.11 1.74 1.43 1.22 1.23
Tm 0.33 0.21 0.23 0.24 0.22 0.23 0.17 0.16 0.16 0.24 0.19 0.18 0.18
Yb 1.5 1.57 1.47 1.45 1.41 1.3 0.97 1.11 1.03 1.46 1.2 1.06 1.26
Lu 0.25 0.21 0.21 0.2 0.2 0.19 0.16 0.16 0.16 0.24 0.18 0.19 0.18
La/Yb 34.74 28.22 28.91 31.86 29.93 42.23 31.65 28.38 30.58 26.03 26.17 32.64 28.1
Eu/Eua 0.8 0.92 0.97 0.91 0.97 0.97 0.93 0.93 0.95 0.86 1.03 0.96 0.95
ƩREE 234.5 202.9 193.5 218.39 211.98 240.07 138.75 142.61 141.2 180.87 151.35 157.05 169.8

a Lava of Hilário Formation (background).
b Values for Au = ppb.
c Nonaltered andesitic rocks from Hilário Formation (Liz. J.D. 2008).
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alteration, the cogenetic precipitation of corrensite and calcite were re-
lated to a temperature range of 130 to 280 °C (Meunier et al., 1988;
Mexias et al., 1990). In the SeivalMine area, the occurrence of corrensite
and calcite with H2O and CO2 fluid inclusion supports similar interpre-
tation. However, in the altered volcanic rocks of Seival Mine area,
corrensite + calcite + hematite occurs associated with faults and frac-
tures in alteration halos. Following Meunier et al. (1988) and Mexias
et al. (1990), the high Fe3+ content in corrensite and its coexistence
with hematite indicate redox changes (Eh–pH) most probably related
to an increasing oxygen fugacity.



This work

La L LT-tuff LT-alt.clast LT-clast SR SR-matrix SR-W.R. SR-matrix SR-contat SR-tuff

SURFACE DH4-20 DH24-22 DH3-13 L1-6 L1-7 L1-8 L1-3 DH3-15 DH4-26

wt%
54.74 49.1 N.A 49.41 52.4 57.22 N.A N.A N.A 57.07 N.A 53.65 N.A N.A N.A
18.73 13.56 N.A 14.58 13.16 16 N.A N.A N.A 18.54 N.A 17.87 N.A N.A N.A
2.64 1.46 N.A 1.68 2.96 1.91 N.A N.A N.A 5.16 N.A 1.96 N.A N.A N.A
5.26 9.97 N.A 7.31 8.76 4.97 N.A N.A N.A 1.1 N.A 2.51 N.A N.A N.A
4.52 3.21 N.A 3.24 4.15 5.04 N.A N.A N.A 5.42 N.A 5.95 N.A N.A N.A
2.13 5.49 N.A 7.5 2.04 2.18 N.A N.A N.A 0.51 N.A 5.99 N.A N.A N.A
6.31 6.01 N.A 8.28 6.19 4.63 N.A N.A N.A 8.57 N.A 5.84 N.A N.A N.A
0.08 0.19 N.A 0.1 0.1 0.11 N.A N.A N.A 0.02 N.A 0.1 N.A N.A N.A
0.9 0.75 N.A 0.79 0.98 0.93 N.A N.A N.A 0.81 N.A 0.97 N.A N.A N.A
0.35 0.25 N.A 0.26 0.46 0.31 N.A N.A N.A 0.32 N.A 0.46 N.A N.A N.A
3.9 9.7 N.A 6.4 8.5 6.4 N.A N.A N.A 1.9 N.A 4.3 N.A N.A N.A
0.4 1.93 N.A 0.43 1.79 0.97 N.A N.A N.A 0.1 N.A 0.04 N.A N.A N.A
b0.02 b0.02 N.A b0.02 b0.02 b0.02 N.A N.A N.A b0.02 N.A 0.03 N.A N.A N.A

ppm
1580 410 103.85 794 783 248 791.01 511.56 567.47 3270 686.26 777 428.44 556.46 2471.27
1241.3 508.5 108.14 753.1 289.9 187.6 194.99 199.7 226.84 896.4 407.99 632.6 515.24 570.5 4601.93
56 26.7 19 34.7 53.4 63.1 55.18 36.91 37.2 131.5 58.98 50.1 33.15 40.84 91.74
6.2 2.1 N.A 1.5 1.5 5.6 N.A N.A N.A 5 N.A 4 6.82 N.A 30.49
2.9 0.5 1.07 0.5 0.6 0.5 n.d. n.d. n.d. 0.3 n.d. 0.8 12.54 16.87 234.56
9.2 7 16.85 7.4 10.7 9 35.72 31.55 36.2 7.5 41.93 11 43.4 48.93 176.38
9.4 4.8 N.A 5.6 10.4 7.8 N.A N.A N.A 6.5 N.A 12.2 N.A N.A N.A
3.3 1.9 6.11 2.3 4.1 2.9 11.79 9.39 13.31 2.2 18.37 4.8 15.79 17.09 60.65
167.3 129.6 169.1 143.9 195.3 163 213.3 203.8 219.51 145.4 278.03 194.7 295.79 312.62 1509.39
127 128 150.06 134 115 159 n.d. n.d. n.d. 162 n.d. 121 187.6 n.d. 1372.1
22.4 15.9 26.27 18.6 12.6 21.4 88.16 64.09 70.27 21.3 86.4 22.7 64.14 73.66 412.29
N.A 17 N.A 17 16 23 N.A N.A N.A 13 N.A 11 N.A N.A N.A
86.8 48.4 287.97 30.9 62.3 75.2 n.d. 4970.11 n.d. 2.1 190.88 522.3 4881.11 3929.36 n.d.
0.3 b0.1 23.52 0.5 0.4 b0.1 71.97 54.44 81.05 0.3 109.19 0.4 77.69 83.2 381.78
2 1 N.A 1 3 2 N.A N.A N.A 1 N.A 1 N.A N.A N.A
1.6 0.8 N.A 0.6 2 1.2 N.A N.A N.A 1.4 N.A 1.4 N.A N.A 55.33
66 137 831.16 76 42 38 n.d. n.d. n.d. 22 n.d. 180 n.d. n.d. 900.89
16.7 4.7 9.68 28.7 14.3 1.9 14.67 17.66 16.44 14.1 15.25 2.6 21.81 24.23 74.27
0.1 b0.1 b0.1 0.7 b0.1 N.A N.A N.A b0.1 N.A 0.5 N.A N.A N.A
9.6 108.2 100.87 92.5 127.4 106.8 309.51 1684.66 5003.68 42.1 212.25 10.6 101.21 524.94 3745.43
15.7 28.8 61.01 32 21.7 10.4 35.59 91.27 76.22 13 21.59 15 33.56 51.93 330.29
b0.5 b0.5 N.A b0.5 b0.5 b0.5 N.A N.A N.A b0.5 N.A b0.5 N.A N.A N.A
21.8 1.2 9.1 5.4 22 1.1 29.15 12.68 18.86 14.5 N.A 5.4 N.A 7.39 135.89
1.6 b0.1 N.A 0.4 1.8 b0.1 N.A N.A N.A 0.6 N.A 0.2 N.A N.A N.A
N.A N.A 36.06 N.A N.A N.A 30.6 38.5 38.7 N.A 45.9 N.A 44.1 38.02 358.14
b0.1 b0.1 N.A b0.1 b0.1 b0.1 N.A N.A N.A b0.1 N.A b0.1 N.A N.A N.A
0.06 0.02 N.A 0.01 0.18 3.56 N.A N.A N.A b0.01 N.A 0.13 N.A N.A N.A
4.2 1.9 N.A b0.5 0.6 b0.5 N.A N.A N.A b0.5 N.A 3.2 N.A N.A N.A
46.5 33.6 30.92 35.7 50.2 62.6 25.67 33.28 31.41 51.9 78.61 45.4 66.54 52.52 39
88.7 63.3 65.08 65.4 97.7 102.2 59.46 61.66 62.79 86.7 174.12 94.2 160.82 114.44 80.86
10.27 7.88 7.25 7.79 11.53 11.38 7.19 6.66 7.19 10.47 16.01 11.2 15.02 14.14 9.69
38.7 29.9 36.74 30.5 43.2 39.2 33.26 30.92 33.75 37.9 70.34 41.8 64.31 78.85 52.64
7.1 5.49 7.04 5.53 7.78 6.91 3.91 3.84 4.47 7.33 13.42 7.77 12.46 12.74 8.09
1.96 1.54 1.45 1.56 1.92 1.74 0.2 0.45 0.53 1.99 3.77 1.99 2.55 2.7 1.83
5.3 4.41 7.27 4.3 6.14 5 3.63 3.8 4.3 5.64 12.69 5.76 11.66 11.22 7.22
0.66 0.59 0.77 0.55 0.75 0.63 0.96 0.66 0.87 0.68 1.49 0.7 1.51 1.51 1
3.55 2.77 3.99 3.1 3.72 3.3 1.63 1.75 2.45 3.19 6.02 3.4 6.27 5.31 3.66
0.6 0.54 0.64 0.57 0.68 0.59 0.74 0.52 0.75 0.57 1.1 0.61 1.25 1.1 0.8
1.61 1.52 2.13 1.57 1.69 1.53 0.54 0.81 1.27 1.62 3.1 1.54 3.27 2.31 1.94
0.22 0.2 0.23 0.22 0.23 0.22 0.45 0.28 0.41 0.21 0.46 0.23 0.54 0.47 0.38
1.53 1.3 1.66 1.39 1.58 1.48 b.d.l. 0.39 0.82 1.26 2.19 1.48 2.18 1.18 1.39
0.2 0.19 0.21 0.23 0.23 0.23 0.36 0.23 0.36 0.19 0.42 0.23 0.46 0.37 0.34
30.39 25.85 18.61 25.68 31.77 42.3 84.9 38.47 41.19 35.87 30.68 30.5 44.32 28.15
0.97 0.95 0.62 0.97 0.84 0.9 0.17 0.36 0.37 0.95 0.88 0.9 0.65 0.69 0.73
206.9 153.2 165.4 158.4 227.3 237 138 145.23 151.37 209.65 383.7 206.3 348.85 298.87 208.83
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6.4. Alteration halos and Cu–sulfide minerals in fractures

The N–NE ruptile structures, as previously discussed, are considered
as a system of strike–slip faults (Fig. 1–B). The strong hydrothermal
events that affected the Seival Mines volcanic rocks and caused the
occurrence of hydraulic breccia and mineralization is associated with
these lineaments. According to Reischl (1978) and Lopes et al. (2014)
and this work, themineralizations are associated with circulation of hy-
drothermal and supergene fluids in these structures. The alteration
halos are marked by the occurrence of irregular mixed layers (C/S)
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and later corrensite, frequently associated with structures and fluid cir-
culation. Relations between the lithology and hydrothermal alteration
distribution in these fault zones led us to suggest a vertical recharge pro-
cess. The multiple generation of calcite veins (Cal–2 and 3) record the
hydrothermal changes associated with the emplacement and cooling
of subvolcanic rocks or represent later calcite precipitations in lapilli–
tuff – subvolcanic rocks contact. Additionally, the corrensite and Cal–3
association suggests that Cal–3 calcite formed under temperatures be-
tween 130 and 280 °C, which represents cooler hydrothermal stages.
Some fluid inclusions in Cal–3 contain 10 to 20% of liquid CO2 (apparent
proportion). The lack of mineralogical evidences of boiling suggests the
homogeneity of H2O + CO2 fluid. The H2O − CO2 liquid separation can
occur from 10 to 100MPa for temperatures higher than 210 °C. Consid-
ering this range of pressures, the fluid inclusions in Cal–3 veins exposed
from the surface down to approximately 500 m deep were, in fact,
formed at depths N500m. The petrography, mineral chemistry and rel-
ative chronology of sulfides and its distribution in alteration halos led us
to suggest the following evolutional model. The hydrothermal Cu–Fe
sulfide precipitation is observed in at least two stages: i) related to the
post–magmatic fluids of subvolcanic rocks and lavas and, therefore, as-
sociated with higher temperature conditions, low Cu/S activity ratio,
and, presumably more reducing conditions; ii) haloes with hematite
and chalcocite–covellite in lavas–lapilli–tuff.

The sulfide textures observed in alteration halos reveal complex in-
tergrowths and partial replacements by covellite (supergenic stage).
The change of Cu/S activity ratio might be related to pH changes
(Reed and Palandri, 2006). In such case, the presence of larger amount
of disseminated chalcocite in alteration halos from Seival Mines would
be related to fluids with low pH (c. 3). The clay mineral associated
with sulfide would then represent the reaction of intermediate rocks
with acid fluids (Meyer andHemley, 1968). This pH increase is associat-
ed to reaction of hydrothermal fluids with volcanic wall rocks altering
feldspars and forming carbonates. The CO2 gas may be responsible for
the reduction of H+ activity and consequently cooling of fluids.

The presence of covellite (covelitte + chalcocite – covellite + chal-
copyrite – Fig. 7) in the core of Seival Mines alteration halos indicates
a more acidic and oxidant condition during the supergenic stages.
Changes in oxidation conditions of a hydrothermal system are accom-
panied by (i) changes in the stability of sulfideminerals, and (ii) chalco-
cite common association with covellite in low–pH supergene
environments. The supergenic enrichment zones are commonly devel-
oped in porphyry Cu deposits (Anderson, 1982). In the volcanic and py-
roclastic rocks of porphyry Cu deposit (SE–Iran), immature supergene
zones were described, and are distinguished mainly by the increase in
contents of chalcocite and covellite (Afzal et al., 2016).

During the later stages of alterationhalos development (L1–1, 6 and7),
barite veinswere formed, representing the sulphated phase of the system,
with lower temperatures and increasing oxidation as discussed by Arribas
(1995).

7. Conclusions

The volcanic and sub-volcanic rocks associated with the hydrother-
mal system in the Seival Mine area represent the early magmatic stages
of the Lavras do Sul magmatic system. The volcanic rocks have not been
affected by the thermal metamorphic halo (Mexias et al., 1991a, 1991b)
near plutons associated with dikes and hydrothermal alteration along
the strike–slip fractures of the Camaquã basin.

Post–volcanic alteration dominantly produced albitization and early
smectite crystallization that is petrographically related to latemagmatic
fluids. This alteration covers a temperature domain from c. 300 °C
(albitization–epidote + titanite) to c. 80 °C (chamosite/saponite). The
porous lapilli tuff to compact lavas exhibit smectite or chlorite/smectite
precipitation. The ubiquitous occurrence of chlorite/smectite mixed
layers suggests a hydrothermal alteration related to lava flow emplace-
ment or fluid drainage through porous material. The precipitation of
corrensite and calcite assemblages in fractures that crosscut or overprint
chlorite–smectite altered rocks seem to form halo associated with dike
cooling and fluid circulation along the lava flow–dike discontinuity.
The trioctahedral chlorite dominates in fractures associatedwith sulfide
and calcite.

The normative C.I.P.W. calculation for post–magmatic alteration
mineral assemblages produced albite and saponite (Na) beside illite
(K). Calculated hydrothermal to supergene phases were calcite,
chamosite/saponite mixed layers (Ca, Fe and Mg) and Al–rich chlorite.
A modal composition of altered rocks (Chapter 5.1) indicates that
albitized volcanic rocks contain up to two thirds of alteration (clays
and calcite). Among the different modal phases, a number record the
occurrence of illite characterized by XRD or K–feldspar. Smectite,
chlorite/smectite and corrensite with illite and calculated K–feldspar
suggest formation in a system of argillic alteration related to a decrease
in temperature of cooling lavas, fluid circulation and emplacement of
sub-volcanic rocks.

These clay minerals pervasively overprint the original lavas and con-
tain minor Cu–rich sulfide. The chlorite/smectite and Cu–rich sulfides
seem to represent a hydrous–Cu–rich supergene or peripheral enrich-
ment when compared to the chlorite and sulfide rich fractures. Further
work will attempt to characterize the chemistry of the meteoric or mag-
matic source fluidwith the relative chronology. The chemical transitional
environment,markedbypHvariations and covelitte–chalcocite–bornite–
chalcopyrite occurrence, allows the suggestion of a dynamic dispersion of
post–magmatic to late circulation of metals in hydrothermal fluids in
fractures.
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