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ABSTRACT

The Seival Mine, located in the Camaqua Basin, hosts several small Cu and Ag ore deposits in volcano-sedimentary
sequence surrounding the Lavras do Sul Intrusive Complex. Alteration minerals consist of calcite, sulfate, smectite
and chlorite/smectite associated with Cu-rich sulfides. The mass balance calculations from less altered to altered
volcanic rocks show large chemical changes with the mobility of mettallic elements in major or trace amounts.
Mass balance calculations for similar volcanic protoliths, with different degrees of alteration or textural variations,
indicate that increasing proportions of clay minerals reflects higher degrees of alteration. This alteration did not
mobilize Si, Al, Fe, and Mg and had a small effect on other metallic elements such as Cu, Zn, Ni, and Au.
Consequently, fluids associated with propylitic to argillic alteration with chlorite-smectite precipitation did not
participate in the transport of base metals and ore deposition. Interpretations of oxygen stable—isotopes for
magmatic, late magmatic and hydrothermal minerals show decreasing proportion magmatic fluid (5'80gq of
andesine labradorite ca. 5 to 7%o), toward a predominance of meteoric fluid (8'®0qyq4 of quartz and calcite)
between —12 and 0%o for the low-temperature alteration (250 to 80 °C). Carbon stable isotopes result suggest a
mixture of inorganic carbon ca. —7 to —5%o from volcanic CO, with late carbonate precipitation with atmospheric
signatures ca. —4 to — 1%o. These mass balance and stable isotopes interpretations suggest that high-temperature
late-magmatic fluid/rock interaction (650 to 350 °C) has promoted the base metal enrichment.

1. Introduction

et al., 2014; Fontana et al., 2017). They consisted of small and dis-
seminated Cu-sulfide and native Ag deposits (Total ca. 200 tons with

The Camaqua Basin (Chemale Jr., 2000; Paim et al., 2000; Wildner
et al., 2002), in the Rio Grande do Sul state hosts disseminated Cu, Zn,
Pb, and Au deposits (Nardi and Lima, 1988; Veigel and Dardena, 1990;
Mexias et al., 1990; Remus et al., 1997; Lima and Nardi, 1998; Remus
et al., 2000; Mexias et al., 2007; Renac et al., 2014; Fontana et al.,
2017). The Hilario Formation (Lima and Nardi, 1992; Lima, 1995; Paim
et al., 2000) represents the largest area of exposed rocks in the Ca-
maqua Basin, and in the study area it is located in the eastern part of
Lavras do Sul plutonic rocks (Fig. 1). These volcanic rocks host the
Seival Mine, exploited during the first half of XXth century (e.g., Lopes

Cu range from 0.5 to 2.5% and Ag ca. 15 to 70 mgkg ~1). The ore bodies
are described as hydrothermal fluid circulation and ore deposition
(Reischl, 1978). The source of metal is unidentified and could be related
to the lava flows, andesitic dikes or monzonite intrusion from the near
Lavras do Sul Intrusive Complex (Gastal and Lafon, 2006; Raposo and
Gastal, 2009; Gastal et al., 2015).

Previous studies (Lopes et al., 2014; Fontana et al., 2017) identified
magmatic to hydrothermal mineral assemblages. The different hydro-
thermal minerals form halos with smectite, chlorite/smectite mixed layer
in lava flows, chlorite/smectite mixed layer, corrensite in the subvolcanic
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Fig. 1. A) Geotectonic units of southernmost Brazilian shield; B) Simplified geological map of Lavras do Sul plutonic and volcanic rocks of Hilario Formation; C)
Sample location after Fontana et al., 2017). The volcanoclastic rocks of Seival Mine: Lt1 and 2 = lapilli tuff; L1, 2, 3 and 4 = lava flows; Sr1, 2 and 3 = subvolcanic

rocks and DH = drill hole.

rocks, and chlorite in fractured zones associated with Cu-rich sulfide,
barite, calcite and hematite (Lopes et al., 2014; Fontana et al., 2017). In
the context of base-metal deposits, the formation of clay minerals fre-
quently associated with the transport of fluids with chemical elements.
These fluxes of matter vary with temperature (Capuano, 1992; Jiang et al.,
1994), origin of fluids and changes of water/rock ratios (Henley, 1985;
Sillitoe, 2010; Chiodini et al., 2011; Cruz et al., 2015). The temperatures
change from high to low—temperatures with albitization (650 to 350 °C,
Hovelmann et al., 2010; Kaur et al., 2012) to chlorite and smectite (250 to
80 °C, Tardy et al., 1987; De Caritat et al., 1993; Schleicher et al., 2012).
The fluids can be related to lava cooling (late-magmatic), dikes
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emplacement with magmatic fluids or influx of meteoric-hydrothermal
water. This paper attempts to combine clay mineralogy and geochemical
changes of whole-rocks to estimate real gain and loss of chemical elements
during the hydrothermal alteration and Cu-Ag metal deposition. Further,
stable isotope values of magmatic and hydrothermal minerals estimate the
magmatic or meteoric origin of fluids.

2. Geological settings and hydrothermal alteration

The studied area is part of the southern Brazilian shield which is
compartmented in four geotectonic units: Taquarembd Block; Sao
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Gabriel Arch; Porongos Belt; Pelotas Batholith and subordinate meta-
morphic rocks (Fig. 1A and the references cited in Fontana et al., 2017).
The emplacement and filling with volcanoclastic sediments of the Ca-
maqud Basin is related to the transcurrent tectonic regime and the
magmatic activity during the Ediacaran times (Hallinan et al., 1993;
Chemale Jr. et al., 1995; Chemale Jr., 2000; Saalmann et al., 2005;
Philipp et al., 2007; Saalmann et al., 2007; Hartmann et al., 2011;
Saalmann et al., 2011). The Seival area is part of Hilario Formation
(Nardi and Lima, 1985) located on the western side of the Camaqua
Basin in contact with the Lavras do Sul intrusive complex (Fig. 1B, C,
and D). The Seival lithology consists of lapilli tuff, lava flows and
subvolcanic rocks with trachytic to andesitic mineralogy (Lopes et al.,
2014; Fontana et al., 2017). Albite or smectite (S), chlorite/smectite (C/
S), and corrensite (Co) and calcite vary in proportion. They replace
magmatic feldspars, pyroxenes, and intergranular glass from lava flows,
lapilli tuff (S and C/S), and subvolcanic rocks with corrensite (cf.,
Fontana et al., 2017).

3. Methods
3.1. Sampling and preliminary consideration

Preliminary petrography of these materials revealed heterogeneous
volcanoclastic textures with variable proportions of magmatic phenocrysts
and microlites or alteration minerals (smectite, chlorite/smectite, several
generations of calcite) (Lopes et al., 2014; Fontana et al., 2017). We ex-
amined texture and mineralogy of each sample in thin sections completed
with Scanning Electron Microscopy (SEM) with Energy Dispersive Spec-
troscopy (EDS), and X-Ray Diffraction (XRD) of clay-size separates.
Samples selected came from lava flows, lapilli tuff, and subvolcanic rocks
described in the first part of this work (Fontana et al., 2017).

The lava flows have a trachytic texture with matrix that contains
relictual plagioclase (P1), pyroxene (Px), glass and microliths of feld-
spars replaced by quartz, clay minerals, carbonate with minor epi-
dote + titanite, iron oxides, euhedral pyrite, and vesicles filled by green
clay minerals, and quartz or carbonate. The lapilli tuff, is composed by
PL, Px, and clasts of andesitic rocks with a matrix containing a mixture
of clay minerals and carbonate, oxides, chalcocite + bornite, and
barite. The subvolcanic rocks containing phenocrysts of Pl and smaller
Px, the clay minerals fill vesicles and the matrix is composed by mi-
croliths of Pl, particularly the phenocrysts, are transformed to albi-
te-epidote + titanite—“sericite”- and carbonates (Fig. 2A, in Table 1
and Fig. 1; Fontana et al., 2017). Among the eleven field samples and
thirteen cores observed, we selected four lava flows (L1 — L2 and L3 —
L4), two lapilli tuff (Lt1 — Lt2) and three subvolcanic rocks (Srl — Sr2
and Sr3; Table 1). The different textures present different degrees of
alteration but came from vicinal locations (Fig. 1C and D).

3.2. Density, loss on ignition, major, and trace element in whole-rocks

Samples were broken to collect the fragments with similar textures,
avoiding veins and vesicles. Density measured on cubic centimeter sample
covered with hot paraffin (error = 0.02, 4 measurements). One gram of
the sample was heated at 1050 °C for 4 h to measure the Loss On Ignition
(LOI). This LOI was combined with elemental analyses of volatile (Dumas
combustion) to quantify sulfur and carbon (Ci) contents or CO; equivalent
(Cior X 0.273). Carbonate proportions were measured by the volume of
CO, released by acid digestion (hydrochloric acid = 2mol L ™! with on
0.5 g of powdered sample). The comparison of CO3 (volume) and Cior al-
lowing the identification of carbonate and graphite.

The powdered rocks were first fused and analyzed for major and
trace elements in the Activation Laboratories Ltd., Ontario, Canada.
Quantification and quality control was realized with external standards
BHVO-1 and BCR (provided by ACME-lab). Major element concentra-
tion are expressed in % with relative errors between 1 and 2% or SiO,,
Al,03, Fe;03, K>0 and CaO (quantification limits of 0.05%) and 5% for
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Na,0, MgO, TiO,, and P,Os. The Trace Elements (TE) and Rare Earth
Elements (REE) were measured on the fused bead by laser ablation
(BHVO-1 external standard). Powdered samples and external standard
(BHVO-1) were also acid digested with HF (20 N, Ultrapure) and HNO3
(5N, Ultrapure), diluted in 1% HNO;3; solution and analyzed by
Inductively Coupled Plasma Mass Spectrometry (ICPMS, ELAN DRCII,
Perkin Elmer). External and internal calibrations were performed using
multielemental solutions and internal standards: Ge, In and Re chosen
according to the targeted mass. Concentration is expressed in mg/kg
(ppm) with a limit of quantification of fifty picogram kg~ 1 (ng/kg).
Significant chemical change are related to the individual uncertainty of
each element related to dilution (0.1 mg), density: ( = 0.02), major
contents with 2% (20 error), minor, and trace elements 5% (20 error)
below 0.1 mg/kg. These individual errors and error propagation have
been further used to compare initial concentration (c° = parent rock)
to altered rock (C;) in mass balance calculations. The calculation of
error propagation indicates meaningful changes for individual varia-
tions higher than ca. 0.2 wt%: wt% for major elements, 2 mg/kg for
trace elements, and relative changes higher than = 0.15% (ACy/
¢ = C(daughter — parent) / ci® (parent); cf.,Gresens, 1967; Grant,
1986).

3.3. Mineral separation and stable isotope measurements

The mineral separates consist of an aliquot of silicates extracted
from phenocrysts and concentrates of microlithic plagioclase, purified
through magnetic fields, bromoform (CHBr3;) and mixtures of bromo-
form and ethanol for heavy liquid separation. The concentrates of
pyroxene and plagioclase washed with acetone, ethanol and deionized
water, then observed with a binocular microscope and grains hand-
picked. We collected calcite (Fontana et al., 2017) in veinlets and ve-
sicles by micro—drilling. The euhedral quartz crystals (crystal size:
0.1 mm) in carbonate vein (mm), handpicked after acid digestion of
carbonates (Cal-1 from vesicle; Cal-2 and -3 from veins; cf., Fontana
et al., 2017). Mineral separations and purification did not allow col-
lection of pure smectite, chlorite/smectite or corrensite. However,
several tens of altered pyroxene grains allow the collection of chlorite/
smectite (XRD). We observed and checked the mineralogy of all sepa-
rated phases by SEM-EDS, and XRD techniques.

The stable isotopes values of oxygen (8'80) and carbon (§'°C) were
obtained of CO,, extracted from calcite (McCrea, 1950) and O, liberated
with BrFs from silicates and converted to CO, (Clayton and Mayeda,
1963). The CO, was analyzed with Gas-source mass spectrometer
(Micromass Isoprime, Université Jean Monnet). Stable isotope values of
calcite (8'°C.y and 8'%0,), quartz, pyroxene, chlorite/smectite, and
feldspars (8'®0qy, to 8'®Orelaspar) are reported as per mil (%o) relative to
V-PDB for carbon and V-SMOW for oxygen. The analytical error and
reproducibility for the standards and replicates are §'®Ogjjicate = 0.3%o,
8'80carbonate = 0.2%o0 and 8"*Cearbonate = 0.06%0 (20).

4. Results
4.1. Petrography mineralogy and crystallography

The alteration is preliminarily estimated from the gray, dark and
light green colors of lava flows (L), lapilli tuff (Lt), and subvolcanic
rocks (Sr). The studied samples are for lava flows (L1->L2 and
L3 - L4), lapilli tuff (Lt1 = Lt2) and subvolcanic rocks (Sr1 = Sr2), with
an arrow representing the macroscopic changes from less toward more
altered rocks. Their petrographic and SEM-EDS observations allow
identification of andesine-labradorite and augite phenocrysts of lava
flows (Fig. 2B and C) with a low—proportion of phenocrysts in lapilli tuff
samples. In the lapilli tuff, chlorite/smectite and calcite (Fig. 2) re-
placed the pyroxene with scarce fragments of pyroxene preserved. The
phenocrysts of plagioclase are partially replaced by albite, minor epi-
dote, iron oxides, and clay minerals in the subvolcanic rocks. The
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Fig. 2. A) Simplified stratigraphic column presents the major sedimentological changes in the Seival area. Adapted from: Lopes et al., 2014 and Fontana et al., 2017;
B and C) photomicrographs of lava flows samples (L3 and L4) and detail (C") smectite material replacing glass and filling porosity; D and E) lapilli tuff samples (Lt1
and Lt2) and detail (E') Cal-2 and C/S material filling vesicles; F and G) subvolcanic rocks (samples: Sr1 and Sr2) and detail (F') matrix filled with plagioclase/
corrensite minerals and G' matrix with corrensite-rich materials. Pl = plagioclase; Ep = epidote Cal = calcite; S = smectite (saponite); Chlorite/smectite = chlorite/

smectite mixed-layer.

phenocrysts of pyroxene from lava flows have a dominant light green
color.

The dark and light green matrixes consisted of albite microliths, clay
minerals, calcite with minor iron oxide, and quartz. The macroscopic
green staining of rocks is due to the different proportions of smectite
and chlorite/smectite, replacing glassy matrix, and filling micrometer
size vesicles (Fig. 2D, E, F, and G) associated with small proportions of
quartz, and calcite. The crystallography of clay minerals varies with
textures of volcanic rocks: smectite (L3, L4) and smectite-rich chlorite/
smectite (L1, L2) in lava flows, chlorite/smectite in lapilli tuff (Lt1,
Lt2), and corrensite in subvolcanic rocks (Srl, Sr2). These precipita-
tions of clay minerals contributed to mass and volume changes.

4.2. Whole-rock chemistry and apparent chemical changes associated with
alteration

The albitized and smectite-rich lava flows (L3 = L4) have a similar
amount of LOI (6.6 wt%, wt%) and density (d = 2.58). This combina-
tion of alteration shows apparent gains of Na,O and K,O, Ni (35mg/
kg), Zr and losses of elements SiO,, Fe,O3, CaO and MgO with Ba
(80 mg/kg), Rb and Cu at tens of ppm and Au at ppm level. The
chlorite/smectite and calcite-rich lava flows have similar LOI (L2 = L1
with 6 to 8 wt%) and density (d = 2.65 and 2.63 = 0.02). Whereas,
lapilli tuff with chlorite/smectite and calcite have a higher LOI
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(Lt2=>Lt1, 8 to 10 wt%; d = 2.62 and 2.59 = 0.02). This increasing
LOI (+1.9 wt%, Lt2-> Lt1) is related to chlorite/smectite and a larger
proportion of calcite as show CaO (+2.6wt%), Cy, (+0.55wt%
equivalent to 2.3 wt% of CO,) and 2.5wt% of carbonate (e.g., acid
digestion). The other apparent gains are Al,O3 and K,O (ca. % level
or + 0.1 wt%) and Sr, Ba, Rb (100 to 10 ppm) Ni, Co, Pb, U, La, and Ce
elements. The apparent losses of chemical elements in altered lapilli tuff
are SiO,, Na,0, and Fe;03, MgO (> —0.7 wt%) associated with Cu and
Pb and even smaller losses of Medium and Heavy Rare Earth Elements.
The subvolcanic rocks with corrensite and calcite (Sr1 = Sr2) have the
lowest LOI of altered volcanic rocks (LOIL: 3 to 3.9 wt%). The LOI in-
crease is associated with apparent gains of MgO (0.7 wt%), Sr (50 mg/
kg), and a smaller increase of Cu, Rb, and Ni (ppm). Like lava flows (L)
and lapilli tuff (Lt), the subvolcanic rocks (Sr) with increasing degree of
alteration show loss of SiO, (—3 wt%), Al,O3 and Fe,O3 (—0.7 wt%),
Nay0 (—0.4 wt%), CaO (—2 wt%), Zn, Au (10 ppm), and REE contents.

4.3. C and O stables isotopes values of silicates carbonates

Purified fragments of pyroxene and feldspars from the matrix con-
sist of augite and andesine-labradorite-rich and albite-rich plagioclase,
respectively. The 8 '®0 values of altered phenocrysts of pyroxene
coming from lava flows (Location 2) vary from 8.5 to 11.1%eo. The an-
desine-oligoclase-rich separates have 8180 1ndesine_tabradorite  Values
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Table 1
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Major (%) and trace concentrations (ppm) from lava flows (L), lapilli tuff (Lt), and subvolcanic rocks (Sr) used for mass balance calculation.

Lava Subvolcanic rocks Lavas Lapilli-tuff
wt% NAR?" Srl Sr2 Sr3 L3 L4 L1 L2 Ltl Lt2
SiO, 55.7 56.2 55.6 57.1 55.6 54.7 49.1 49.4 52.4 49.7
Al,O3 18.3 18 18 18.5 12 12.5 13.6 14.6 13.8 14.3
K,0 2.4 1.6 1.6 5.2 1.6 1.9 1.5 1.7 1.7 2.1
CaO 6.2 2.1 2 1.1 5.4 5.4 10 7.3 7.9 10.5
Na,O 4.1 7.1 6.9 5.4 2.8 3.2 3.2 3.2 4 2.9
MgO 2.8 4.4 4.7 0.5 7.7 7.9 5.5 7.5 3.5 2.8
Fe;O037 5.8 5.8 5.4 8.6 6.9 6.5 6 8.3 7.1 6.2
MnO 0.1 0.1 0.1 0 0.1 0.1 0.2 0.1 0.2 0.1
TiO, 0.9 1 0.9 0.8 0.6 0.6 0.8 0.8 0.7 0.7
P05 0.3 0.5 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.3
LOI 2.2 3 3.9 1.9 6.6 6.6 9.7 6.4 8.1 10
%Crotal 0.36 0.06 0.06 0.1 0.17 0.11 1.93 0.43 1.44 2.06
%STotal 0.3 < 0.02 < 0.02 < 0.02 0.1 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02
ppm
Ba 1671 394 411 3270 684 797 410 794 844 880
Sr 1200 428 499 896 722 753 508 753 535 775
Rb 49.8 35.6 39.4 131.5 28.8 323 26.7 34.7 30.6 46.3
Cs N.A. 3.1 3 5 1.1 1 2.1 1.5 1.8 3.4
Ta N.A. 112 104 0.3 0.4 0.4 0.5 0.5 108 109
Nb 22 10.8 10.8 7.5 7.3 7.4 7 7.4 7.9 8.7
Th N.A. 12.3 11.5 6.5 5.2 5.5 4.8 5.6 5.9 7
0) N.A. 4.5 4.3 2.2 2.1 2.2 1.9 2.3 2 2.6
Zr 296 190 189 145 124 126 129 144 137 155
\ N.A. 13.9 13.4 162 99 100 128 134 26.2 30.2
Ga N.A. 5.6 4.1 21.3 16.7 17.2 15.9 18.6 4.7 5.2
Sc N.A. N.A N.A 13 15 14 17 17 N.A N.A

SR L LT

ppm NARP Srl Sr2 Sr3 L3 L4 L1 L2 Ltl Lt2
Cu N.A 231 141 2.1 28.4 33.9 48.4 30.9 62 35
Mo N.A 0.9 0.4 0.3 0.5 0.6 <0.1 0.5 0.3 0.4
Sn N.A 2 2 1 1 1 1 1 1 2
w N.A 0.9 0.7 1.4 1.1 < 0.5 0.8 0.6 0.5 1
Zn N.A 21.8 23 22 61 60 137 76 18.1 18.8
Pb N.A 3.7 2.8 14.1 11.7 10.4 4.7 28.7 7.7 14.3
Ag N.A 0.5 0.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ni 22.5 317 363.5 421 201.2 175.2 108.2 92.5 27.1 22.9
Co 24.7 8.6 10.3 13 30.7 32 28.8 32 158.1 175.7
Se N.A <0.5 < 0.5 < 0.5 1 < 0.5 <0.5 < 0.5 < 0.5 < 0.5
As N.A 5.6 4.1 14.5 19.8 4.2 1.2 5.4 4.7 5.2
Sb N.A 0.2 <0.1 0.6 <0.1 0.1 <0.1 0.4 <0.1 0.1
Li 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 <0.1 0.2 0.2 <0.1 <0.1 <0.1 <0.1
Hg N.A 0.3 0.2 < 0.01 0.3 0.1 0 0 < 0.01 <0.01
Au® N.A 7.2 4.4 <05 <0.5 1.5 1.9 < 0.5 1.8 0.8
La 52.1 46.2 42.2 51.9 30.7 31.5 33.6 35.7 31.4 34.6
Ce 102.7 97.1 93.7 86.7 59.5 61.2 63.3 65.4 64.9 68.7
Pr 10.6 11.1 11.1 10.5 6.9 7.1 7.9 7.8 7.6 7.8
Nd 43.2 42 42.6 37.9 26.8 27.8 29.9 30.5 29.7 29.6
Sm 8.9 7.3 7.4 7.3 4.8 4.7 5.5 5.5 5.4 5.2
Eu 2 1.8 2 2 1.2 1.2 1.5 1.6 1.6 1.4
Gd 6.5 5 5.2 5.6 3.4 3.4 4.4 4.3 4 3.7
Tb N.A 0.7 0.7 0.7 0.5 0.5 0.6 0.6 0.5 0.5
Dy 3.9 3.3 3.3 3.2 2.1 2.1 2.8 3.1 2.8 2.4
Ho 0.7 0.6 0.6 0.6 0.4 0.4 0.5 0.6 0.5 0.5
Er 1.9 1.5 1.5 1.6 1.1 1.2 1.5 1.6 1.4 1.2
Tm 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Yb 1.5 1.5 1.4 1.3 1 1.1 1.3 1.4 1.2 1.1
Lu 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
La/Yb 34.7 31.9 29.9 41.2 31.6 28.4 25.8 25.7 26.2 32.6
Eu/Eu” 0.8 0.9 1 0.9 0.9 0.9 1 1 1 1
YREE 234.5 218.4 212 209.7 138.8 142.6 153.2 158.4 151.4 157.1

2 Nonaltered andesitic rocks from Hilario Formation (Liz et al., 2008).
Y Nonaltered andesitic rocks from Hil4rio Formation (Liz et al., 2008).
¢ Values for Au = ppb.
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ranging from 6.6 to 8.1%o and albite-rich plagioclase 880 abite_rich
between 14.2 and 16.2%o (Table 4). The chlorite/smectite extracted
from altered lava flows have 8 20,,ues between 23.8 and 27.8%o.
Euhedral quartz in vesicle and veinlets have §'®0,, varying from 19.2
to 24%o, except one value of 17.6%o. The sampling of calcite was rea-
lized using (Cal-1 to -3) described in petrographic observations
(Fontana et al., 2017) in the vesicles (Cal-1) and veins (Cal-2 and
Cal-3; cf., Fontana et al., 2017). The 8'3C., and 8'80., values vary
from —7.1 to —1.7%0 V-PDB (8'°Cy) and from 7.5 to 19.8%o
V-SMOW (8'80.,) (Table 4). The §'3C., and 8'80., values coming
from calcite in altered pyroxene have values similar to those in veins
(Cal-2 and -3).

5. Discussion

5.1. Mineralogical changes associated with late—-magmatism to
hydrothermal stages

The X-ray diffraction (XRD) recognized similar to clay minerals as
the study of eighty samples with smectite and smectite-rich chlorite/
smectite in lava flows (L), chlorite/smectite in lapilli tuff (Lt), and
corrensite (Sr) in andesitic dikes. Like proposed by Fontana et al.
(2017), the homogeneous occurrence of smectite-rich clays in lava
flows, chlorite/smectite in lapilli tuffs and corrensite in andesitic dikes
suggest hydrothermal alteration controlled by lithotypes (L, Lt, and Sr).
However, in situ observation with optical and electronic microscopy
show size and small compositional changes from grain to grain. These
local changes suggest continuous or different in-situ reactions. Never-
theless, the altered pyroxene (Location 2) are homogeneously com-
posed of chlorite and chlorite/smectite (XRD) with a small proportion
of calcite. This pyroxene alteration to chlorite and chlorite/smectite
suggest local equilibrium compare to chlorite/smectite homogeneously
filling the porosity of lava flows and sub-volcanic rocks.

All lithotypes studied are plotted in different empirical geochemical
indexes that describe the intensity of hydrothermal alteration. The results
for Pearce Element Ratio (PER, e.g., MacLean, 1990; Huston, 1993;
Stanley and Madeisky, 1994; Barrett and MacLean, 1999), alteration
index of 26 to 54% (Ishikawa et al., 1976), and chlorite—carbonate—pyrite
index (Large et al., 2001) of 46 to 77% are presented in Fig. 3; Table 1
and Supplementary material (Mass Balance ISOCON - Diagrams). These
different diagrams and indexes suggest a mild alteration of alkali feldspar
or pyroxene but do not indicate a dominant reaction of pervasive al-
teration. The preliminary comparison of apparent less to more altered
rocks (lava flows, lapilli tuff, and subvolcanic rocks) suggest the in-
creasing proportion of LOI, CaO, and C,, (L1 to L2) and MgO, Fe,O3 (L3
to L4), respectively related to calcite and chlorite-rich clays with iron
oxides. Nevertheless, the SiO,/Al,03 wt% ratios of whole-rocks from 3
to 4.6 (Table 1 and supplementary material — Mass Balance ISOCON -
Diagrams) higher than clay minerals (smectite: 3.5; chlorite/smectite: 2.8
to 3.1) due to the contribution high-Si phase such quartz and albite.
Consequently, the hydrothermal alteration in the Seival is a sum of hy-
drothermal reactions with andesine to oligoclase + augite and glass to
albite + clay minerals + quartz, and carbonates.

5.2. Mass balance calculation and isocompositional calculations (Isocon)
with Al,O3 constant

The predominance of hydrothermal alteration with alumina-silicate
(clay minerals and albite) and quartz with minor calcite or disseminated
sulfides suggests mild acidic fluids (Vaughan and Corkhill, 2017). These
acidic fluids would circulate from degassing magma to meteoric water
influx. Therefore, we calculated chemical mass balance (EasyGresGrant;
Lopez-Moro, 2012) assuming Al and Ti as immobile elements which cor-
respond to mild acidic to neutral pH of fluids. The assumption of constant
concentrations of Al,Os and TiO, from fresh to altered rocks (Tables 2 and
3; Supplementary material Mass Balance ISOCON - Diagrams) allowed
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Fig. 3. Oxide and molar ratios for geochemical diagrams based on major and
trace elements (PER/GER diagrams, A and B) and alteration box diagram Al vs.
CCPI (Pearce, 1968, 1987; Ishikawa et al., 1976; Large et al., 2001). The name
of samples used (Figs. 1 and 2) is (white triangle) = subvolcanic rocks; (dark
triangle) = less altered volcanic rocks (Table 1 and Fontana et al., 2017);
(white circle) = drill hole samples of effusive lava flows; (dark circle) = lapilli
tuff samples; NAR (Liz et al., 2008).

calculation of concentration changes (i) and constant mass or volume (ii).
In the case (i), we calculated gain and loss of mobile elements between a
parent and daughter rocks (ACi/Ci® = (daughter — parent) / Gi® parent);
Table 2). Furthermore, ACi/Ci° and Isocon slopes (Gresens, 1967; Grant,
1986; MacLean, 1990; Huston, 1993; Stanley and Madeisky, 1994; Lépez-
Moro, 2012) allowed calculation of enrichment or dilution factor related
to mass or volume (ii).

The chemical compositions (Table 1) of whole-rock with LOI >
1.9 wt% indicate altered materials. Consequently, none of the samples
from the Seival area can be used as a not altered protolith (Parent rock).
A bibliographic survey of mineralogy and composition of trachybasalts
and andesite in the Lavras do Sul and Camaqua Basin identified a small
number of andesitic rocks with low LOL The best candidate for a parent
rock (Table 2) is the not-altered rocks (NAR) - the andesite average
composition presented by Fontana et al. (2017) after Liz et al. (2008)
data compilation. However, this mass balance calculations indicate
unrealistic gains (+50%) of volume. These unrealistic changes suggest
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Table 3 (continued)

Srl — Sr2

Lt2 —Ltl

L4 —13

A

Co altered lava

C/S altered lapilli tuff

Smec-altered lava

volume = —0.2%

volume = —3%

A mass = —0.2%

A mass = —4%

AG;

AG; AG;/CP°

AGi/C°

Constant
volume

Constant Al

AC/CP AG;

Constant volume

Constant Al

AG;

AG/G°

AG;

AGi/C°

45.9

0.14

46.5

0.15

Cu

13.98
6.6

0.46
0.24
0.79

15.17
7.5

0.5
0.28
0.84

Rb

26.00

0.15

Ni

6.07

6.44

%

Loss

cst

Al203

cst

Al203

-1.24
-1.16

-0.31
-0.16

-1.16
-1.00

-0.29
-0.14

-0.3

-0.16

K0

ppm

-90.23

-0.39

—90.00

-0.39

Zn

—136.05
—78.92
-43.9

—0.86
-0.73
-0.71
-0.72
-0.23

—135.46
—78.15

—43.42
-12.96

—-2.83

—0.86
-0.72
-0.7

—113.00

—0.14

Ba

-5.5

-0.16

Cu

-13.09
-3.11

-0.72
-0.21

—-2.81

-0.39

-2.8

-0.39

Au
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an unappropriated protolith considering the porosity of volcanoclastic
rocks. Consequently, we selected as parent rock the less altered rock
from the Seival area (Sr3 LOL 1.9%). Consequently, mass balance
changes from parent to daughter rocks do not represent magmatic to
meteoric hydrothermal changes, but increasing degree of hydrothermal
alteration. The less altered material from host phenocrysts of andesi-
ne-labradorite with albite (Sr3) and altered rocks have dominant
smectite (smectite-rich C/S: L2 to L1; smectite and calcite: L4 to L3) or
corrensite with minor calcite (Srl to Sr2). Like NAR, the use of Sr3 as
parent rock gave an unrealistic volume and loss of material for lapilli
tuff. Nevertheless, mass balance and Isocon calculations (Table 2;
Supplementary material) of Sr3 parent rock with lava flows and sub-
volcanic rocks (Sr3->L4 and L3; Sr3->Srl and 2) show an apparent
low-mobility of ~27 to 8% for SiO, compare to K,0 and Na,O. These
calculations suggest that Si and Al released during alteration were in
situ entrapped, whereas the K;O and Na,O losses suggest a mobility or
lixiviation by the alteration. The gains of C,, and CaO are dominantly
related to calcite deposition as attest the C,,, content equivalent CO,
obtained with acid digestion of calcite. Whereas, LOI, Fe,O3 and MgO
increases relate to changes associated with the formation of smectite,
chlorite/smectite and corrensite and scarce iron oxides.

Trace elements gained are Cu, Zn, Ni, Ba, Rb, and Sr, with losses of
some lanthanides for the increasing alteration. The Ce, La, Pb, Nd, and Ga
seem particularly mobile for smectite-rich chlorite/smectite, whereas
some Ce is gained for the corrensite and calcite alteration (ACi/Ci’ sup-
plementary material and Table 2). We interpret the REE loss as the con-
sequence of fluid dilution (LOI) and the low- REE affinity of clay minerals
(Yu et al., 2017). Nevertheless, the Ce enrichment noticed for corrensite
and calcite suggest that fluid with pH modifying Ce concentrations (cf.,
Vaniman et al., 2002). These mass balance calculations looking at changes
altered to very altered materials with Cu, Zn gains associated with pre-
cipitation of Fe-Mg-rich clays and calcite suggest an influx of aqueous or
aqueous—carbonic fluid capable to transport base metals.

5.3. Mass balance calculations for materials with diverse textures and
alteration intensity

The previous mass balances calculations provide information on
large mineralogical changes with increasing clay minerals compare to
albite content (Sr3). The following part attempt to compare rocks with
an identical texture and increasing amounts of clay minerals (LOI: ca. 6
or 6 to 8; Table 3; Supplementary material).

The lava flows with smectite (L1 =»L2) or smectite-rich chlorite/smec-
tite (L3->L4), lapilli tuff with chlorite/smectite mixed layers (Lt1 - Lt2)
and subvolcanic rocks (Srl =» Sr2) with albite and corrensite. The smaller
changes in LOI between samples compared to previous calculations (5.2.
Part) implies smaller ACi/Gi° changes. The minor volume and mass changes
(—4 to +8%; Table 3) with increasing degree of alteration with gains of
CaO, LOJ, and C,,;, low—gains and losses K50, Ba and Zn, Cu, Sr, and Co. The
gains related to the dominant precipitation of calcite (CaO, Cy, LOI, Sr, Cu,
Zn) with minor precipitation or dissolution of illite or oligoclase (K, Sr),
sulfate (Ba, Sr), and sulfide (Cu, Zn, Co). Similar to volume changes from
less—altered to more altered rocks, the increasing volume and mass of lava
flows (+8%) indicate a precipitation of clay minerals and calcite pre-
cipitation with a volume expansion. Whereas, the decreasing volume (— 3 to
—4%) suggest a precipitation clay minerals and calcite filling the porosity in
the lapilli tuff. The subvolcanic rocks with albite, corrensite, and no calcite
show the smallest volume and mass changes (Table 3).

The small to no mass change concerning SiO», and Al,O5 indicate that
increasing amount of clay minerals are related to in situ alterations of si-
licate in lava flows (L) and lapilli tuff (Lt), and subvolcanic rocks (Sr). The
addition of ‘external’ Ca, and LOI relates to aqueous carbonic fluids with
the crystallization of calcite in L and Lt, but the loss of Fe,O3, MgO > Ba,
Sr or Na,O, and Fe;O3 > Y. We interpreted this loss as a leaching by re-
ducing fluid with low pH or partial pressure of oxygen (Lottermoser, 1992;
Lewis et al., 1998; Williams-Jones et al., 2012). In subvolcanic rocks gained
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(Fig. 2 and Table 1).

LOIL, Sr, Cu (several hundreds of ppm), and losses of Zn and Au (Tables 2
and 3) suggest that fluids associated with corrensite were chemically or
chronologically different than in lava flows and lapilli tuff.

The in-situ source of metals is suggested by the concentration of Si
which present ACi/Ci® ca. 0 to 2; (Tables 2 and 3; Supplementary material)
and Al constant is reinforced REE by low mobility or REE- immobility (ACi/
Ci%. Excepted for Cs, Gd, and Eu for chlorite/smectite— calcite and cor-
rensite, the immobility of REE indicates that external aqueous or aqueous—
carbonic water precipitating clay minerals and calcite had a minor influence
on the REE total concentrations of the different rocks. Consequently, we
interpreted major element and REE chemical changes with increasing de-
gree of alteration as products of the in-situ transformation of volcanic rocks.

The different steps of alteration by albite, clay minerals to calcite
(Part 5.2) a metallic enrichment not associated with increasing altera-
tion (Part 5.3), except for subvolcanic rocks with corrensite indicate
metal and base metal enrichments seem derived from lixiviation of
surrounding lava flows and volcanoclastic rocks, and fluid/rock inter-
action associated with albitization and corrensite formation. The fol-
lowing part will attempt to identify the magmatic, late-magmatic or
late meteoric origin of fluids involved in these fluid/rock interactions.

5.4. High—temperature magmatic and late-magmatic fluids
The andesine-labradorite phenocrysts indicate a magmatic crystal-

lization with equilibrium temperature going from 800 to 500 °C (Gill,
1981; Devine, 1995; Blundy et al., 2006). The albitization is described

late-magmatic or subsolidus recrystallization between 600 and 350 °C
(cf., Huang et al., 2009; Hovelmann et al., 2010), and smectite, chlorite/
smectite at a lower temperature. In the Seival area, lack of kaolinite or
iron oxides caprock suggest that the lower temperatures were higher
than supergene (> 50 °C) and bracketed by low—temperature of albiti-
zation (< 350 °C). Assuming magmatic temperature (800 to 600 °C, re-
ference therein) for andesine-oligoclase formation then calculated §'%0
magmatic fluids (8'®0 pu0) in equilibrium vary from 5.3 to 6.7%o
(oxygen fractionation factor; Zheng, 1993). The preservation of andesi-
ne-labradorite phenocrysts and calculated 8804120 merr values for ande-
sine-labradorite do not indicate primary magmatic fluid (Sheppard,
1986), but a mixture of magmatic and meteoric or fluid/rock evolved
magmatic fluids (Bongiolo et al., 2011). We calculated §'®0y;,0 values of
fluids in equilibrium with albite-rich plagioclase formed between 600
and 350 °C (Zheng, 1993) vary from12 to 10%o (Fig. 4A). The 8800
values of albite compared to §'®0y,0 of andesine-labradorite suggests an
albitization associated with an evolved magmatic fluid (Table 4). This
80 enrichment cannot be related to meteoric fluids but could be due to
oxygen isotope exchange of CO»—H,0 or CO,—calcite (Bottinga and Craig,
1968; Bottinga and Javoy, 1989) or increasing fluid/rock ratio (Taylor
Jr., 1974; Pollard, 2001; Goll et al., 2003). The occurrence of small
aqueous—carbonic fluid inclusions observed in calcite vein (Fontana
et al., 2017) attests of magmatic CO,, but do not certainly relate it to
albite formation (Perez and Boles, 2005). This stable isotope inter-
pretation confirms that albitization with Na-rich fluid was related to
late-magmatic related to cooling or degassing lava flows with aqueous
and COx-rich fluid rather than high-temperature meteoric water.
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Table 4
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880, 8'3C values reported as per mil (%o) relative to V-SMOW and V-PDB for calcite, quartz, altered pyroxene, andesine-labradorite, and albite-rich separates.

Location ID Depth (m) Sample type 880 %o 813C %o 880 %o
Qtz *; Pl; Px** Calcite Calcite

1 Surface Vein(Cal-3) —-2.25 17.5

1 Surface Vein(Cal-3)

2 Surface Not alterd PL 6.6; 6.8

3 Surface

3 Surface

3 Surface

4 Surface Vein(Cal-3) 13.75 —1.65 17.34

5 60 Vein(Cal-3) -3.2 16.16

5 Surface 16.1 -3.33 17.03

5 Surface Vein(Cal-3)

4 Surface Not alterd PL 6.7; 7.9; 8.1

7 Surface Vein(Cal-3) -3.27 17.59

7 Surface Vein(Cal-3) —-1.98 17.79

7 Surface Vein(Cal-3) —-2.1; —2.2; —25 16.8; 17.3; 17.9

7 Surface

7 Surface

7 Surface

7 Surface

8 Surface

9 14 Vein(Cal-2) —-5.37 14.62

9 14 Vesicles(Cal-1) —7.16; —5.7 7.48; 7.63

10 15 Vein(Cal-2) *19.2; 19.9; 20.4; 20.9; 24.4

11 41 altered PL. 14.8; 14.8; 14.9

12 43 altered PL 15.1; 15.4

13 50 Vein(Cal-2) —5.59 12.65

14 37 altered Pl. 15.6; 15.7

15 40 altered PL 15.5; 16.2

16 119 Vein(Cal-2) *17.6

17 15 Vein(Cal-3) *20.2

18 22 Vein(Cal-3) *19.7; 21; 21; 20.2

18 22 -4.0; —4.1 18.3; 18.4

19 22 Vein(Cal-3) —4.24 16.24

2 Surface Px-01 10,3%*

2 Surface Clays from PX1 23.80

2 Surface Calcite in PX1 -3.40 17.6

2 Surface Px-02 8,6%*

2 Surface Clays from PX2 27.60

2 Surface Calcite in Px2 -3.45 17.7

2 Surface Px-03 8,5%*

2 Surface Clays from PX3 26.60

2 Surface Px-04 10,7%*

5.5. Stable isotope values of aqueous and aqueous carbonic fluids

Pyroxene altered to chlorite shows oxygen isotope with inter-
mediate values, between magmatic pyroxene (8'80py ca. 5%o; cf., Eiler,
2001; Hoefs, 2004; Sharp, 2006) and the 8*80 values of clay minerals
(23 to 28%o). Considering a binary mixture, we calculated the pro-
portion of clay minerals in altered pyroxene. The proportions of clay
minerals vary between 20 and 40% in agreement with petrographic
observation.

We combined the oxygen fractionation factor of chlorite and
smectite for temperature between 50 and 200 °C (eg., Kloprogge, 1999;
Kameda et al., 2011) with §'80 values of chlorite/smectite in pyroxene
phenocrysts. The § 80 htorite- 120 and 8 0 gectite. H20 vary from
10.3%0 to 2.3%0 and 17.2 to 5.7%o at 50 and 200 °C, respectively
(chlorite: Wenner, 1971 or chlorite and smectite: Savin and Lee, 1988).
The calculated 8 ®0y.0 indicate unrealistic positive values (> 10%o)
suggesting a wrong assumption related to the temperature range or
mineralogy. Further study of altered pyroxene should be considered.

The petrography with different albite, clay minerals, quartz, and
calcite precipitation (Cal-1 to 3; cf. Fontana et al., 2017), the gain of
calcium, carbon, and with aqueous—carbonic fluid inclusions (Fontana
et al., 2017) suggest that some fluids may derive from magma degassing
(Craig, 1953; Belkin et al., 1985; Chacko et al., 2001) or meteoric water
and organic matter interaction (Cerling and Quade, 1993). The different
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8'3Cc, values from calcite in vesicles (—7.1%o; Cal-1) and calcite veins
(—5.5 to —1.7%o; Cal-2 and 3) are similar those measured in the large
epithermal deposit of Minas do Camaqua (Renac et al., 2014). The
8'3Ccal values confirm a dominant source of inorganic carbon (reference
therein; Fig. 4B) rather than organic matter. These negative to less ne-
gative trends of 8'3Cc, values, from vesicle (Cal-1) to veins (Cal-2 and
3) occur in modern volcanoes with mixtures of carbon from CO- volcanic
and CO, air (e.g., Chiodini et al., 2011). The changes of §'®0¢,, values
from 7.5 (vesicle, Cal-1) to 18.4 and 12%o (veins or pyroxene; Cal-2 and
3) indicate either variation of temperature or §'%0y;,0 value of fluid.
We bracketed the temperature of calcite precipitation between al-
bitization (< 350°C) and supergene alteration (50 °C). Nevertheless,
the precipitation of calcite occurs with smectite, chlorite/smectite, and
corrensite. Consequently, we restrained the temperature formation
between 250 and 50°C between the field of stability of chlorite
(Meunier et al., 1988; Kameda et al., 2011) and smectite (Kloprogge,
1999). This temperature range allows calculation of 8800 values
(Fig. 4) in equilibrium with calcite (oxygen fractionation factor: Kim
and O'Neil, 1997) and euhedral quartz (oxygen fractionation factor:
Clayton et al., 1972) from veins with calcite (Cal-3). The calculated
8800 values vary from —12 to 0%o for calcite, —12 to —5%o for
quartz and a quartz sample with a §'80y,0 of +5%o. The majority of
calculated §'®0ys0 values indicate meteoric fluids (—12 to 0%o), si-
milar to the intense argillic alteration (—1.6 to +1.8%o), and the
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volcanic propylitic alteration (— 12 to —10%o) in the Hilario Formation
and the Lavras do Sul granite (Bongiolo et al., 2011). The positive
8180420 values for a quartz precipitation suggest a local contribution
magmatic water (+ 5%o).

The proximity of Lavras do Sul granite and the similar range of cal-
culated §'®0yy,50 values for quartz and calcite suggest that hydrothermal
alterations are related to a large epithermal system (Fig. 1). The 8%0u120
values of meteoric suggest cold rainfall (8"80p20: —12%o0) to coastal
water (0%o) or fluids similar to intense argillic alteration in the granite
(Bongiolo et al., 2011). The influence of meteoric-hydrothermal re-
charge (8*®0y20) and a dominant inorganic source of carbon 8*3Cea)
indicate that aqueous—carbonic fluids flowing in the Seival area are as-
sociated with the degassing of magmatic bodies. The magmatic bodies in
the Seival area are the intrusive or intercalated andesitic—dikes, the
Lavras do Sul Intrusive Complex emplaced during the Ediacaran time
(Philipp et al., 2003, 2016) or a deeper source drained by faults of the
area (Fig. 1). The mixture of meteoric water and degassing magma
(aqueous carbonic fluid) is not favorable for base metal mobility (Part
5.3). Consequently, we suggest that the ore deposition in Seival area
relates to late-magmatic fluid, albitization, and chloritization.

6. Conclusions

The study of mineralogical compositions, mass balance and O-C
stable isotope calculations in the volcanic rocks from Seival Mine have
allowed a better comprehension of base metal enrichment in this kind
of copper mineralization.

In Seival area the hydrothermal alteration is controlled by volcanic
lithotypes and structures associated with the fluid activity. The main mi-
neral assemblage is magmatic plagioclase; followed by late-hydrothermal
albite; Fe-Mg clays; quartz in veins and crystallization of three generations
of carbonates filling fractures and vesicles. Mass balance results for an-
desitic rocks with decreasing intensity of hydrothermal alteration indicate
short distance chemical variations (Si, Al, Fe, and Mg) associated with
different textures (lava flows, lapilli tuff and subvolcanic rocks), except for
Ca, C, and H,O. The higher temperature fluid/rock interaction occurred
with predominantly magmatic fluids associated with albitization or high—
temperature chloritization processes. The calcite, smectite, chlorite/
smectite, and corrensite are precipitated in a similar range of temperature.
Chemical changes marked by loss of metal elements associated with cor-
rensite are restricted to subvolcanic rocks. These clay minerals precipita-
tions indicate volume expansion and decreasing volume linked to calcite
filling porosity. Mass balance calculations indicate that hydrothermal al-
teration with chlorite/smectite and calcite did not mobilize Fe and Mg
neither caused other gains of base metals.

The combination of mass balance and stable isotope interpretation
indicates that metal enrichment was due early magmatic fluids (8*80p20:
+5%0) and the late-magmatic (or evolved magmatic fluids: +10%o)
from 600 to 350 °C. The evolved magmatic fluids (8'80p20: +10%0)
indicate an '®0 enrichment during albite formation. The enrichment
might be related to residual magmatic fluid (late-magmatic fluids) and
CO,-H,O with lava flows out-gassing or CO,— H,O with calcite pre-
cipitation. The calcite precipitation with carbon and calcium gains, in-
creasing volume (mass balance) is linked to the incursion of meteoric
fluids (250 to 50 °C). Moreover, §'3C,ayes Of calcite yeins of 81800 of
quartz and calcite indicate an inorganic source of carbon either related to
outgassing lava or atmospheric CO, mixed with meteoric water (250 to
50 °C). Consequently, we propose that base metal enrichment is related
to the lixiviation of surrounding lava flows and volcanoclastic rocks by
late-magmatic fluids. The Cu and Ag-rich fluids were entrapped in the
porous or driven through a network of fractures and intrusive dikes.
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