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ABSTRACT

Barite is a common gangue mineral of the low-temperature in hydrothermal systems. In the Seival area, the rela-
tive chronology of minerals indicates that barite, calcite, and minor hematite are associated with the low-tempe-
rature hydrothermal stages (< 157 °C) of an epithermal mineralization from the Camaqua Basin, Neoproterozoic
Dom Feliciano Belt. Previous interpretations of geochemical data have suggested that the Cu enrichment in
sulfides was related to albitization and chloritization, but not determined the origins or crystallization conditions
of barite. The Ba and S content and their precipitation conditions were examined, and a lower Ba content was
observed in the altered plagioclase with an albite composition than in the less altered portion with an andesine-
-labradorite composition. In addition, and rare earth elements (REEs) analysis of barite and plagioclase suggest
that elementary composition of barite in Seival area came from volcanic material (magmatic) with influence of
meteoric water rather than seawater. The different REEs patterns of barite show two groups related to two mag-
matic sources of REEs. These different sources of S, Ba, and REEs have been interpreted as dominant alteration
of local volcanogenic rocks as the pyroclastic rock and andesite lava flows or less probably lamprophyric dike.

Keywords: REEs geochemistry; Hydrothermal alteration; Mineralization; Mantiqueira Province; Hilario Forma-
tion.

RESUMO

A barita ¢ um mineral de ganga comum em sistemas hidrotermais de baixa temperatura. Na area do Seival, a
cronologia relativa dos minerais indica que a barita, a calcita e a pouca hematita estdo associadas aos estagios
hidrotermais de baixa temperatura (< 157° C) de uma mineralizagdo epitermal da Bacia do Camaqua, Cinturdo
Dom Feliciano, Neoproterozoico. Interpretagdes anteriores de dados geoquimicos sugeriram que o enriqueci-
mento de Cu nos sulfetos esta relacionado a albitizagdo e a cloritizagdo, mas ndo determinam as origens ou as
condigdes de cristalizagcdo da barita. O conteudo de Ba, S e suas condi¢des de precipitacdo foram examinados
e foi observado um conteudo menor de Ba no plagioclasio alterado que possui composi¢do de albita, do que na
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Barite crystallization in Seival, Camaqua Basin

porcao menos alterada que possui composi¢do de andesina-labradorita. Além disso, a andlise de elementos de terras raras
(ETRs) de barita e plagioclasio sugere que a composigdo elementar da barita na area de Seival veio de material vulcanico
(magmatico) com influéncia de d4gua metedrica em vez de agua do mar. Os diferentes padrdes de ETRs da barita mostram
dois grupos relacionados a duas fontes magmaticas de ETRs. Essas diferentes fontes de S, Ba e ETRs foram interpretadas
como altera¢do dominante de rochas vulcanogénicas locais, como rocha piroclastica e fluxos de lava andesitica ou, menos

provavelmente, dique lamprofirico.

Palavras-chave: Geoquimica de ETRs; Alteracao hidrotermal; Mineralizagdo; Provincia Mantiqueira; Formagao Hilario.

INTRODUCTION

The hydrothermal alteration process occurs through the
percolation of hot fluids promoting mineralogical, chemi-
cal, and textural changes in the host rock. These fluids
might have different origins and might be eventually as-
sociated with to mineralization (Pirajno, 2009; Sillitoe,
2010; Fulignati, 2020). In particular, the crystallization of
barite (BaSOa4) is associated with low-temperature fluids
(< 150 °C; Hanor, 2000). The extremely low solubility of
barite (Deer et al., 2013; Jamieson et al., 2016) makes it
resistant to weathering. Consequently, this mineral might
help in the reconstruction of fluid circulation at low-tem-
perature of crystallization. The crystallization of barite is
promoted by fluids with barium and sulfate ions that are
the product of alteration of barium-rich feldspar and pyro-
xene (Sorrell, 1962; Green, 1980; Mehnert and Biisch,
1981; Chang et al., 1996; Deer et al., 2013), and oxidation
of some sulfides (Brimhall and Crerar, 1987; Vaughan and
Craig, 1997) or sulfates from seawater (Goldberg et al.,
1969; Piper, 1974; Michard et al., 1984; Elderfield, 1988;
Martin et al., 1995). The barite vein or disseminated in the
Camaqua mine is associated with Cu-Pb-Zn-rich sulfides
related to late-magmatic to low-temperature hydrother-
mal stages from a distal-epithermal system (Bettencourt,
1976; Remus et al., 2000; Toniolo et al., 2004; Renac et
al., 2014).

The mineralization has a structural direction similar
to regional shear zones in a post-collisional setting, as des-
cribed by Lopes et al. (2018). The Cu mineralization at the
Seival area was interpreted as epithermal deposits (Fontana
et al., 2017) related to andesitic to trachyandesitic dikes.
The hydrothermal stage characterized by albitization and
chloritization (Fontana et al., 2017, 2019) is associated
with the circulation of fluids and a structural control (Lopes
et al., 2019) in favor of Cu-deposition. Lopes et al. (2019)
suggest that Cu enrichment and barite crystallization are re-
lated to the pervasive and large/late stage of the hydrother-
mal alteration with influence of regional structures. Like
in many places of the world (Pirajno, 2009; Sillitoe, 2010;

Fulignati, 2020), the percolation and the mixing of the di-
fferent fluids, magmatic then meteoric, are associated to a
porphyry-epithermal hydrothermal system.

In the Seival area, barite occurs after albitization
(250 to 650 °C) of andesine-labradorite and represents
the latest aqueous-fluid circulation (<250 °C) interpre-
ted as low-temperature meteoric fluids (Hanor, 2000). In
the literature, hydrothermal-volcanic systems with barite
and calcite may have different trace element and rare ear-
th element (REEs) concentrations. However, few studies
have addressed the origin of barite and its formation con-
ditions (Guichard et al., 1979; Michard, 1989; Barrett et
al., 1990; Martin et al., 1995). Major and trace elements
could contribute to the understanding of Ba and S sources
related to alteration of surrounding volcanogenic rocks or
seawater (e.g. Guichard et al., 1979; Morgan and Wan-
dless, 1980; Jurkovic et al., 2010; Zarasvandi et al., 2014)
as shown by REEs patterns from continental-hydrother-
mal to barite-related seawater (Michard, 1989) and the
possible influence of a regional aquifer. The present study
proposes to reconstruct the hydrothermal, magmatic and
meteoric origin of barite precipitation by analyzing the
major elements and REEs contents in barite. These inter-
pretations may be useful to understand the hydrothermal
evolution and water-rock interactions in barite crystalli-
zation. The high REEs concentration in barite could be
used as an exploration guide for base metal deposits in an
epithermal context.

GEOLOGICAL SETTINGS
Regional geology

The Neoproterozoic/Early Paleozoic Mantiqueira Province
(MP) (900 — 480 Ma) is located in southeastern and sou-
thern Brazil and extends into Uruguay (Almeida and Ha-
sui, 1984; Almeida et al., 2000; Brito Neves et al., 2021)
(Figure 1A). This province was formed during the Western
Gondwana orogeny, called Brazilian in Brazil and Panafri-
can in Africa. Its southernmost part has been subdivided
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into two geotectonic units (Philipp et al., 2016; Hueck et
al., 2018) that were fused during the collision between the
La Plata and Kalahari cratons: (i) the Nico Perez Terrane;
and (ii) the Dom Feliciano Belt (Chemale Jr., 2000; Hart-
mann et al., 2007; Oyhantgabal et al., 2011; Philipp et al.,
2016) (Figure 1B). The Camaqua Basin (610 — 550 Ma;
Chemale Jr., 2000; Paim et al., 2000, 2014) (Figure 1C)
developed during the final evolution of the Dom Feliciano
Belt (Chemale Jr., 2000; Oyhantgabal et al., 2011; Oriolo
et al., 2018) and hosts several important mineral deposits,
such as the Cu (Au) and Pb-Zn (Cu, Ag) Camaqua Mine
(Remus et al., 2000; Camozzato et al., 2014; Renac et al.,
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Figure 1. A) Southern portion of the Mantiqueira Province localization
in South America; B) Geotectonic units of the ‘Rio Grande do Sul’
and Uruguay shields. C) Geological map of the Camaqgué Basin and
associated granites and granitoids with around twenty Au, Au-Cu,
Cu, and Cu-Ag deposits.

2014; Pereira et al., 2021) and the Cu-Ag Seival area (Reis-
chl, 1978; Lopes et al., 2014).

The Seival area hosts a series of volcanogenic ro-
cks associated with the Hilario Formation (600 — 590
Ma; Janikian et al., 2012) of the Bom Jardim Group
(Lima et al., 2007; Janikian et al., 2008, 2012), which
are locally associated with the Lavras do Sul Intrusive
Complex through a porphyry-epithermal system (Bon-
giolo et al., 2011; Lopes et al., 2018). The Lavras do
Sul Intrusive Complex hosts about twenty Au, Au-Cu,
Cu and Cu-Ag deposits with phyllic and intermediate ar-
gillic halos around quartz veins (601 — 598 Ma; Gastal et
al., 2006, 2015; Liz et al., 2009; Bongiolo et al., 2011)
and represents the porphyry portion. In the Seival area,
epithermal portion, the fractures and dikes of the Hila-
rio Formation were associated with tectonic reworking
related to shear zones and deformation episodes that
allowed the development of intense fracturing (Lopes et
al., 2018) and, consequently, fluid percolation (Fonta-
na et al., 2017). Lopes et al. (2018) indicated that ore
deposition is related to the development of these brittle
shear zones with NE-SW and NW-SE directions in the
Dom Feliciano Belt. In addition, the mineralized rocks
have NE-SW directions and barite veins occur mainly in
fractures with N-S directions. The volcanogenic rocks
and dikes with andesitic to trachyandesitic compositions
(Lopes et al., 2014) of the Seival area (Figure 2) host six
Cu-Ag deposits and several occurrences surrounded by
extensive hydrothermal halos with propylitic and argillic
alteration. The approximate total reserve has been esti-
mated at ~ 0.2 million tons with an averaged 1.4 wt% Cu
and 10 — 70 ppm silver (Reischl, 1978).

Texture and mineralogy

Andesite lava flows, lapilli tuffs, and volcanic agglome-
rates (Lopes et al., 2014, 2019; Fontana et al., 2017; De
Toni et al., 2021) represent the volcanogenic sequence.
The pyroclastic materials and lava flows consist of vesi-
cular andesitic rocks with phenocrysts of plagioclase and
clinopyroxene dispersed in a trachytic groundmass with
oriented plagioclase and disseminated pyroxene (Lopes et
al., 2014). The lapilli tuffs are matrix-supported in a grou-
ndmass with crystals of plagioclase, pyroxene, quartz, and
opaque minerals. Volcanic agglomerates contain rounded
volcanic clasts. Dikes of andesitic and trachyandesitic
compositions have subhedral phenocrysts of plagiocla-
se and pyroxene in a trachytic groundmass with oriented
plagioclase. Relicts of pyroxene phenocrysts are rare and
most of them have been partially or completely replaced by
clay minerals and calcite, sometimes keeping their original
shape (Lopes et al., 2019). In addition, andesitic dikes have
albitized plagioclase phenocrysts and some of them have
the center portion with magmatic feldspar (andesine-labra-
dorite) compositions.
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Figure 2. Geological map and six inactive mines location from Seival area. The sequence of lapilli tuffs, volcanic agglomerate, andesite lava
flows and dikes with andesitic and trachyandesitic compositions (NE-SW direction) from Hilario Formation.

Relative chronology of alteration from
Seival area

Alteration mineral is characterized as propilitic and the as-
semblages were crystallized through hydrothermal fluids
with different temperatures (Table 1). A crystallization se-
quence and mineral assemblages of each thermal step of
the alteration process were defined by petrography to un-
derstand the physic-chemical evolution of the hydrother-
mal system and the Cu-enriched stages.

Augite and less altered plagioclase with andesine-
-labradorite compositions (Lopes et al., 2019) were crys-
tallized during magmatic crystallization. The deposition
of primary sulfides represented by pyrite and chalcopyrite
was considered as a late-magmatic hydrothermal alteration
crystallized at ~ 350 °C (Fontana et al., 2017). In addition,
calcite (Fontana et al., 2017), hematite, and quartz were as-
sociated with relicts or pseudomorphosis of pyroxene and
plagioclase. Albitization (decalcification) of plagioclase,
chloritization of pyroxene and destabilization of primary
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Table 1. Crystallization sequence and mineral assemblages of magmatic (>650 °C), late magmatic and low-temperature ( 250 to > 650 °C)
and low-temperature (~250 °C; <150 °C) characterized by Lopes et al. (2019).

Stage magmatic

late magmatic to low-
-temperature

low-temperature

temperature >650 °C

250 to >650 °C

~250°C <150 °C

andesine-labradorite

augite
calcite

quartz
hematite
titanite
epidote
albite
chlorite
chlorite/smectite (C/S)
smectite
pyrite
chalcopyrite
chalcocite
bornite
barite

C/S: chlorite/smectite mixed-layers.

sulfides were associated with late magmatic and low-tem-
perature alteration that crystallized at ~ 250 °C (Fontana et
al., 2017; Lopes et al., 2019), while barite was crystallized
at ~ 150°C (Hovelmann et al., 2010; Fontana et al., 2017).
These interpretations did not indicate the source of barium
and sulfate but emphasized crystallization related to fluid-
-rock interaction associated with an increasing proportion
of meteoric water (Renac et al., 2014; Fontana et al., 2017)
as supported by oxygen isotope analysis in albitized pla-
gioclase, quartz, and calcite. The low temperature of barite
was bracketed by the temperature of chloritization of pyro-
xene associated with calcite (Fontana et al., 2017), titanite
and quartz formed between 130 and 280 °C (Lopes et al.,
2014, 2019; Fontana et al., 2017) or chlorite/smectite mi-
xed-layers ~ 250 °C (Kameda et al., 2011; Schleicher et al.,
2012). The authors suggest that the alteration of magmatic
feldspar, pyroxene and sulfide occurred through thermal
changes (< 250 °C; Brimhall and Crerar, 1987; Vaughan
and Craig, 1997; Dill, 2015; Vaughan and Corkhill, 2017)
and the influx of meteoric water promoted by changes in
chemical conditions (oxygen activity and pH changes)
(Church and Wolgemuth, 1972; Ohmoto, 1972; Chiba and
Sakai, 1985; Hanor, 2000). The association of chlorite and
barite (Lopes et al., 2019) in Cu-sulfide mineralized frac-
tures suggests a low-temperature crystallization of barite
below 157 °C (chlorite thermometer based on Inoue et al.,
2009; Lopes et al., 2019) for the Seival area. This tempera-
ture range is similar to those estimated for epithermal depo-
sits from the Camaqué Basin by oxygen isotopes and fluid

inclusions (115 — 125 °C: e.g. Cerro dos Martins; Toniolo
et al., 2004) and 80 — 180 °C (e.g. Camaqud Mine; Betten-
court, 1976; Ronchi et al., 2000; Renac et al., 2014).

MATERIALS AND METHODS

The six outcrops with mineralization and their drill-core
samples consist of volcanogenic rocks with hydrothermal
alteration. The samples of barite samples are used in this
study come from veins hosted in the lapilli tuffs and andesi-
te lava flows from the Barite Mine location (Fontana et al.,
2017; Lopes et al., 2019). Grain mounts and thin sections
of barite were used for petrography and Electron Micropro-
be (EMPA) analysis.

To estimate the source of major elements for barite
crystallization, major and trace elements were analyzed in
plagioclase and barite samples using a CAMECA SXFive
EPMA at the Geoscience Institute (Universidade Federal
do Rio Grande do Sul, Brazil). Plagioclase analyses were
performed using a 5 pum defocused beam, 15 kV and 10
nA (peak counting time 10 s and two background measure-
ments of 5 s). Barite analyses were performed using a LPET
detector with a 5 um defocused beam (15 kV, 100 nA, peak
and background counting times of 30 and 10 s, respecti-
vely). The measured X-ray intensities were ZAF corrected.
The errors related to SiO-, TiO2, Al-0s, FeO, MnO, MgO,
Ca0, Na:0, K-0, BaO, SrO, CuO, and SOs weight percent
vary from 0.01 — 0.05 (2 o). The detection limits of Ba in
atomic weight percent vary from 206 — 209 ppm (0.0002 %,
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n= 33) with standard errors of 0.02 % (20) on consecutive
measurements in samples.

The REEs contents were determined in concentrates
of barite veins. Barite (500 — 250 mg) was melted into a
Pt-crucible following Barbieri et al. (1982) and Breit et al.
(1985) protocol. The barite (500 — 250 mg) mixed with Na-
2COs (5 —2.5 g) was loaded (20 mL crucibles) with an addi-
tion of 1 mL Lithium-Iodide (Lil), to enhance the recovery
of the fused material., The Lil was removed by evaporation
during the melting process. The mixture was heated in a
muffle furnace (1100 °C) for 10 hours. The cooled material
was ground to a very fine powder using an agate grinder.
The powder was dissolved in a cleaned Teflon beaker in
distilled water (UHQ). The residues (Na2COs and BaCOs)
and sulfate-free solutions were heated in 10 mL of HCI and
then evaporated to dryness and dissolved in HNOs (1 mol
L"). The dissolved material was passed through Cis Sep-
-Pak cartridges (Shabani et al., 1992) to reduce the amount
of barium and strontium. In this resin, all of the barium
would be transported through the column without being
bound to the bis (2-Ethylhexyl) orthophosphoric acid. The
cartridge was rinsed (10 mL of 0.01 mol L' HCI) then its
content eluated with HC1 (30 mL, 6 mol L!). The use of a
Ba-REEs spiked solution (1.5 mg L) allowed the deter-
mination of an optimal elution time for a REEs recovery
of 87 %.

The digested solutions were analyzed for their REEs
contents (**La to '°Lu) by ICP-MS (Elan DRCII, Perkin
Elmer) at GEOAZUR laboratory (Université Cote d'Azur,
France) using an external calibration and internal standards
(Re and Ge selected according to the targeted mass). Quan-
tification limits were less than 50 ng L. Spectral interfe-
rences in the mass spectrum can occur due to the formation
of oxides in the plasma (Longerich et al., 1987; Jarvis et
al., 1989, 1992; Smirnova et al., 2006; Zhao et al., 2019).
Formation lead to significant interferences of intermediate
REEs (Dulski, 1994; Aries et al., 2000; Raut et al., 2005a,
2005b). Therefore, the matrix was removed by resin sepa-
ration (see above) and oxide production level was limited.
The percentage of barium oxide was checked daily during
the daily performance optimization of the ICPMS before
the analyses. This percentage is always below 3%, usually
around 2%. La to Sm elements were considered as Light
Rare Earth Elements (LREEs), and Eu to Lu as Heavy Rare
Earth Element (HREEs). Elemental concentrations were
expressed in ppm (mg kg') and normalized to chondrite
values (McDonough and Sun, 1995) using Microsoft Excel
and a graph editor.

Chemical Data treatment

The chemical compositions of minerals (EPMA) and
whole-rocks (ICP-MS) were further used in mass balan-
ce calculations to estimate the volume of volcanic rocks
and seawater required to precipitate one mole of barite. In
addition, a mass balance calculation using the Geobalance

spreadsheet (Li et al., 2020) was used with REEs compo-
sitions of barite and several volcanic rocks of the area to
estimate the contribution of each volcanic rock of the area
in the barite crystallization. Twenty-four mixtures with two
to five end members (meteoric water, RFM48, RFM 68,
ANI122B, and LP225) were tested (see Methodology). The-
se mass balance calculations were performed without Eu
and Yb concentrations due to possible overestimation of
Eu content with barium oxide residues and unknown par-
tition coefficient (Kd) of Yb between barite and brine. In
this mass balance, the REEs compositions of whole-rocks
from the Seival-Camaqua area, reported in Lima and Nardi
(1998) and Lopes et al. (2014) were used as input values.
In addition, local rocks such as pyroclastic rocks (RFM438),
andesitic lava flows (RFM68), andesitic dyke (AN122B)
and lamprophyric dyke (LP225), and REEs from barite.
A standard deviation of 10% and a Monte Carlo simula-
tion was performed. Mass balance calculations of REEs
contents allowed the estimation of the contribution of the
volcanic sequence (RFM48, RFM68 and AN122B) and the
lamprophyre dike (LP225; Gastal et al., 2006; Almeida et
al., 2012) to barite formation.

RESULTS
Cu-mineralization and barite veins

The Cu mineralization, in the Seival, is found along faults
(Figure 3A) and within fractures where chalcocite veins
are present or on superficially altered rocks with malachite
and occasionally azurite (Figure 3B). The mineralized rocks
have several colors indicating different alterations (Figure
3C): light green represents the chlorite composition; the dark
purple characterizes the association of chlorite and hematite
(Figure 3D), verified by XRD. The chalcocite (Figures 3E
and 3F) and bornite (Figure 3G) are transformed into mala-
chite in the mineralized zones. The Barita Mine is the main
location of gangue minerals as barite and calcite in the form
of veins or veinlets associated to Cu mineralization, outside
the Barita Mine, barite veins are smaller and less numerous.

Characterization of Barita Mine area

In the Barita Mine area (Figure 4A), a significant number
of barite veins were observed. The Cu-Ag mineralization,
indicated by white dashed lines (Figure 4A), occur in the
volcanogenic sequence mainly along NNE to NNW subver-
tical structures in the form of veins and disseminated within
the host rocks matrix. The mineralized structures within the
host rocks 2 to 4 meters in width (Figures 4B and 4C). These
structures contain chlorite and Cu-sulfides or malachite (Fi-
gure 4D), and a significant quantity of barite and calcite veins
from millimeter to centimeter in size. These barite veins are
found in the subvertical fault plans, e.g. N10°E, N10°W and
N40 — 60°E with dip angle ranging from 70 — 88°.
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Mic: malachite; Az: azurite; Chl: chlorite; Hem: hematite; Cal: calcite; Cc: chalcocite; Ag: native Silver; Bn: bornite.

Figure 3. Photographs of the mineralization from the Seival area. (A) Slickenlines filled by hematite and malachite in a fracture zone from
Alcides Mine; (B) Botryoidal malachite and azurite in the fractured volcanic rocks from Alcides Mine; (C) Alteration with chlorite and chlorite +
hematite in mineralized rocks from Barita Mine; (D) Detail of the hydrothermal alteration indicated by several colors in lapilli tuffs from Meio Mine;
(E) Alteration with chlorite and chlorite + hematite cross-cut by chalcocite vein. Detail of native Silver (Ag) disseminated in lapilli tuffs from Meio
Mine; (F) Detail of calcite + chalcocite vein; (G) Detail of calcite + bornite vein.

Characterization of barite

The barite and calcite veins and veinlets in the hydrothermal
zone exhibit hematite, chlorite, and chlorite/smectite mixed-
-layers (C/S) halos (Figure 5A). These iron- clay-rich halos
contain scarce disseminated crystals of Fe-Cu and Cu-rich
sulfides minerals as bornite and chalcocite. Stereo microscopy
has revealed white to pinkish colors, aggregates of tabular and

prismatic shapes and subhedral to euhedral habits in the barite
from veins and veinlets. Special attention was given to barite
crystals and their inclusions. In (Figure 5B) these mineral in-
clusions are calcite, sulfides and hematite. Moreover, micros-
copic observations of calcite-rich veins with quartz veins and
a smaller proportion of barite and hematite in calcite.

The veins of barite and calcite forms a mineral as-
semblage and calcite is considered as last crystallized vein
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Mic: malachite; Chl: chlorite.

Figure 4. Photographs of the Barita Mine, the main barite location from Seival area. A) A view of deposit and mineralized structures; B) Mi-
neralized structure with indication of NE-SW and ~ N-S oriented faults; C) Mineralized rock with chlorite veins and malachite in lapilli tuffs; D)
Mineralized rocks with disseminated malachite in the rock matrix. White dashed lines: mineralized structures.

mineral due to the cross-cut relation (Figure 5C). Calcite
occurs within joints of barite crystals as inclusion, in the
contact between barite vein and host rock (Figure 5D). Fur-
thermore, calcite veins are associated with bornite-chalcoci-
te, hematite, and scarce micrometer size white mica. Chal-
cocite grains fill vesicles and the volcanogenic rock matrix
(Figure SE). The chalcocite grains also were concentrated in
the calcite and along the contact between barite and calcite
veins (Figure 5F). On fractured plans exposed to weathering
or rainfall runoff the recent weathering of Cu-sulfides pro-

duced malachite and azurite (detail of Figure 4D).
Ba content in plagioclase

Plagioclase crystals were analyzed in preserved not albiti-
zed portion and in the albitized portion. We define albitiza-
tion process as leaching or loss of Ca (decalcification) from
part or all of the plagioclase. There is no direct precipita-
tion of albite, only a loss of Ca, changing the composition
of the andesine~labradorite to albite. The EPMA analysis
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*,

Brt: barite; Cal: calcite; Cc: chalcocite; Hem: hematite.

Figure 5. Photos of the barite (A and B) and photomicrograph of the lapilli tuffs from Barite Mine (C and D - cross-polarized light; E and F -
reflected light). (A) White to pinkish barite and aggregates of tabular and prismatic crystals shapes; (B) Barite sample analyzed and detail (inset)
of a crystal separated from Barita Mine; (C) Barite vein cross-cut by calcite vein; (D) Barite vein with inclusion of calcite; (E) Chalcocite dissemi-
nated in lapilli tuffs groundmass; (F) Association of calcite vein and chalcocite. White dashed lines: contact between host rock and barite vein.

of major element compositions of magmatic (andesine-la- Ba content in barite veins

bradorite; Figure 6A) and albitized feldspars (albite; Figure

6B), showed variable Ba contents. The andesine-labradori- Barium concentration in barite veins varied from
te contained 0.11 — 0.14 atomic wt % of Ba while the albite  56.87 — 59.10 atomic wt %, S contents from 13.08 — 14.05
contained less than 0.02 atomic wt % (Supplementary do- atomic wt %, O contents from 26.42 — 27.94 atomic wt %,
cument - Appendix A). and low contents of Sr and Na (Supplementary document
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- Appendix B). The low Sr concentrations (0.02 — 1.01 ato-
mic wt %) indicate a barite-celestine solid solution series.
Trace elements in the barite are dominantly composed by
Na (0.02 — 0.16 atomic wt %) alongside trace amounts of
Si, Mg, AL, K, Ca, Ti, Cu, Mn, and Fe contents, most proba-
bly related to microscopic inclusion of silicates.

REEs content in barite veins

The total concentrations of REEs in barite (XREEs nor-
malized in ppm; Supplementary document - Appendix C)
vary from 3573 — 10293 ppm (927 — 4387 ppm, without
Eu content). The LaN /LuN normalized ratios varied from
0.04 — 0.11. Based on the results, we separated the barites
into two groups. The REEs contents of the Group 1 is due
to different samples with similar patterns (brt2 and brt3). In
contrast, the REEs patterns of the Group 2 show less LRE-
Es (Ce, Pr, and Nd) and HREEs (Dy and Er) than Group 1.
In addition, Group 1 barite has a higher REEs contents that
can indicate a different source.

DISCUSSION

Hydrothermal environment of barite crys-
tallization

Barite crystallization generally occurs through two proces-
ses. The first is the addition of sulfur-rich hydrous or ga-
seous fluid to an aqueous phase rich in Ba ions. The second
involves adding Ba ions to a sulfate-rich fluid (e.g. Hanor,
2000). As early presented, the veins found in the fractured
zone infilled with barite and calcite represent a mineral as-
semblage, as Fontana et al. (2017) have pointed out. Inste-
ad, they suggest an influx of meteoric water. The inclusions
chalcocite-bornite or specular hematite in barite crystals
display redox changes of the aqueous fluids marked by do-

S <
0 cm 0.25 [l == e o
— g S < ,_q’gf--‘_f‘,ffzg "'{;- 7}35- o

minant HS- species changing to an increasing proportion of
SO4* species related to the rise of oxygen fugacity (Fontana
et al., 2019). The precipitation of a large amount of barite
relies to high concentrations of Ba?* and SO+* ions in water
(< 2.5 x 10-5 mol.kg! equivalent to 3.4 mol.kg"' of Ba*
and 2.4 mol.kg! of SO+*) and very low equilibrium cons-
tants (25 to 100 °C: 10°% to 10'°: Lawrence Livermore
National Laboratory, thermodynamic database). However,
if the barite may be easily crystallized in large volumes, it
is likely that the source of barium and sulfur is associated
with volcanogenic rocks (Chow and Goldberq, 1960; Gui-
chard et al., 1979; Ehya, 2012) or seawater (Martinez-Ruiz
et al., 2020). In the former scenario , barite crystallization
could to be related to the plagioclase albitization process
(Ba source) and destabilization of primary sulfides (S sour-
ce) in a shallow environment with a significant contribution
of meteoric fluid as evidenced by an increase of the oxygen
fugacity. In the second case, barium and sulfur occur com-
monly as ion species in seawater.

Estimates of altered whole-rocks and se-
awater needed for barite crystallization

The change of barium content in the andesine-labradorite
(0.12 atomic wt %) to albite, below the detection limit of
barium, indicates leaching of barium from magmatic fel-
dspars during albitization. Barium and sulfur contents of
magmatic feldspars (Lopes et al., 2019) and altered who-
le-rocks (Lopes et al., 2014) from the Seival area and se-
awater (Hogdahl, 1968) were used to calculate how much
volume of these materials is required to form barite. For
magmatic feldspars, the mass of barium in the andesine-
-labradorite was estimated to be 0.322 g of Ba in one mole
of feldspar [= 0.12 atomic wt % (proportion of Ba in the
andesine-labradorite) x 268.62 g.mol! (M(andesine))]. In
one mole of barite, there was a mass of 137.32 g of ba-

And-lab: andesine-labradorite.

Figure 6. Photo and micro photos of plagioclase in the thin section. (A) Parallel polars micro photo of igneous plagioclase phenocrysts from
andesitic dike with phenocrysts of original plagioclase (andesine-labradorite) in the center and altered plagioclase (albite) in the boundaries; (B)
Backscattered electron image showing a detail of the plagioclase with the central portion with andesine-labradorite and an altered portion of
albite composition from andesitic dike.
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rium [= 0.5884 (proportion of Ba in barite) x 233.39 g.mol"!
(M(barite))]. To precipitate one mole of barite, 426 moles
of feldspar (andesine) (= 137.32/0.32) would be required.
These 426 moles of andesine represent 115 kg (= 426 mol
x 268.62 g.mol™) which is equivalent to a volume of 4.41
x 102 m? of feldspar [=115 kg/2600 kg.m™ (the volume-
tric mass of andesine)]. In seawater, one mole of seawater
contains of 1.44 x 10 to 5.58 x 10* g of Ba [= 0.0008 to
0.0031 (atomic wt %) x 18.01 g.mol" (M(H20))] (Hogdahl,
1968). A quantity of 2.46 x 10° to 9.53 x 10° mol of seawa-
ter [=137.32/(1.44 x 10 to 5.58 x 10*)] would be required
to precipitate one mole of barite, which corresponds to a
mass of 4.43 x 109 to 1.72 x 107 g of seawater [= (2.46 x
10° to 9.53 x 10° ) x 18.01 g.mol']. Given a volumetric
mass of seawater of 1025 kg.m?, a volume of 4.32 — 16.7
m3 [=(4.43 x 10°to 1.72 x 107 g)/1025 g.L'] of seawater is
required to precipitate one mole of barite. Similar to Ba, the
mass of S in the altered whole-rocks (Lopes et al., 2014)
from the Seival was used to estimate the amount of sulfide
(in moles) required to produce one mole of barite (Supple-
mentary document - Appendix C). These calculations re-
vealed that 13 moles of whole-rock or (96.063 g of SO4 in
one mole of barite/ typical concentration of SO4 in seawater
2.649 g. L") or 36.26 L equivalent to 2014.66 moles (36.26
L x 55.55 mol. L) of seawater would be needed to precipi-
tate one mole of barite.

In each calculated case, the low concentration of Ba in
feldspars and volcanic rocks and sulfur in seawater are the
limiting concentrations to form barite. However, the com-
parison of the Ba and S components delivered by feldspars
and seawater indicates that feldspar-whole-rocks supply for
more Ba and S components than seawater. Consequently,
one mole of barite is more easily precipitated from feldspar
or whole-rock with feldspar and sulfide (4.41 x 102 m?)
than from seawater (4.32 — 16.7 m?®). The lack of the total
amount of barite in the area, limits further interpretation,
which consists of calculating the total volume of altered
volcanic rocks in the area or the total volume of seawater
circulation.

Source of rare earth elements in the barite

As mentioned in sections 5.1 and 5.2, barite crystallization
occurs so simple that Ba and S can either come from the
volcanogenic rock or from seawater incursion. Thus, the
Therefore, REEs geochemistry in barite has been used in
the literature to reconstruct the origin of trace elements
in this mineral (e.g. Hogdahl et al., 1968; Guichard et al.,
1979; Barrett et al., 1990; Martin et al., 1995; Ehya, 2012).
The REEs analyses of barite (Group 1) from Seival area
with Ce/La averaging 1.7 (not normalized calculi; Supple-
mentary document - Appendix C) are similar to those me-
asured in barite from continental areas (Guichard et al.,
1979; Barrett et al., 1990; Martin et al., 1995) while lower
Ce/La ~ 0.35 ratio barite would form in the absence of
seawater contribution (Goldberg et al., 1969; Church and

Bernat, 1971; Guichard et al., 1979) or precipitate from
acidic waters (pH < 6; T > 230 °C) in submarine hydro-
thermal vents (Michard et al., 1989). These characteristi-
cs of Ce/La combined with stable-isotope interpretations
(Fontana et al., 2019) suggest an influx of meteoric water
in the Seival area or several types of magmatic rocks, con-
tinental or from submarine hydrothermal vents. Similar
REEs distributions are found in various deposits as from
Bahariya Oasis, southern Egypt (Baioumy, 2015). The
high concentrations of REEs measured in the Seival area
are interpreted as a product of hydrothermal alteration of
volcanic rocks.

For the interpretation of fluid composition, REEs
contents in water needs to be calculated. However, no ex-
perimental study has presented the partition coefficient of
lanthanides in water in association with barite. However,
numerous studies have been conducted on gypsum in vol-
canic lakes (Inguaggiato et al., 2015, 2017), seawater (Cen-
si et al., 2004, 2017), the mixture of seawater and meteoric
water in a volcanic context (Johannesson et al., 2017), or
sulfate-rich fluids (Schijf and Byrne, 2004). The latest study
on REEs partition coefficient (Kd) and sulfate is associated
with gypsum crystallization in the brine of a volcanic lake
(Inguaggiato et al., 2018). The REEs partition coefficient
(Kd REEs gypsumbrine) in the gypsum/brine system increased for
La (Kd La gypsum/brine Ca. 16) to Nd (Kd Nd gypsum/brine Ca. 24) and
decreased for Sm (Kd sm gypsumrine ca. 19) to Lu (Kd Lu gypsum/
prine €a. 3). The Kd for Yb is currently unknown. Assuming
a similar REEs partition coefficient for barite and gypsum,
the REEs content in water varies from 473 — 834 and 241
— 443 ppm for Group 1 and Group 2 barite crystals, respec-
tively. The ZREEs was calculated without Europium due
to a potential overestimation caused by BaO* (see Supple-
mentary document - Appendix C). Based on the total con-
centration calculated of REEs contents in water and their
elemental Ce/La ratios, it can be inferred that the origin of
REEs for barite crystallization cannot be from seawater or
evaporated seawater (Hogdahl, 1968; Li, 1982).

The high REEs content and REEs patterns of the fluid
suggest that the REEs are derived from altered whole ro-
cks. This may be the result of meteoric fluids (Fontana et
al., 2017) oxidizing magmatic-volcanic rocks and dissol-
ving H>S which is then transformed into SO+ (Seal I,
2006; Hoefs, 2009).

Except for HREEs (Yb and Lu), the REEs contents
of water in equilibrium with Group 1 barite, including brt2
and brt3, produce REEs patterns (see Figure 7A) that are
parallel to those of whole rocks or andesine-labradorite rich
material., It is suggested that REEs present in fluids and ba-
rite are derived from altered volcanic rocks. Nevertheless,
the overall concentration of REEs in water, excluding Eu,
surpasses that of the encompassing whole-rocks as well as
andesine-labradorite or albite (XREEs andesine-labradorite
~ 20 ppm and XREE:s albite ~ 40 ppm; Lopes et al., 2019).

Considering previous calculations suggesting that me-
teoric-hydrothermal alteration of volcanic rocks is easier
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than seawater circulation in the Seival area. All calcula-
tions obtained with Group 2 (low REEs content) did not
converge to realistic solution for the mass balance of rocks
and meteoric water. These unrealistic calculations indicate
either erroneous partition coefficients of distribution REEs
used for barite and fluid, or REEs variation related to inclu-
sions of calcite and hematite in barite (REEs in calcite and
hematite). Another explanation is a fluid migration from an
area distant from the Seival such as a regional aquifer. The
higher REEs contents (Figure 7B) of barite group (brtl)
and liquid in Group 2 with low Ce/La ratio may suggest a
different mixture than the Group 1 (REEs high content) and
calculations succeed in finding several solutions with large
errors. The most realistic solutions show a dominant frac-
tion of meteoric water (99.97 — 99.99 %) and traces of rock
(0.03 — 0.01%). In this case, the calculations include 8965
— 8878 volume of meteoric water and 1.1 — 2.8 volumes of
pyroclastic rock (RFM48) and lamprophyric dike (LP225),
respectively. Moreover, the calculation does not explain all
the REEs in barite such as Gd, Nd, Sm, and Dy elements.
These calculations reveal: i) a barite REEs composition
possibly related to of pyroclastic rock (RFM48) or of lam-
prophyre dike (LP225) alteration, and ii) uncertainties rela-
ted to the large volume of meteoric water and an accumu-
lation of REEs in this water. This unrealistic accumulation
of REEs has to be due to a low-temperature evaporation
or hydrothermal boiling processes that increase major and
trace elements in the residual water. Evaporation or hydro-
thermal boiling increases the content of major elements
such as Ba* and SO+* ions. Due to evaporation-hydrother-
mal boiling of water, the estimation of Ba and S through
the composition of whole-rocks and plagioclase is likely
overestimated. The REEs composition (Figure 7B) and cal-
culations, despite the uncertainties, indicate distinct episo-
des of barite crystallization for Group 1 (rich in REEs; with
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Ce/La approximately 1.7) and Group 2 (poor in REEs; with
Ce/La approximately 0.6). The source of REEs in Group 2
barite remains unclear. One possibility is low-temperature
precipitation associated with fluid flow within a regional
aquifer, providing a potential source of REEs, Ba, and S
for these barites.

CONCLUSIONS

The presence of barite, hematite, and calcite veins in-
dicates the dominance of fluids with SO+* ions and re-
presents the most recent low-temperature hydrothermal
activity. This cooling trend and transition of HS2 to HS
and SO+* -rich fluids can be linked to the intermixing of
magmatic and meteoric hydrothermal water, which has
been observed in comparable deposits from Camaqua
Basin by Bongiolo et al. (2011) and Renac et al. (2014).
In the Seival area, the transition from magmatic to me-
teoric fluid is linked to albitization and chloritization of
volcanogenic deposits, which have copper-rich sulfides
and barite. The inferred barite crystallization temperatu-
re (<157 °C) implies fault reactivation and penetration of
meteoric-hydrothermal water. The Ba, S, and REEs che-
mical contents in barite and the absence of a Ce anomaly
confirm that magmatic rocks and hydrothermal meteoric
water interacted, rather than seawater. Calculation sug-
gest that each mole of barite, was produced by alteration
of 426 moles of andesite-labradorite from nearby volcanic
rocks. The REEs mass balance confirms that barite, with
higher REEs contents (Group 1), derives from alteration
of pyroclastic rock (RFM48) or possibly lamprophyric
dike (LP225; Lima and Nardi, 1998), while no realistic
solution was found for Group 2. The balance between
REEs from meteoric water, and magmatic rocks is taken
into account. The ability to distinguish "parent minerals"
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Figure 7. REEs of patterns normalized to chondrite (McDonough and Sun, 1995). (A) Comparison between Group 1 and Group 2 barite com-
positions, andesine-labradorite, albite, whole-rocks, andesitic dike, lamprophyric dike, and monzonite patterns. Data in green (*) from Lopes
et al. (2014), gray and dark gray (**) from Lopes et al. (2019), and purple, pink and orange lines (***) from Lima and Nardi (1998) are plotted for
comparison purposes. (B) Two patterns of barite with REEs enrichment, Group 1 and Group 2.
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of barite with chemical compositions or the influence of a
lamprophyric dike can aid in distinguishing active hydro-
thermal cells with potential base metal enrichment barite
(Group 1) from barite (Group 2) that could be a result of a
regional aquifer. Therefore, the major element and REEs
compositions in barite represent a geochemical finger-
print of intense circulation and may serve as an indicator
of the spatial correlation between mixing magmatic and
meteoric fluids in an epithermal system.
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