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ABSTRACT

In the central portion of the Ribeira fold belt, southeastern Brazil, the Mesoproterozoic
volcanosedimentary Serra do Itaberaba Group was deposited in an ocean basin having
normal mid-ocean ridge basalt type basalts that evolved to a back-arc environment. This
succession was affected by two medium-grade regional metamorphic events and a third
low-grade retrometamorphic event. This geological map covers an area of approximately 16
km?, between 23°16'41.824” and 23°18'47.744" latitudes S, and 46°20'57.056” and 46°
23/18.933” longitudes W, as a scale of 1:5000. It encompasses the metamorphic products of
tectonically deformed paleohydrothermal systems that developed in a back-arc environment,
which are spatially and genetically linked to small metamorphosed andesitic-rhyolitic bodies.
These systems were responsible for lixiviation of Ca and alkali in deeper parts,
carbonatization in shallower parts, and a first large chloritic alteration zone (CZ1) that was
crosscut by small chloritic (CZ2), silicification, and advanced argillic alteration zones. The
metamorphic products of CZ1 are cummingtonite/anthophyllite rocks, whereas those related
to CZ2 are Mg-rich chloritites. The metamorphic products of silicification and advanced
argillic alteration zones are rocks composed of quartz+ specularite and of corundum,
margarite, sericite, tourmaline, rutile, and Ca-plagioclase, respectively. Those associated with
Ca and alkali depletions are garnet-hornblende amphibolites, whereas those related to
carbonatization zones are composed of diopside, hornblende, tremolite/actinolite, carbonate,
clinozoisite/epidote, plagioclase, and quartz. Cummingtonite/anthopyllite rocks and Mg-rich
chloritites are similar to those associated with metamorphosed Kuroko-type volcanogenic
massive sulfide deposits, whereas rocks composed of corundum, margarite, sericite,
tourmaline, rutile, and Ca-plagioclase are genetically associated with oceanic high-sulfidation
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magmatic-hydrothermal gold mineralization.

1. Introduction

In the central portion of the Ribeira fold belt (Almeida,
Amaral, Cordani, & Kawashita, 1973), southeastern Bra-
zil, the Mesoproterozoic volcanosedimentary Serra do
Itaberaba Group (Juliani, 1993; Juliani & Beljavskis,
1995; Juliani, Hackspacher, Dantas, & Fetter, 2000)
crops out (Figure 1), and is partially covered by the Neo-
proterozoic Sdo Roque Group, which corresponds to a
metamorphosed mainly siliciclastic succession (Hack-
spacher, Dantas, Spoladore, Fetter, & Oliveira, 2000;
Hackspacher, Juliani, Fetter, & Dantas, 2001). Both
groups were intruded by several Neoproterozoic to
Lower Paleozoic granitoids and affected by several NE—~
SW-trending shear zones (Almeida et al., 1973, 1981).
The Serra do Itaberaba Group was deposited in an
ocean basin having normal mid-ocean ridge basalt
(N-MORB) that evolved to a back-arc environment
(Juliani, 1993; Juliani & Beljavskis, 1995; Juliani et al.,
2000). Rocks from this group were affected by two pro-
gressive regional metamorphic events, the first during
the Mesoproterozoic and the second during the

Neoproterozoic, which record clockwise P-T-t paths
with T and P corresponding to 490-650°C, 47 kbar
and 500-580°C, 4—4.7 kbar, respectively. These events
were followed by retrometamorphism in the greens-
chist facies (Juliani et al., 2000; Juliani, Pérez-Aguilar,
& Martin, 1997). The Serra do Itaberaba Group
comprises, from the bottom towards the top, the
Morro da Pedra Preta, Jardim Fortaleza, Nhangucu,
and Pirucaia formations (Juliani et al, in press)
(Figure 2).

In the upper part of the Morro da Pedra Preta
Formation, during the back-arc evolution, the empla-
cement of small shallow andesitic-rhyolitic bodies
was responsible for the activity of paleohydrothermal
systems that affected rocks before metamorphic events
(Figure 3). Large chloritic alteration zones (CZ1) devel-
oped surrounding feeder zones, which are crosscut by
small chloritic (CZ2), silicification, and advanced argil-
lic alteration zones (Pérez-Aguilar, 1996, 2001; Pérez-
Aguilar, Juliani, & Martin, 2000; Pérez- Aguilar, Juliani,
& Monteiro, 2007; Pérez-Aguilar, Juliani, Monteiro,
Fallick, & Bettencourt, 2005; Pérez-Aguilar et al.,

CONTACT Annabel Pérez-Aguilar @ annabel.perez.aguilar@gmail.com
© 2016 Annabel Pérez-Aguilar


http://orcid.org/0000-0003-2476-5502
http://orcid.org/0000-0002-0128-993X
mailto:annabel.perez.aguilar@gmail.com
http://www.tandfonline.com/loi/tjom20
http://www.tandfonline.com

102 (&) A.PEREZ-AGUILAR AND C.JULIANI

—+ o248
4530W 0 20km

\:] Neogene and Quaternary

Parana Basin

- Mesozoic Alkaline rocks

- Granites

i:] Sao Roque Group

[ ] serra do Itaberaba Group
|:| Amparo, Itapira, and Paraiba do Sul Groups
[ | Agungui Domain

- Embu Domain
|:| Costeiro Domain
_~" Principai shearing zones

Figure 1. Regional geological map, showing the location of Figure 2 (modified after Sachs & Morais, 1999; based on Perrotta et al.,

2005).

2011) (see Main Map). Lixiviation of Ca and alkali
(Mm6GHA) occurred in deeper parts, which was
associated with Ca enrichments in shallower parts
(Mm12CAR). Metamorphosed Algoma-type banded-
iron formations (BIFs), sulfide-rich metapelites, and
gold mineralization are also genetically and spatially
related with hydrothermal activity (Beljavskis,
Garda, & Juliani, 1993; Beljavskis, Juliani, Garda,
Xavier, & Bettencourt, 1999; Garda, Beljavskis,
Juliani, & Boyce, 2002; Pérez-Aguilar et al., 2011).
Tectonic deformations resulted in disruption and

dislocation of the original hydrothermal altered
rocks. The ZCl1 and ZC2 were parallelized to the
structures generated by tectonic deformation, but
mainly to those related to the second deformation
phase (S,). However, its roots are discordant and
cut bedding (So) inferring that the geometry of
these zones broadly corresponds to inverted cone
shapes that flare upward (Figure 3).

The metamorphic products of variable hydrother-
mally altered basic, intermediate, and acid igneous
and volcaniclastic rocks related to CZ1, including

Neogene
[] s@o Paulo Basin sediments

Neoproterozoic to Lower Paleozoic
JE Strike-slip and thrust faults
- Porphiritic Suite Granitoids
[ Non Porphiritic Suite Granitoids
Neoproerozoic
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[] Nhangugu Formation
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Iron Formation
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- Metamafic rocks and metatuffs
[ Metagranitoids

Igaraté Complex

Figure 2. Geological map of the Itaberaba and Pedra Branca hills showing the location of the mapped area within the black square
(Juliani, 1993, with modifications introduced by Juliani et al., in press).
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Nhangucu Formation

Figure 3. Lithostratigraphic column of the Morro da Pedra Preta, Jardim Fortaleza, and Nhangucu formations showing the original
relationships between the different lithologies that constitute these formations and the schematic distribution of the alteration
zones across lithostratigraphy, within the Morro da Pedra Preta Formation, before metamorphism. Alteration zones, as well as
the other lithostratigraphic units, are associated with the metamorphic lithological units of the geological Main Map. (1) Basic vol-
canic rocks — Mm1, (2) basic to intermediate breccias — Mm2, (3) basic to intermediate tuffs — Mm2, (4) tuffites — Mm3, (5) inter-
mediate to acid igneous rocks — Mm4, (6) marls — Mm5, (7) andesite to rhyolites associated to hydrothermal alteration processes, (8)
Ca and alkali depleted basic rocks — Mm6GHA, (9) weakly altered coarse-grained tuffs related to a first chloritic alteration event -
Mm7CZ1, (10) first chloritic alteration zone — Mm8CZ1, Mm9CZ1, Mm10CZ1, (11) second small chloritic alteration zone — Mm11CZ2,
(12) carbonatized basic to intermediate tuffs, breccias and volcaniclastic rocks — Mm12CAR, (13) small silicification zone and
advanced argilic alteration zone - Mm13SIL, (14) volcanogenic massive sulfide mineralization, (15) sediments — Mj1, (16) organic
matter-rich sediments — Mj2, (17) rhythmic sediments with alternating quartz-rich and clay-rich layers — Mj3, (18) Fe/Mn-rich sedi-

ments — Mn1, and (19) Al-rich sediments — Mn2.

weakly, transitional, moderately, and strongly hydro-
thermally altered rocks (Mm7CZl1, Mm8CZI,
Mm9CZ1, Mml0CZ1; see Figure 3), encompass
rocks with the typical presence of Mg-amphibole(s),
which are referred to as cummingtonite/anthophyllite
rocks (Figures 4(a) and 5).

Despite the different original compositions of
altered rocks, the metamorphic products of weakly
altered rocks can be identified by the presence of
small amounts of cordierite and/or cummingtonite
or gedrite. Transitional rocks typically have two or
more coexistent amphiboles (hornblende, hornble-
nde/actinolite, actinolite, cuammingtonite, or gedrite)
and small amounts of cordierite and garnet may be
present. Moderately altered rocks show total replace-
ment of hornblende by anthopyllite and/or cumming-
tonite. Rocks may be garnet-free or garnet-bearing
and cordierite, chlorite, and plagioclase may be
present. Strongly altered rocks typically have radiate
clusters of coarse-grained Mg-amphibole(s) (cum-
mingtonite, anthophyllite, or gedrite) and Mg-cordier-
ite poikiloblasts, and in addition variable amounts of
almandine pokiloblasts may be present (Pérez-
Aguilar, 1996, 2001; Pérez-Aguilar et al., 2007) (Figure
4(a)). A complete alteration profile can be seen in
Figure 5. The metamorphic products of CZ2 include
moderately and strongly altered tuffs (Mm11CZ2)
that are referred to as Mg-rich chloritites. Moderately
altered tuffs comprise rocks mainly composed of Al-
rich hornblende and Mg-chlorite, which may have
garnet. Strongly altered tuffs are mainly composed
of  Mg-chlorite, garnet, and cummingtonite
(Figure 4(b)).

Rocks from CZ1 and CZ2 are similar to those
described as associated with metamorphosed volcano-
genic massive sulfide deposits (e.g. Chinner & Fox,
1974; Dobbe, 1994; Elliot-Meadows & Appleyard,
1991; James, Grieve, & Pauk, 1978; Pan & Fleet,
1995; Riverin & Hodgson, 1980; Roberts, Oliver,
Fairclouch, Holitd, & Lahtinen, 2003; Vallance, 1967).

The metamorphic products of silicification and
advanced argillic alteration zones (MmI3SIL) are
rocks composed of quartz + specularite and of variable
amounts of corundum, margarite, sericite, tourmaline,
rutile, and Ca-plagioclase, respectively (Pérez-Aguilar
etal., 2011) (Figure 4(c)). Those related to carbonatiza-
tion zones are rocks composed of variable amounts of
diopside, hornblende, tremolite/actinolite, epidote/
clinozoisite, carbonate, plagioclase, and quartz
(Mm12CAR) (Figure 4(d)). Silicification and advanced
argillic alteration zones are genetically associated with
oceanic high-sulfidation magmatic-hydrothermal gold
mineralization (Juliani, Schorscher, & Pérez-Aguilar,
1994; Pérez-Aguilar et al, 2011), the latter do not
appear at the scale of the map.

In the Morro da Pedra Preta Formation there are
also units mainly composed of metabasites (Mml),
basic to intermediate metatuffs and metabreccias
(Mm?2), metatuffites (Mm3), metamorphosed inter-
mediate to acid igneous rocks (Mm4), and calc-silicate
rocks (Mm5) (Figure 3).

Units mainly composed of muscovite-biotite schists
(Mj1), graphite schists (M;j2), and rhythmic schists
with alternating quartz-rich and muscovite- and/or
biotite-rich layers (Mj3) were distinguished within
the Jardim Fortaleza Formation (Figure 3). In the
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Figure 4. Metamorphosed samples of: (a) a strongly altered rock from CZ1 of original intermediate composition, which is mainly
composed of cummingtonite, anthopyllite, cordierite, and garnet; (b) a strongly altered tuff from CZ2 of original basic composition
that is mainly composed of Mg-chlorite, cummingtonite, and garnet; (c) an advanced argillic alteration zone predominantly com-
posed of corundum, margarite, and sericite with small amounts of Ca-plagioclase, tourmaline, and rutile; (d) a carbonatized tuff,
dark-green areas correspond to preserved parts of a basic metavolcaniclastic rock, which was substituted by a rock mainly com-
posed of carbonate, tremolite/actinolite, epidote/clinozoisite, plagioclase, and quartz; a, b, and d from Pérez-Aguilar et al. (2007).

Figure 5. Outcrop of intermediate-composition metavolcanicalastic rocks encompassing variable hydrothermally altered lithotypes
related to CZ1: (1) weakly altered rocks, (2) transitional altered rocks with hornblende predominating over cummingtonite, (3) tran-
sitional altered rocks with cummingtonite predominating over hornblende, (4GF) garnet-free and (4GB) garnet-bearing moderately
altered rocks, and (5) strongly altered rocks. Dark lines represent boundaries between different altered lithotypes (Pérez-Aguilar
et al., 2005).

Nhangu¢u formation iron-manganiferous schists  first and second deformation phases (S; and S,) that

(Mn1) and muscovite-chlorite schists with andalusite
porphyroblasts (Mn2) (Figure 3) were separated.

The Sao Roque Group is represented by the Estrada
dos Romeiros Formation (Nel) (Juliani et al., in press)
that is mainly composed of rhythmic schists with alter-
nating quartz-rich and sericite/chlorite-rich layers. Neo-
proterozoic to Lower Paleozoic granitic rocks are present
(N¥1), as well as Quaternary alluvial sediments (Q).

Related to rocks from the Serra do Itaberaba Group,
plotted on the map are attitudes of bedding (Sy), of the

developed under prograde metamorphism, and the
third deformation phase (S;) that developed under ret-
rograde metamorphism.

In the area massive sulfide deposits have not yet
been found, although soil geochemical anomalies of
copper and zinc have been identified (Juliani, 1993).
The aim of this work is to present a detailed geological
setting where the principal bodies of metamorphosed
hydrothermally altered rocks outcrop within the
Serra do Itaberaba Group, in order to better



understand the geological setting, as well as strati-
graphic and contact relations with other lithotypes.

2. Materials and methods

Within the area comprised by 23°16'41.824” and 23°
18'47.744" latitudes S, and 46°20'57.056” and 46°
23'18.933” longitudes W, covering an area of approxi-
mately 16 km?, fieldwork was carried out in order to
produce a 1:5000 scale geological map. All roads, drai-
nages, and several trails were covered. A higher density
of outcrops were described where the main bodies of
hydrothermally altered rocks outcrop, including adja-
cent areas, in order to better establish the geometry of
bodies, as well as stratigraphic and contact relations.
A total of 696 outcrops were described and information
on 55 outcrops collected by Juliani (1993) was also used.

Field data were transferred to a 1:5000 topographic
map from the study area, which was built up expanding
the Serra do Itaberaba, Pedra Branca, Vasconcelandia,
and Itaberaba topographic maps available as a scale of
1:10000 (sheets 85/109, 85/110, 86/109 from the Insti-
tuto Geografico e Cartografico, IGC, and sheet 4423
from the Empresa Paulista de Planejamento Metropoli-
tano, EMPLASA, both from Sao Paulo State). A total of
320 rock samples were collected during fieldwork from
which 140 petrographic thin sections were made and
described, in order to better understand the hydrother-
mal alteration processes and contact relations.

3. Conclusions

Long-lived  premetamorphic  paleohydrothermal
systems were characterized in the Mesoproterozoic
volcanosedimentary Serra do Itaberaba Group that
outcrops in southeastern Brazil. Systems developed
during emplacement of andesitic-rhyolitic bodies in
an evolving back-arc environment and encompass
the tectonic deformed metamorphic products of Ca
and alkali depleted basic rocks (garnet-hornblende
amphibolites) and of chloritic (cummingtonite/antho-
phyllite rocks and Mg-rich chloritites), silicification
(rocks composed of quartz * specularite), advanced
argillic (rocks composed of corundum, margarite, ser-
icite, tourmaline, Ca-plagioclase, and rutile), and car-
bonatization (rocks composed of hornblende,
diopside, tremolite/actinolite, clinozoisite/epidoto, car-
bonate, plagioclase, and quartz) zones.

Despite those related to advanced argillic alteration
zones, the metamorphic products of the other hydro-
thermal alteration zones could be represented in a geo-
logical map of metamorphic rocks deriving from
paleohydrothermal systems at a scale of 1:5000.

The identification of the metamorphic products of
paleohydrothermal systems, similar to those associated
with Kuroko-type base metal and gold mineralization
(e.g. Ishihara, Kanehira, Sasaki, Sato, & Shimazaki,
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1974; Shikazono, 2003), expands the potential for
base metal and gold deposits within the Serra do Ita-
beraba Group and the metamorphosed volcanosedi-
mentary successions from the Ribeira fold belt. In
this context, activity of black smokers was responsible
for the presence of metalliferous sediments within the
back-arc environment (e.g. Fouquet et al., 1991).

During fieldwork the identification of cummingto-
nite/anthophyllite rocks, Mg-rich chloritites, and
rocks composed of corundum, margarite, sericite, tour-
maline, plagioclase, and rutile can be used as explora-
tion guides in these successions, in order to support
prospecting work.

Software

The geological 1:5000 map was first drawn on paper,
after which it was scanned and georeferenced in
order to produce the geological map and coupled pro-
file using Esri ArcGIS 10.2. The digital elevation model
(DEM) was built using the digital surface model from
EMPLASA (2010) with a spatial resolution of ca. 1 m.
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