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ARTICLE INFO ABSTRACT

The Serra das Pipocas Greenstone Belt is one of the rare Paleoproterozoic greenstone belts within the Borborema
Province. It is on the west border of the Archean/Paleoproterozoic Nucleus (Cruzeta and Mombaca Complex) of the
Cearé Central Domain, northern portion of the Borborema Province. The Serra das Pipocas Greenstone Belt has an
elongated sigmoidal shape encompassing about 1000 km? of the Ceard Central Domain. It consists of a meta-
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1(\;/[:;:::::; volcanosedimentary sequence formed by metasedimentary psammitic-pelitic-marly rocks and interleaved me-
Geochmnolg;y taultramafic and metamafic rocks, represented by chlorite-anthophyllite-actinolite/tremolite schists and amphi-

bolites. Layers of metatuffs, metabasic, meta-acid sills (metadacites), metacherts, gondites and banded iron
formations occur within the metamafic rocks. Actinolite, metagabbro, metadiorite bodies, metabasic dike,
Neoproterozoic metagranodiorites and leucogranites crosscut the metavolcanosedimentary sequence. Close to the
borders of metagranodioritic bodies (zircon U-Pb 2181 + 4.4 Ma), the metavolcanosedimentary sequence is
hydrothermally altered. The metaultramafic rock (chlorite-anthophyllite-actinolite/tremolite schist) contains high
MgO (> 18 wt%), low alkali (=1 wt%) and TiO, (< 0.8 wt%) and Al,03/TiO, ratios between 9.94 and 27.26,
with a mean value of 17.13. Values of (Gd/Yb)y vary between 1.00 and 1.88, which attest affiliation with ko-
matiite protoliths, between the Munro and Barberton types. The amphibolites are usually fine-grained and de-
pleted in IREE (33.14-45.02 ppm), with low (La/Yb)cy values (0.74-3.82). This reflects weak LREE enrichment in
relation to HREE, and no Ce and Eu anomalies [(Eu/Eu*),, between 0.98 and 1.04]. Such patterns are similar to T-
MORB (1.7-4.3). Additionally, some mafic-ultramafic metaplutonic rocks present chemical composition similar to
their volcanic counterparts, and this may indicate cumulates or sills contemporary to this sequence. Zircon U-Pb
dating using LA-ICP-MS of three distinct metadacite occurrences (western border: 2234 *+ 13 Ma, eastern border:
2212 + 13 Ma, and central portion: 2156 + 45Ma) and metagranodiorites (2181 * 4.4 Ma) indicates that the
sequence was formed during the Rhyacian/Orosirian and later affected by late Neoproterozoic.

1. Introduction

Paleoproterozoic metavolcanosedimentary sequences of the green-
stone belt type are recorded in several cratonic domains worldwide,
within extensional or intracratonic tectonic basins of the back-arc type.
Some examples are the Eburnean-Birimian Greenstone Belt of the West
African Craton (Baratoux et al., 2011; Kock et al., 2011); the Vila Nova
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do Escudo, Pastora-Barama Mazaruni, and Paramaka das Guianas
greenstone belts of the Amazonian Craton (Vanderhaeghe et al., 1998;
Rosa-Costa et al., 2006; McReath and Faraco, 2006); metavolcanose-
dimentary sequences of the Aurizona Group of the S3o Luis Craton
(Klein et al., 2005, 2008), and the Rio Itapicuru and Rio Capim
greenstone belts of the Sdo Francisco Craton (Silva et al., 2001; Mello
et al., 2006; Costa et al., 2011; Oliveira et al., 2011). In the Borborema
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Fig. 1. A. Borborema Province location in South American Plate. B. Pre-drift reconstruction of NE Brazil and NW Africa in late Neoproterozoic and early Paleozoic
time (Caby, 1989). C. Septentrional Borborema Subprovince and location of the study area in the Archean Nucleus of the Ceard Central Domain (modified after
Cavalcante, 1999; Brito Neves et al., 2000; Delgado et al., 2003; Arthaud et al., 2008; De Wit et al., 2008). Main shear zones: TBSZ, Transbrasiliano (Sobral- Pedro II);
TSZ, Taud; SISZ, Sabonete- Inharé; SPSZ, Senador Pompeu; OSZ, Orés; JSZ, Jaguaribe; PASZ, Portalegre; JCSZ, Jodo Camara; ASZ, Aiuaba; FBSZ, Farias Brito; PSZ,

Patos. RGF, Rio Groairas fault.

Province the Algoddes supracrustal sequence (Martins et al., 2009;
Costa et al., 2015), the Serra Caiada Greenstone (Dantas, 2009) and, in
Sado Francisco Craton, the Mundo Novo Greenstone Belt (Barbuena,
2017) are highlighted.

In the Ceara state, the main Archean/Paleoproterozoic nucleus that
encompasses such metavolcanosedimentary sequences is located in the
central-southern portion of the Ceard Central Domain (CCD) (Fig. 1).
This domain was initially named Troia Massif by Brito Neves (1975a,b).
Arthaud et al. (2008) divided it as Cruzeta and Mombaca Archean

complexes, both constituted by migmatized grey orthogneisses ex-
hibiting compositional banding with the predominance of tonalitic/
granodioritic bands over granitic bands. According to Fetter (1999),
these rocks yielded U-Pb ages in the 2.8-2.7 Ga interval, and Sm-Nd
model ages between 2.9 and 3.04 Ga and negative eyq. Aratjo et al.
(2017) obtained U-Pb zircon ages between 2.85 and 2.77 Ga for the
protolith of the Mombaca Complex Gneisses.

According to Caby and Arthaud (1986), Caby et al. (1995) and
Arthaud et al. (2008), boudins of layered or massive mafic-ultramafic



bodies are frequent in these terranes, some of which mineralized in
stratiform chromite and PGEs. Minor occurrences of supracrustal rocks
are constituted by thin lenses of banded iron formation, associated with
amphibolite, tourmalinite, paragneiss that, together with the orthog-
neiss, constitute the greenstone-gneiss association.

The Paleoproterozoic terranes surround the Archean block in an ir-
regular shape. They include several lithologic associations grouped in
three distinct units (e.g. Arthaud et al., 2008): i) a gneissic-migmatitic
complex, dominated by orthogneisses of tonalitic to granodioritic com-
position, yielding U-Pb zircon ages between 2.11 and 2.19 Ga (Fetter,
1999); ii) the Madalena Suite, represented by quartz-dioritic rocks
yielding U-Pb ages between 2.15 and 2.2 Ga (Castro, 2004), and iii) the
Algododes Unit, characterized by supracrustal sequences constituted by
basic metavolcanic rocks (amphibolites and garnet amphibolites), me-
taultramafic rocks of tholeiitic nature, with exq values (at 2.0 Ga) from
7.6 to 7.9, and whole-rock Sm-Nd isochron of 2.06 = 0.1 Ga, besides a
variety of metasedimentary rocks, including iron and manganese for-
mations (Arthaud and Landim, 1995; Martins et al., 2009; Arthaud et al.,
2008). Fetter (1999) and Fetter et al. (2003), noted that the Paleopro-
terozoic intrusive terranes resulted from the accretion of island arcs (ages
between 2.1 and 2.15 Ga) around a small Archean nucleus.

Pinéo and Costa (2013) and Costa et al. (2015), using airborne
geophysical, geochemical and geochronological data, proposed new
limits between the Neoarchean/Paleoproterozoic nucleus and the Pa-
leoproterozoic Ceard Central Domain Gneissic Complex. As a result, an
increase in the area of Paleoproterozoic terranes and Archean terranes
were observed (Fig. 2).

The Serra das Pipocas Greenstone Belt (SPGB) is located in the CCD
central-southern portion, within the Cruzeta gneissic-migmatitic com-
plex. Cavalcante et al. (2003) also included SPGB in the Cruzeta
Complex, referring to it as Troia Unit of Archean age. It is composed of
metagabbros, metabasalts, metaultramafic rocks, metadiorites and
basic metatuffs associated with schists, metacherts, iron formations and
kyanite-bearing mica schists.

Albano and Sousa (2005) and Rosa Junior (2012), based on pre-
liminary petrographic and geochemical analyses, attributed metabasaltic
komatiitic affiliation to the metaultramafic rocks. Together with the host
rocks, the sequence was named Serra das Pipocas Greenstone Belt.

This paper presents a summary of the main geological, petrographic,
geochronological and geochemical features of the lithological associa-
tions, in particular of the metaultramafic rocks, which characteristics are
quite similar to those of the Paleoproterozoic greenstone belt sequences.

2. Regional setting

Serra das Pipocas Greenstone Belt (SPGB) is located in the Ceara
Central Domain, Northern portion of Borborema Province (Fig. 1),
which is interpreted as a complex region of tectono-stratigraphic do-
mains affected by several tectono-metamorphic episodes, between the
Archean and the Neoproterozoic (Almeida et al., 1977, 1981; Arthaud
et al., 2008; Ganade et al., 2016; Costa et al., 2018).

Three tectonic segments or terranes are individualized in the
Borborema Province, according to geologic and geochronological
characteristics. They are limited by two EW-trending, dextral mega-
transcurrent faults (Patos and Pernambuco lineaments) that divide the
Borborema Province in the Septentrional Borborema, Transversal Zone
and Meridional Borborema subprovinces (Van Schmus et al., 1995;
Arthaud, 2007).

The Septentrional Borborema Subprovince is located north of the Patos
Lineament and encompasses the study area. Mega-shear zones activated at
the end of the Brasiliano orogeny divide this subprovince in Médio Corea,
Ceard Central and Rio Grande do Norte geotectonic domains (Fetter, 1999;
Brito Neves et al., 2000; Delgado et al., 2003; Amaral, 2010).

The Archean/Paleoproterozoic terrains of the Ceara Central Domain
(CCD) are characterized by two chronostratigraphic associations: (1) the
Archean basement, represented by the Cruzeta Complex, composed of
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migmatitic banded gneisses of tonalite and granodiorite composition
interlayered within remnants of pelitic metasedimentary rocks, calc-si-
licate rocks, quartzite, and banded iron formation. Intercalations of mafic
and sometimes chromite-bearing ultramafic rocks are common (Arthaud
et al., 2008, 2015) and (2) Paleoproterozoic accretionary terranes that
encompass poorly differentiated granitic bodies (the Madalena Suite —
Castro, 2004, and the Sdo José da Macaoca Unit — Arthaud et al., 2008);
the TTG-type Sitio dos Bois and Cip6 orthogneisses (Cavalcante et al.,
2003); mafic-ultramafic rocks (the Boa Viagem Mafic-Ultramafic In-
trusive Suite — Parente et al., 2008, and the Troia Mafic-Ultramafic
Complex — Costa et al., 2015); metavolcanosedimentary sequences (the
Algodoes Sequence — Martins et al., 2009), and the Canindé Complex
(Torres et al., 2007), and Serra das Pipocas Greentone Belt belongs to this
chronostratigraphic sequence (Fig. 2) (Verissimo et al., 2016).

3. Materials and methods

The combined use of airborne geophysical data and satellite data
(Landsat 8) allowed the delimitation of different mafic-ultramafic
bodies, geological domains and regional structures. From magneto-
metric (ASA) and gamma-spectrometric (K, eU, eTh) data, a Mafic Index
(MI) was generated. MI is a useful technique for the individualization of
mafic and ultramafic bodies (Pires and Moraes, 2006).

A hundred thin sections and 20 polished sections were described
focusing on silicates and ore minerals. The scheme of Whitney and
Evans (2010) was used for the abbreviation of mineral names.

Twenty-two mafic and ultramafic rock samples were analyzed for
major elements (wt.%) and trace and rare-earth elements (in ppm) at the
Acme Analytical Laboratories Ltd., adopting the analytical procedures 4A
and 4B, described in www.acmelab.com. The geochemical diagrams
were drawn using the GCDKkit 3.0 software (Janousek et al., 2008).

Six samples were analyzed by the U-Pb method and ten by the Sm-
Nd method at the UnB Geochronology Laboratory. The sample pre-
paration for the U-Pb analyses, were done at the UFC Sample
Preparation and Geotechnical Laboratory according to the following
procedures: pulverization using a jaw crusher; classification using 80-
and 120-mesh sieves; panning and demagnetization using a Frantz se-
parator. Zircon grains were selected from the non-magnetic fraction by
means of a binocular stereoscope and mounted in epoxy resin and po-
lished. The isotopic analyses were then performed using the LA-ICPMS
equipment of the UnB Geochronology Laboratory, according to the
methodology described in Buhn et al. (2009).

Sm-Nd analyses were performed using the mass spectrometry
method described in Gioia and Pimentel (2000). The powder of whole-
rock samples (50 mg) was mixed with a **°Sm-'°°Nd spike acid solution
and dissolved in Savillex beakers. The cationic-exchange technique was
used for Sm and Nd extraction in Teflon columns containing Ln-Spec
resin. Sm and Nd samples were deposited on rhenium double filaments
and the isotopic measurements were performed using a Triton mass
spectrometer in static mode (Dantas et al., 2002).

4. Geological setting and petrography

SPGB (350 km?) belongs to a series of Paleoproterozoic supracrustal
sequences of volcanosedimentary origin associated with TTG terranes
(Fig. 2). The contact between these units is made by thrusting zones.
Therefore, the Cruzeta Complex overthrusts SPGB and the In-
dependéncia Unit overthrusts the SPGB (Fig. 3).

SPGB is composed by psammitic-pelitic-marly sequence interleaved
with metaultramafic, metamafic and meta-acid rocks, represented by
chlorite-anthophyllite-actinolite/tremolite schists, amphibolites and me-
tadacites, respectively. Intrusive metagranitic bodies occur as sheets, and
metamafic dikes represented by actinolitites and hornblendites are also
common in the sequence. Therefore, it is possible to individualize in
SPGB four lithologic groups: i. metasedimentary rocks; ii. metaultramafic
rocks; iii. metamafic, intermediate and acid rocks; iv. intrusive rocks.


http://www.acmelab.com
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Fig. 2. Simplified geological map of the Archean/Paleoproterozoic Terranes of the Ceard Central Domain including the location of the Serra das Pipocas Greenstone

Belt (Costa et al., 2015).

The metasedimentary rocks are represented by metapelites and
metapsammites, with occasional layers of centimeter-thick calc-silicate
rocks, in which the primary structures (So) are still preserved. They are
distributed throughout the sequence, with the metapsammites closer to
the borders and the metapelites in the central portion of the sequence,
indicating decrease of sediment transport energy from the border to the
center. The metapsammites are represented by feldspatic gneisses derived
from meta-arkoses, whereas the metapelites are characterized by garnet
schists that may contain graphite and syn- or late-tectonic kyanite por-
phyroblasts. Close to the thrust zones, 5 cm-sized kyanite porphyroblasts
developed in the metasedimentary rocks. Garnet micro-inclusions may be
present in the kyanite porphyroblasts. These characteristics indicate a
sedimentary protolith deposited in calm, deep and reduced waters.

The metaultramafic rocks are massive or stratified (Fig. 4A and B).
Some bodies present intercalations of basic metatuffs and tourmaline-
bearing meta-exhalites, which indicates that part of the metaultramafic
rocks are metamorphosed flows. They occur as discontinuous lenses,
mainly concentrated in the western border of the sequence, where they
extend for about 20 km. Individually, the metaultramafic lenses are less
than 30 m thick, but as a whole, they can reach 300 m of thickness. The
metaultramafic rocks overlap or are intercalated with acid meta-
volcanic and psammitic-pelitic rocks. They consist of fine-grained an-
thophyllite-chlorite-actinolite/tremolite schists, with or without radial

texture or banding, and are strongly chloritized as a result of meta-
morphic and/or hydrothermal transformations. Under the microscope,
the rock types display nematoblastic texture. The mineral assemblage is
actinolite/tremolite (70-75 wt%), chlorite (15-20 wt%), and antho-
phyllite (10-15wt%). Ilmenite (1-5wt%), rutile (1-5wt%), apatite
(1-5wt%) and chromiferous magnetite (1-3 wt%) occur as accessory
minerals in the less magnesian terms (Fig. 4C and D).

The metamafic rocks extend for about 30 km along the NE-SW
direction and are 500-m to 1-km wide (Fig. 5A and B). They consist of
massive and/or stratified garnet-rich amphibolites, sometimes asso-
ciated with basic metatuffs, metacherts, and banded iron formations,
and concentrate predominantly in the middle portion of the SPGB se-
quence. They can also be found in the eastern border of SPGB as mas-
sive amphibolites (Fig. 5C e 5D) and hydrothermally altered basic flows
(Fig. 5G e 5H). They occur as massive slabs or blocks, exhibiting
shallow dipping foliation (15°-20°), locally modified by steep foliation
associated with shear. The amphibolites are fine to medium grained,
banded and composed of hornblende (55-65wt%), plagioclase
(30-40 wt%), garnet (0-5wt%), titanite (1 wt%), ilmenite (1 wt%),
apatite (1 wt%), epidote (0-1 wt%) and secondary calcite (0-1 wt%).
They present nematoblastic to granonematoblastic texture and garnet
porphyroblasts (Fig. 5C and D). Another underwater volcanic structure
preserved in the SPGB is pillow lavas (Fig. 5E and F).
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Fig. 3. SPGB geological map and geochronologic data of volcanic and plutonic lithologies.

Basic and acid metatuffs, metacherts, gondites and banded iron
formations occur intercalated with the metamafic rocks, which are
strongly hydrothermally altered at the borders of the metagranodioritic
bodies of the eastern portion, close to the Queimadas thrust zone.

The hydrothermally altered basic flows has fine granulation and
banded structure (Fig. 5G). The intercalation is demarcated between
hornblende and plagioclase, sometimes with tourmaline (Fig. 5H).

The intrusive rocks that crosscut the metavolcanosedimentary se-
quence are: i. a metabasic dike; ii. plutonic mafic-ultramafic rocks, and
iii. granitic rocks.

The metabasic dike trends 110°Az and is 30 cm thick and 50 m long.
It crosscuts the tectonic banding of the mafic-ultramafic metavolcanic
rocks, metadacites and metatuffs (Fig. 6A and B), which are metamor-
phosed to the amphibolite facies. The dike is volcanic and presents
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Fig. 4. A. Roadcut outcrop of one of the metaultramafic flows intercalated with basic metatuffs and/or meta-exhalites containing garnet and tourmaline. B. Sample of
the anthophyllite-chlorite-actinolite/tremolite schist with radial habit crystals. C and D. S,, 5 foliation marked by chlorite and opaque minerals (crossed nicols).

aphanitic texture and mineral assemblage formed by plagioclase (50 wt
%), phlogopite (35 wt%), actinolite (15 wt%) and apatite (1 wt%). Some
of the actinolite crystals appear to be pseudomorphs after clinopyroxene.

The intrusive mafic-ultramafic rocks are exposed as meter-to
decameter-sized, boulders. They are composed of actinolitites, gabbros
and metadiorites. They occur in the eastern portion of the study area,
close to the amphibolitized metabasic-ultrabasic rocks, which suggests
they should be sill-like intrusive bodies related to a cumulate phase
dismembered during the mafic-ultramafic magmatism. The actinolitites
are greenish, melanocratic, and of varied grain size, from very coarse-to
medium-grained. They may represent distinct magmatic pulses, which
are common in layered complexes. They are composed of actinolite
(90 wt%), and minor plagioclase (5 wt%), representing an intercumulus
phase, titanite (2 wt%), epidote (2 wt%) and apatite (1 wt%) (Fig. 6C, D
and 6E). This assembly suggests that the protoliths were pyroxenites
with plagioclase, the secondary minerals are not rich in magnesium.

The metagranitic rocks that crosscut SPGB are represented by
dikes and stocks of granodioritic to granitic composition. Some occur as
anastomosed sills, suggestive of mixing-mingling between mafic and
felsic magmas (Fig. 6F).

5. Deformation and metamorphism

The rocks from the Cruzeta Complex and the Serra das Pipocas
Greenstone Belt have distinct tectonic and metamorphic histories. The
Cruzeta Complex present age of TTG crystallization of 2.7Ga. The main
structures are dominant NE-SW-trending low-angle foliation (Sn), dip-
ping from 20° to 60° to southeast, and regional-scale open folds (Fetter,
1999; Silva et al., 2002; Ganade et al., 2017). The foliation is usually
marked by metamorphic banding, given by alternating mafic- (biotite
and amphibole) and felsic-rich bands (quartz, plagioclase and potassic
feldspar), developed under high amphibolite-facies to partial melting
conditions during a Paleoproterozoic event.

Kyanite metaporphyroblast observed in the interface of the meta-
pelitic sequence of the SPGB with the migmatized rocks of the Cruzeta
Complex suggests that the contact between these units is tectonic,
marked by nappes systems during Brasiliano orogeny.

6. Geochemistry

Out of the 22 analyzed rock samples, nine correspond to metaultramafic
rocks (chlorite-anthophyllite-actinolite/tremolite schist), four to metamafic
rocks (amphibolite), seven to meta-intrusive rocks (metabasic dike and ac-
tinolitite), and two to metavolcaniclastic rocks (basic metatuff) (Table 1).

The samples selected for analysis, in particular those of metaul-
tramafic and metamafic rocks, are deformed, metamorphosed and
partially hydrothermally altered. For this reason, chemical parameters
were used to test the mobility of certain elements in order to ensure the
classification, magmatic affiliation and tectonic setting of the rock types
(Polat and Hofmann, 2003; Condie, 2015).

In the binary diagrams involving immobile elements (Zr vs. Ti)
(Fig. 7A), a strongly positive trend is observed, indicating that these
elements did not undergo post-deformational modifications. However,
when the correlation indexes between mobile and immobile elements are
used (Zr vs. K; Zr vs. NayO; Zr vs. MgO) (Fig. 7B, C and 7D), a higher
dispersion of the data is observed, with a weak positive correlation,
which is more pronounced in the metaultramafic rocks, suggesting a
higher mobility of potassium, sodium and magnesium. This is attested by
the correlation factor (r): the ultramafic metavolcanic rocks present
strong positive correlation between Ti vs. Zr (r = 0.99), attesting the
immobile character of these elements and a weak positive correlation
between KO vs. Zr (r = 0.32), Na,O vs. Zr (r = 0.39), and negative
correlation between MgO vs. Zr (r = —0.59), which shows that K;O and
Na,O contents and, to a lesser extent, MgO contents, were modified. Due
to this mobility and the correlation factor, it was decided to interpret the
data of s less or immobile elements as Zr, Ti, Nb and Y and ETR's.

6.1. Petrochemical characterization

Applying the diagrams in an inter-elemental way, the possible
protoliths, their magmatic affiliation and the tectonic setting can be
classified in the TAS diagram (SiO, vs. Na,O + K,0) by Le Bas (2000)
(Fig. 8A). Excepting the metabasic dike, which yields Na,O + K,0
content of 6.58 wt% and plots in the trachyandesite basalt field (alka-
line series), the other samples plot in the basalt and picrobasalt fields
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Fig. 5. A. Metabasalt slab in drainage net exhibiting
low-angle foliation, with or without garnet-rich por-
tions. B. Microfaulted quartz veins associated with
the metabasic flows. C. Granonematoblastic texture
of the amphibolite (natural light). D. Xenoblastic
garnet (natural light). E. Metapillow type structure
represented by subrounded to subangular pillow
breccias. F. Breached metapillow graphic with
cooling border (highlighted in red). G. Tourmaline-
bearing facies associated with metamafic flows. H.
Mineral assemblage constituted by plagioclase,
hornblende and tourmaline, identified in basic flow.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the Web ver-
sion of this article.)

(subalkaline/tholeiitic series). In the TAS diagram by Le Bas (2000), the
magnesian schists cluster mainly in the field of the komatiitic basalt
protholiths (high MgO =18 wt% and low TiO, < 0.80 wt%), whereas
the amphibolite, basic metatuff and some actinolite plots in the basalt,
boninite and meimechite field.

In a similar classification diagram using immobile elements (Zr/Ti
vs. Nb/Y), (e.g. Winchester and Floyd, 1977), recently modified by
Pearce (2014) (Fig. 8B), it was observed that, excepting the actinolitite,
that plots in the boundary between alkaline and subalkaline basalts
field, and the metabasic dike that plots between the trachyandesite and
the alkaline basalt fields, the other samples plot in the tholeiitic basalt
field. The clustering of the samples in the same field (basalts) in both
immobile (Zr/Ti vs. Y/Nb) and mobile (TAS) element diagrams also
indicates that SiO, was not modified.

In the AFM diagram by Wager and Deer (1939, in Miyashiro, 1975),
excepting the metabasic dike, all samples plot in the tholeiitic series

field, including a total iron increase for the most differentiated basic
terms. It is worth noting that in this diagram there is no field of ko-
matiitic basalts.

In the cationic diagram by Jensen (1976) (Fig. 8C) all the metaul-
tramafic rocks (magnesian schists and actinolitites) fall in the koma-
tiitic basalts field. In turn, the amphibolites preferentially plot in the
high-Fe tholeiitic basalt field. The dike plots in the transition field be-
tween komatiites and high-Mg tholeiitic basalts.

The magnesian schists also exhibit moderate Al,03/TiO, ratios
(9.94-27.26), with a mean value of 17.13, and (Gd/Yb)y between 1.00
and 1.88, which allows one to consider them as originating from ko-
matiitic basalts between Munro and Barberton types (Fig. 9A, B and
9C). The (plutonic) actinolitites are treated as related to a cumulated
phase dismembered during the mafic-ultramafic magmatism.

Additionally the magnesian schists present XREE = 16.57-53.23 ppm,
horizontal HREE patterns, and (La/Yb)y between 1.13 and 8.33 (Fig. 10A),
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Fig. 6. A. Metabasic dike discordantly crosscutting the metadacite. B. Thin section of the metabasic dike showing elongated actinolite laths (crossed nicols). C.
Metamafic rock with amphibole porphyroblast replacing cumulus pyroxene. D. Thin section of the actinolitite exhibiting actinolite porphyroblasts (crossed nicols). E.

Deformed mafic and felsic sill.

which indicates a slight LREE enrichment in relation to HREE in some
samples, resembling E-type MORB. They show a slightly negative Ce
anomaly and weak positive Eu anomaly [(Eu/Eu*)y = 0.83-3.52]. The
highest Eu anomaly is yielded by a single sample (DRI-132A), which may
reflect hydrothermal alteration processes.

In the chondrite-normalized multi-element diagram by Thompson
(1982), the magnesian schists show negative Ti, Nb, Ta, Sr, Rb and K
anomalies and positive Ba and La anomalies (Fig. 10B). Excepting the
negative Ti anomaly that can indicate depleted mantle, the other Sr, Rb,
K, Ba and La anomalies can be associated with either alteration pro-
cesses or crustal contamination. This is observed in the Th/Yb vs. Nb/
Yb diagram by Pearce (2014), a replacement for the Th-Hf-Ta diagram
by Wood et al. (1979).

The lithological groups present a slight enrichment of LREE,
whereas the HREE are stable, in the La-Lu series. The lines between the
same lithologies are parallel and exhibit similar pattern to mantellic
sources for ultramafic rocks (amphibolites and chl-ant-act schist). e,4
values vary from —5 to +5. The ETR + Traces Elements indicate that
the alkaline elements, accompanying the recrystallization of feldspars
and amphiboles, show the largest dispersions were obtained from the
actinolitite congruently with the most hydrated rock of the sequence.

The amphibolites yield SiO, contents <52 wt%, low TiO5 (<1.1 wt
%), MgO (7-9 wt%) and Fe,O3* (7-14 wt%) contents. Additionally,
TiO, increases while MgO decreases. These are characteristics of basic

tholeiitic protoliths, observed in the AFM diagrams by Wager and Deer
(1939, in Miyashiro, 1975) and by Jensen (1976) (Fig. 8C). The com-
patible trace elements exhibit varied contents: Cr from 48.03 to
871.39ppm and Ni from 52 very coarse-to medium-grained to
222 ppm. The highest Cr and Ni contents can be associated with more
primitive basaltic magmas and the lowest with the more evolved terms.
The amphibolites also present low HFSE contents, such as Nb < 3 ppm,
Zr < 49ppm, and Ta =0.3 ppm, characteristic of a depleted mantle
source. When comparing the amphibolites with basic rocks of SPGB
from the literature and of different tectonic settings, it is observed that
they resemble BAAB amphibolites. All the samples show a negative Ti
anomaly, which corroborates as indicative of depleted mantle or hy-
drous mantle (Condie, 2015).

Fig. 10C shows that the amphibolites are depleted in XREE
(33.14-45.02 ppm), and yield low (La/Yb)cy ratios (0.74-3.82), which
attests a weak LREE enrichment in relation to HREE, and no Ce and Eu
anomalies [(Eu/Eu*), = 0.98-1.04]. Such patterns are more similar to
T-MORB (1.7-4.3) than to E-MORB (4.8-6.9) and N-MORB (0.35-1.1).

In the chondrite-normalized multi-element diagram by Thompson
(1982) negative Ti, Nb and Ta anomalies are highlighted, which in-
dicate subduction-related (back-arc) settings, and positive Sr, K and Rb
anomalies, which reflect alteration processes or crustal contamination
(Fig. 10D). According to Puchtel et al. (1998), the assimilation of small
quantities of crustal felsic rocks results in an increase in Ba, Pb, U, Th
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Table 1 (continued)

METAPLUTONIC

METAMAFIC

ACTINOLITITE (in)

DIKE (in)

METATUFF (exh)

AMPHIBOLITE (ex)

VI-12C VI-65A

VI-109A

SMSP122J SMSP23B SMSP45 SMSP88A VE-22B

VI-14B SMSP109B

SMSP30

0.27
2.20
0.70
1.10
1.10
1.50
6.00

0.17
0.80
0.10
1.90
0.20
0.10
1.00

0.34
1.80
0.20
2.10
0.30
0.20
1.00

0.12
0.90
0.10
0.30
0.40
0.20
1.00

0.12
0.80
0.10
4.40
0.80
0.20
2.00

0.21
1.20
0.10
0.80
0.40
0.30
1.00

0.19
8.90
0.40
3.10
4.40
4.90
3.00

0.30
1.90
0.30
0.80
0.40
0.10
1.00

0.57
2.60
0.20
0.10
0.20
0.10
1.00

0.33
1.70
0.20
2.00
0.50
0.30
1.00

0.22
1.30
0.10
0.20
0.20
0.10
1.00

Lu

Hf

Ta

Pb
Th

Be

59.00
175.36

57.00
81.78

44.00
93.56

74.00
103.26

20.00
65.11

46.00

16.00
423.96

27.00
77.61

44.00

48.00

34.00
71.23

Sc

180.38

107.44

94.3.0

YREE
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and LREE contents, but with minor effect on Ta, Nb, Y, Ti and HREE
contents.

The two metatuff samples are differentiated: one of the samples
presents horizontal REE pattern, with REE enrichment around 10 times
the chondrite values, and another exhibits a slight negative Ce anomaly
and sub-horizontal MREE and HREE patterns. Both present low XREE
contents (16.57-57.23 ppm), (La/Yb)y ratios (1.13-8.33) and weak
positive Eu anomaly [(Eu/Eu*)y = 0.64-2.66]. Positive Rb and K and
negative Ti anomalies are depicted in the multi-element diagram with
chondrite-normalized trace elements (Thompson, 1982, Fig. 10E and
F).

The metabasic dike presents strong LREE enrichment (La above
100 ppm) in relation to HREE (Lu below 0.20 ppm). The analyzed
sample yields ZREE = 383.26 ppm, (La/Yb)y ratio = 37.14 and Eu
[(Eu/Eu*)y = 1.02].

The plutonic mafic-ultramafic rocks exhibit slightly enriched sub-
horizontal LREE pattern in relation to HREE. XREE contents fall be-
tween 20.68 and 130.58 ppm, (La/Yb)y ratios between 1.57 and 9.90,
and a slightly negative to positive Eu anomaly [(Eu/
Eu*)y = 0.78-1.02] is observed. In the chondrite-normalized multi-
elementary diagram by Thompson (1982), positive Ba, La, Ce, Nd, Sm,
and Tb and negative Rb, Nd, P, Nb, and Ta anomalies and discrete Ti
depletion are observed (Fig. 10G).

The observed LREE enrichment can be related to fractionation of
ferromagnesian minerals rich in compatible elements and to enrich-
ment of incompatible elements in the residual liquid.

The fairly similar chemical composition between actinolitites and
magnesian schists, as well as their spatial distribution with the mafic-
ultramafic metavolcanic rocks, allows one to suppose that some acti-
nolitites could have been cumulates or sills cogenetic with the ultra-
mafic floods strongly transformed by metasomatic processes.

6.2. Pre-collisional magmatism tectonic setting

Some geochemistry diagrams were also used in the study of the
SPGB tectonic setting, particularly those that correlate trace elements
considered immobile.

In the Th/Yb vs. Nb/Yb diagram by Pearce (2014) (Fig. 11A), the
samples plot above the area not related to subduction, to N-MORB-OIB
arrays, to zones richer in the Th/Yb ratio, in the island arc context,
probably a back-arc-type basin, involving interaction of mantle rocks
with crustal material.

Condie (2015), based on the immobile element ratios Zr/Nb vs. Nb/
Th, established a relationship between the mafic-ultramafic rocks and
the mantle sources. According to this author, the rocks originated from
the depleted mantle present Nb/Th > 8 and Zr/Nb > 20; those from
enriched mantle present high Nb/Th ratios, but exhibit Zr/Nb < 20.
Moreover, those from the hydrated mantle, such as in subduction zones,
yield very low Nb/Th ratios (< 8) and varied Zr/Nb ratios (Fig. 11B).

The magnesian schists yield Zr/Nb ratios between 6.79 and 22.89
and Nb/Th ratios between 3 and 12; the actinolitites yield Zr/Nb ratios
between 4 and 29.33 and Nb/Th ratios between 2.25 and 13.18, and the
amphibolites yield Zr/Nb ratios between 17.75 and 24.95 and Nb/Th
ratios between 1.58 and 13.50. The majority of the samples concentrate
in the hydrated mantle field and the others in the enriched mantle field,
associated with deeper mantle melting.

In the V vs. Ti diagram by Shervais (1982) (Fig. 11C), the rocks of
this study concentrate in the field of the back-arc (BABB) or fore-arc
(FAB) basic rocks or island-arc tholeiites.

The komatiites basaltic, in turn, represent magmas formed in high-
temperature conditions (~ 1600 °C), with their origin being attributed
to two formation processes (Arndt, 2008): i. mantle plumes developed
in both intra-oceanic plateaus and continental crust; ii. hydric melting
of the mantle wedge overlying the subduction zone. However, the
majority of the authors consider that the komatiites come from mantle
plumes and that different types of komatiites or basaltic komatiites
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reflect the composition of the mantle source and the partial melting
degree in different parts of the mantle plume.

The tholeiitic basalts develop in several contexts: convergent plate
margin settings of the island-arc and continental margin types; di-
vergent plate settings of the mid-oceanic ridge and back-arc basin types;
and intraplate settings of the ocean-island and continental rift types.

In the diagram Nb-Zr-Y by Meschede (1986) (Fig. 11D), used to
discriminate basic or basic-intermediate volcanic settings, excepting for
the metabasic dike, the magnesian schists, the amphibolites and basic
metatuffs are distributed in the volcanic-arc (VAC) fields.

As it was seen before, SPGB is characterized by a magmatic asso-
ciation that reflects a bimodal magmatism characteristic of an exten-
sional setting. The magnesian schists, metamorphism products of ko-
matiitic basalts types reflect an extensional setting in the island arc
context, probably in a back-arc-type basin.

The amphibolites originated of tholeiitic basalts also present a
mantle source, probably shallower and more fractionated than that of
the ultramafic schists. The low (La/Yb)cy ratios (0.74-3.82) and ne-
gative Nb, Ta and Ti anomalies of these rocks indicate interaction be-
tween mantle and crustal rocks compatible with magmatic associations
developed in extensional setting in a volcanic arc context (Fig. 11D).

The presence of this magmatic association intercalated within ar-
kosic gneiss, acid metavolcanic rocks and aluminous schists suggests
the existence of an older thin continental crust that rifted and evolved
for the development of a proto-oceanic crust. The occurrence of meta-
exhalites (tourmalinites, gondites and metacherts), intercalated with
amphibolitized volcanic rocks and the magnesian schists indicates that
their formation represent extrusion activity.

Thus, the geologic and chemical datasets indicate that the rocks of
ultramafic and mafic oceanic nature, affinity T-MORB or N-MORB and
VAB (Fig. 11D) developed in an extensional setting, submerged rift or a
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back-arc-type basin, with the development of an incipient oceanic crust.

Applying La/Sm Vs. Nb/Th and La/Sm vs. La/Ta according to Said
et al. (2012), the samples plot in the fields E-HMT, E-HMT2, KB, E-KB2
and E-KB1 (Fig. 12A). Therefore, we have mostly typical lithotypes
enriched in magnesium and potassium indicating that the volcanism
and some plutonic rocks of the TTG sequence had crustal contamination
during the subduction process. In contrast, some samples do not present
this contamination and are shown to be free of change (UC - Un-
contaminated Crust) (Fig. 12B).

7. Geochronology

Five rocks of SPGB were analyzed using the zircon U-Pb method -
metapelitic (1 sample), meta-acid intrusive (3 samples), and meta-
granitic (1 sample), and ten metaultramafic, meta-acid, metavolcani-
clastic, meta-intrusive and metagranitic rock samples were analyzed by
the whole-rock Sm-Nd method (Fig. 3).

The SPGB rock types yield Paleoproterozoic zircon U-Pb ages be-
tween 2.2 and 2.1Ga. The garnet-kyanite schists exhibit
2207 * 14Ma (Rhyacian) ages (Fig. 13A). This schist formed from
sedimentation triggered by the reworking of volcanic rock associations
that crystallized around the volcanic arc, precursor and/or synchronous
to its opening.

The three samples of metadacites yield ages of 2234 + 13 Ma
(Fig. 13B), 2212 + 13 Ma (Fig. 13C) and 2156 *+ 45Ma (Fig. 13D),
compatible with the Rhyacian volcanism. The first two are located on
the western and eastern borders of the basin, respectively. As they yield
similar ages and compositions and correspond to the bottom of the
basin, they can be interpreted as crystallization ages of the first meta-
acid flows. The third sample, located in the central portion, is inter-
preted as a later acid volcanism event. The volcanism seems to precede
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or be concomitant with the ultramafic volcanic activity, for the mag-
nesian schists dated by Liégeois (in Arthaud et al., 2008) yield
2.06 *+ 0.1 Ga (Sm-Nd) in the Madalena region (State of Ceara).

The metabasic dike that discordantly crosscuts the Rhyacian tec-
tonic banding of the mafic-ultramafic metavolcanic and metadacitic
rocks and metatuffs yields a (U-Pb) age of 2194 + 8.3 Ma are inter-
preted inherited zircons (Fig. 13E).

The metagranodiorite represents the TTG sequence, with U-Pb
crystallization age of 2181 *+ 4.4 Ma (Fig. 13F), This fact also places it
in the Upper Rhyacian synchronic with the volcano-sedimentary se-
quence.

The results obtained from the Sm-Nd analysis are heterogeneous,
demonstrating that the isotopic system was opened during the
Brasiliano Cycle (Dantas et al., 2002).
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Fortunately, the Sm-Nd system preserves the original isotopic
characteristics of the mantle-crust differentiation process, during crust
evolution or alteration (Pimentel and Silva, 2003), even if the rocks
underwent isotopic fractionation as a result, for example, of meta-
morphism, in special of high grade (Ben Othman et al., 1984; Burton
and O'Nions, 1992; Oliveira et al., 2002; Tassinari et al., 2004; Carneiro
et al., 2004; Barbosa et al., 2013).

The analyses were performed in terms of the '*’Sm/'**Nd and
143Nd/1**Nd ratios and the eyq notation (Table 2). The initial ratios
were recalculated according to the zircon U-Pb ages of 2.21 Ga for the
metadacite and 2.18 Ga for the metagranodiorite. The age of 2.06 Ga
obtained by Liégeois (in Arthaud et al., 2008) for the SPGB magnesian
schists was adopted for the chlorite-anthophyllite-actinolite/tremolite
schist and basic metatuff.

B | A Gorgona (88 Ma)
. Munro (2.7 Ga)
[ Barberton (3.5 Ga)

20

25 30 35 40

Fig. 9. A. Al,03/TiO, vs. (Gd/Yb)y, B. MgO vs. Al,O5 and C. MgO vs. A1203 diagrams comparing three komatiitic types with magnesian schists of SPGB. The plotting

is attributed to the transitional zones between the Munro and Barberton types.
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In the **Nd/***Nd vs. ¥"Sm/***Nd diagram (Fig. 14) a trend de-
fined by metagranite, metadacite and metavolcaniclastic rocks and a
metaultramafic sample can be observed, which demonstrates that there
was no isotopic scattering and a higher confidence can be assumed for
this lithologic group. The mafic and ultramafic rocks higher scattering
(Fig. 14) reflecting a more evident metasomatism due to the lower
abundance of Sm and Nd in these rocks.

The other metaultramafic samples yielded discrepant values, which
suggests a distinct evolution or perturbations resulting of the Brasiliano
metamorphism in the basic rocks, opening the isotope system and
producing different and unreliable TDM ages.

In the isotopic evolution diagram (Fig. 15), the results produced T,,,
ages that demonstrated Archean to juvenile sources, but with sig-
nificant errors regarding the magnesian schists and the metabasic dike,
because they plot above the depleted mantle line.

The SPGB magnesian schists present probably (3.39 Ga) as described
in this research. Other authors such as Fetter (1999) and Costa et al.
(2018), the latter using the Lu-Hf (zircon) method, obtained ages be-
tween 3.04 and 2.69Ga and 2.8 to 2.6Ga for metatonalites, respectively.

Actinolitite

14

Chl-Ant-Act Schist
Amphibolite
Basic Metatuff

The acid volcanism (metadacite, metagranodiorite and metatuff) is
less affected with respect to the SM/ND system. Its TDM values are
closer to the ages obtained in the zircons that have crystallization ages
between 2.36 Ga to 2.07 Ga.

The TTG-type plutonism is represented by the metagranodiorite,
with mafic enclaves. It yields a Tpy age of 2.36 Ga, being inferred as
resulting from crustal melting. Other paleoproterozoic TTG occurs in
the nucleus or its border, Arthaud (2007), Martins et al., (2009) con-
firming the infracrustal plutonism.

Acid volcanism shows end(0) values ranging from —11 to —25,
denoting rocks derived from crustal sources. The basic rocks, even with
open Sm-Nd system, show a variation in the end values always close to
—5 to +5 (Fig. 15), thus, juvenile sources could be inferred for this
group. This reflects crustal rejuvenation and the participation of the
mantle in the formation of magnesian schists and actinolitites, probably
during the volcanosedimentary process.

The sequence is hosted/limited by the Archean Nucleus (Cruzeta
Complex), which rock types are strongly deformed and migmatized. Dating
performed by Fetter (1999) applying the zircon U-Pb method to
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metatonalites, resulted in ages between 2773 = 60 Ma and 2857 + 42 Ma,
confirming their Archean age; and 2776 * 65 Ma for the metatonalite. Silva
et al. (2002) obtained a U-Pb age of 3270 = 5 Ma for metatonalites of the
complex, confirming the Archean age of the Cruzeta Complex.

The Brasiliano event described in several lower intercepts of con-
cordia lines presented ages between 637 + 110 and 406 * 74 Ma,
reflecting the Neoproterozoic collage event. Several shear zones de-
veloped, as well as Neoproterozoic terranes being amalgamated to
SPGB. Despite the recording of this orogeny in the study area, it did not
obliterate the Paleoproterozoic history.

8. Geotectonic evolution
The geologic, petrographic, geochemical and geochronological da-

taset obtained in this study confirms several volcanic and plutonic
events in SPGB during the Paleoproterozoic.

Basic Metatuff

The first stage (Fig. 16A) would be associated with the generation of
infracrustal magmas that between 2.2 and 2.1 Ga originated the TTG-type
plutonic magmatic arcs on the border and intruded into the Archean Nu-
cleus (Cruzeta Complex). The TTG rocks present mineralization typical of a
porphyry copper system, yielding ages around 2156 Ma (Castro, 2004).

During the initial stage of the extensional basin, psammitic-pelitic-
marly sediments deposited. The still thin crust undergoing extension, as
a result of the taphrogenesis that was taking place, allowed the rise of
mantle material. Magmas of komatiitic basalts and tholeiitic char-
acteristics ascended through the fissures generated during the taphro-
genesis, leading to concomitant flows and intrusions. Flows of acid and
basic pyroclastic magmas occur in similar and synchronic way to this
mafic-ultramafic association, as recorded by their frequent intercala-
tions in this magmatic group. With the end of the bimodal volcanism,
several exhalites were deposited, including chert, gondites, banded iron
formations and tourmalinites in subaqueous setting.
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Table 2
Sm-Nd isotopic compositions of the SPGB groups.

SAMPLE GROUP Sm Nd 147Sm 143Nd 20 e Nd 0 eNdt TDm (Ga)
144Nd 144Nd

CVP06 METAULTRAMAFIC 1.38 4.36 0.1911 0.512576 + 0.000001 -1.21 0.22 3.39

Chl-Ant-Act/Tr Schist

CVP03 2.87 11.5 0.1509 0.512428 + 0.000009 —4.1 7.75 1.49

Chl-Ant-Act/Tr Schist

CVP02 2.58 7.18 0.2176 0.513104 + 0.000017 9.09 3.73 1.01

Chl-Ant-Act/Tr Schist

CVPO1 2.51 8.41 0.1805 0.512944 + 0.000014 5.97 10.19 0.51

Chl-Ant-Act/Tr Schist

SMSP04 METAMAFIC 3.93 21.41 0.1109 0.511456 + 0.000003 —23.06 0.98 2.36

Meta-granodiorite

CVPO5 2.03 8.33 0.147 0.512058 + 0.000004 -11.31 1.49 2.26

Basic Metatuff

SMSP23B 19.24 114.24 0.1019 0.511783 + 0.000010 —16.68 10.12 1.71

Metabasic Dike

SMSP23A META ACIDE 4.27 20.07 0.1287 0.511796 + 0.000004 —16.42 2.91 2.24

Metadacite

SMSP75 5.5 29.94 0.1111 0.511606 + 0.000011 -20.13 4.46 2.14

Metadacite

CVP04 0.74 5.11 0.0871 0.511325 + 0.000024 —25.61 4.78 2.07

16
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Fig. 14. "3Nd/***Nd vs. '*7Sm/***Nd diagram, showing that there is an isotopic scatter of the analyses, attesting that they are aligned and cogenetic.

The second stage (Fig. 16B) is represented by subvolcanic basic
dikes that cut the metavolcanosedimentary sequence and the granitic
rocks preceding, indicates that the extensional processes still persisted
in the basin at the 1.7Ga.

The third stage (Fig. 16C) occurs after the taphrogenic processes. It
is characterized by the closing of the basin in the Brasiliano cycle,
which deformed the rock types in different steps or phases to the am-
phibolite facies. The beginning was marked by a low-angle tectonism,
causing the transposition of primary planar fabrics and the layer re-
petition by thrusting and tight folding, ending with the development of
shear zones imprinted in different rock types. The possible obliteration
of the primary textures characteristics of the mafic-ultramafic (meta)
volcanic rocks, such as spinifex and pillow lavas, can have occurred
during these tectonometamorphic events.

9. Conclusions

Lithostratigraphically the study area is composed of metasedimen-
tary psammitic-pelitic-marly rocks, metamafic-ultramafic volcanic and
meta-acid flows, intercalated with basic and acid metatuffs, meta-ex-
halites and hydrothermally altered rocks. The rock types are crosscut by
Paleoproterozoic metamafic-ultramafic intrusions, metagranodiorites, a
metabasic dike and later by Neoproterozoic granitoids. The occurrence
of meta-exhalites (tourmalinites, gondites and metacherts) intercalated
with amphibolitized volcanic rocks and magnesian schists indicates that
they formed in a subaqueous rift setting.

Deformation started during the Orosirian and was later resumed in
the Brasiliano, imprinting a NE-SW-trend and causing the transposition
of primary planar fabrics and layer repetition by thrusting and tight
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Fig. 15. Isotopic evolutionary diagram T(Ga) vs. exq for the SPGB analyzed samples.
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Fig. 16. Tectonic evolution of Serra das Pipocas Greenstone Belt between
Middle Rhyacian (A), Upper Rhyacian (B) and Neoproterozoic III (C).

folding. Hydrothermal alteration caused chemical changes in the pro-
tolith original compositions, which requires caution when treating the
geochemical data. For a better analysis of the data, immobile major and
trace elements were used in most of the diagrams.

The magnesian schists although not presenting typical textural
characteristics of komatiitic rocks, such as the spinifex texture and
polyhedral joints, occur in layers separated by basic metatuffs, which
suggests that they were originally volcanic flows. The geochemical data
indicate as its protoliths komatiitic basalts, revealing features between
komatiites of Munro and Barberton types.

The mafic rock types were classified as high iron and magnesium
tholeiitic basalts. Both magmatic events occurred in an extensional
setting of magmatic arcs or oceanic plateaus associated with mantle
plumes. The chemical composition of some mafic-ultramafic
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metaplutonic rocks is similar to that of the flows, which suggests that
they corresponded to cumulates or cogenetic sills originated from the
mantle sources in question.

The lithologic association was developed in submerged extensional
intracontinental setting, in an island-arc context, probably in a back-
arc-type basin. During the taphrogenesis the first psammitic-pelitic-
marly and pyroclastic sediments were deposited, mantle materials as-
cended and plutonism occurred synchronically. With the end of the
bimodal volcanism, exhalites were deposited in a subaqueous setting.
Subvolcanic basic dikes associated with late Rhyacian granodioritic
intrusions indicate that the extensional processes still persisted in the
basin for several thousand years. The granodioritic intrusions were
accompanied by hydrothermal fluids that may have triggered sulfide
mineralization together with volcanism (lavas and pyroclastic rocks)
and pelagic sedimentation. To better understand this sulfide miner-
alization, a detailed study of the 500 m-wide hydrothermally altered
zone that stretches out for approximately 16 km in the NE-SW direction
is necessary.
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