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New high-precision *°Ar/*°Ar ages for the Serra do Mar
alkaline magmatism in the Sao Sebastiao Island, SE
Brazil, and implications
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Abstract

We present new high-resolution “’Ar/*Ar ages for alkaline layered gabbros and cross-cutting mafic-ultramafic and felsic dykes from the Sao
Sebastido Island, in the northern sector of the Serra do Mar Alkaline Province, Sao Paulo, Brazil. Duplicate analysis of single kaersutite crystals
yielded plateau ages of 88 £ 1 and 87.9 0.8 Ma for a gabbro and 87 = 1 and 86.0 + 0.8 Ma for a picrite dyke. Two biotite aliquots from a tra-
chyte yielded ages 0of 86.0+ 0.5 and 86.2 + 0.5 Ma, while an alkali feldspar concentrate yielded ages of 86.0 £ 0.5 Ma. The similar ages obtained
for minerals with contrasting closure temperatures suggest that the results are crystallization ages and that the rocks were emplaced at shallow
crustal levels. Our results, along with available high-resolution data, point to a relatively narrow time span (ca. 88-85 + 0.6 Ma) for the entire
alkaline magmatism on the island. Other alkaline occurrences both nearby and in the continent’s interior reveal similar ages, reinforcing the
hypothesis that mantle decompression and upwelling of heterogeneous mantle sources led to crustal extension and fast ascension of a variety

of alkaline magma types in this segment of South America.
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INTRODUCTION

Continental flood basalts and associated dyke swarms, maf-
ic-ultramafic layered intrusions and bimodal magmatic suites
are key markers of extensional tectonics and continental rift-
ing preceding ocean basin formation (White and McKenzie
1989, Amelin et al. 1995, Bernstein et al. 1996, Ernst et al.
2005). They are typical features related to Meso-Cenozoic
Gondwana breakup in the southeastern South American
Platform. Three main periods of extensive magmatic activ-
ity have been identified based on geological and geochrono-
logical data (e.g., Amaral et al. 1967, Almeida 1983, Ulbrich
et al. 1991, Riccomini et al. 2005). The first event, in the Early
Cretaceous (ca. 134-130 Ma), corresponds to the earliest rift-
ing stage before Gondwana break-up, resulting in the extensive
tholeiitic and minor silicic magmatism of the Parana-Etendeka
Large Igneous Province, as well as some roughly contemporane-
ous alkaline-carbonatite complexes (Ulbrich et al. 1991, Renne
et al. 1992, Renne et al. 1996, Thiede and Vasconcelos 2010,
Gomesand Vasconcelos 2021). The second event, in the Aptian-
Conician (ca. 110-80 Ma), is characterized by the emplacement
of avariety of alkaline-carbonatite intrusions (Pogos de Caldas,
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Itatiaia, Passa Quatro and Ponte Nova Massifs), and it records
progressive crustal extension and ocean opening along ancient
Neoproterozoic shear zones (e.g., Amaral ef al. 1967, Ulbrich
and Gomes 1981, Almeida 1983, Velazquez 1996, Ulbrich
etal. 2005, Azzone et al. 2009). The youngest event, occurring
during the Paleocene-Eocene (ca. 65-45 Ma), is registered in
the sodic alkaline volcanic rocks in the western segment of the
Asuncién Rift (Almeida 1983, Comin-Chiaramonti et al. 1997)
and in the Brazilian Continental Southeastern Rift (Resende,
Cabo Frio, Buzios), resulting mainly from lithospheric decom-
pression along active deep faults (e.g,, Riccomini et al. 2001).

In the state of Sao Paulo (Fig. 1A), crustal extension and
Late Cretaceous alkaline magmatism are registered along the
coast and in some nearby islands (Sao Sebastido, Monte do
Trigo, Buzios and Vitéria). These occurrences, along with the
mafic-ultramafic Ponte Nova Massif in Minas Gerais and several
intrusive units in Rio de Janeiro, were originally considered part
of the Serra do Mar Alkaline Province (Almeida 1983, Almeida
and Carneiro 1998), and later grouped with the northern sec-
tor of this province (Riccomini et al. 2005). This alkaline mag-
matism is bimodal, hosting a variety of SiO,-undersaturated
and -oversaturated syenite varieties and minor gabbroic rocks,
accompanied by a variety of SiO,-undersaturated (from ultra-
basic lamprophyres, pyroxenites to phonolites) to marginally
-saturated (alkali basalts, microgabbros to trachytes) dykes
(e.g., Ulbrich and Gomes 1981, Bellieni et al. 1990, Brotzu
et al. 2005, Enrich et al. 2005, Azzone et al. 2009).

Since the pioneering work of Amaral et al. (1967), geochro-
nological information on the alkaline magmatism in southeast-

ern Brazil has improved significantly (e.g., Sonoki and Garda
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Figure 1. Simplified geological map of the Mantiqueira Province, northern sector of the Sao Paulo state, showing the alkaline association
of the Serra do Mar Province (Geological Survey of Brazil-CPRM); (B, C and E) the simplified geology of the Sao Sebastido Island (Freitas
1947, Hennies and Hasui 1977, Bellieni et al. 1990); Monte de Trigo Island (Enrich et al. 2009); (D) Buzios Island (Alves and Gomes 2001)
and Vitoria Island (Motoki 1986), respectively. All ages shown are previous data compiled from literature.

1988, Bellieni et al. 1990, Ulbrich et al. 1991, Montes-Lauar
et al. 1995, Sato et al. 2008, Enrich et al. 2009, Gomes et al.
2017). The available data indicates that magmatic activity in
the northern sector of the Serra do Mar Province spans from
ca. 90 to 80 Ma. However, the paucity of high-resolution geo-
chronology results prevents resolving the detailed stratigraphy
of short-range magmatic events, making it difficult to examine
and correlate the main emplacement mechanisms and petro-
logical processes associated with magma generation, the evo-
lution of plumbing systems in each occurrence, and their geo-
dynamic environments.

To address some of these issues, we conducted new single
crystal *Ar/*Ar laser incremental-heating geochronology in
amphibole, biotite and alkali feldspar from selected gabbro
samples from a layered alkaline intrusion as well as cross-cut-
ting mafic-ultramafic and felsic dykes in the southern area of

the Sao Sebastido Island, northeastern Sao Paulo. We combine

the geochronological results with petrographic, petrological
and geochemical investigation in order to constrain the dura-
tion of silicic and basic-ultrabasic alkaline magma generation
and emplacement into the upper crust. The results, along with
other existing high-precision ages, give new insights into the
sequence and time span of alkaline magmatism in the island,
which may also extend to the Serra do Mar Province.

GEOLOGICAL BACKGROUND

Most alkaline occurrences related to the Meso-Cenozoic
continental rifting in southeastern Brazil are distributed
along the margins of the Parana Sedimentary Basin, and were
grouped into several provinces based on geological, geochro-
nological, petrographic and geochemical data, as well as geo-
dynamic settings (Ulbrich and Gomes 1981, Almeida 1983,
Riccomini et al. 2005).
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In the northern sector of the Serra do Mar Province, the
rocks are predominantly felsic and made up mainly of SiO,-
oversaturated alkali feldspar syenites and quartz-alkali feldspar
syenites (Bellieni et al. 1990, Alves 1997, Alves and Gomes
2001, Augusto 2003, Gomes et al. 2017), SiO, -undersaturated
nepheline syenites and nepheline alkali feldspar syenites (Motoki
1986, Enrich 2005, Enrich et al. 2009), and associated trachyte
and phonolite dykes. Closely associated plutonic mafic-ultra-
mafic alkaline rocks, represented by gabbros and minor clinopy-
roxenites, occur as layered intrusions in the Sao Sebastido and
Monte do Trigo islands. Lamprophyres, micropyroxenites and
associated dykes are distributed along the Atlantic margin and
nearby islands (Coutinho and Melcher 1973, Sonoki and Garda
1988, Bellieni et al. 1990). Towards the continental interior,
the Ponte Nova Massif represents the major exposure of mafic
and ultramafic rocks of alkaline affinity (Azzone et al. 2009).

The Sao Sebastido Island (Fig. 1A) is a detached fragment
of the Costeiro Complex, the easternmost domain of the
Neoproterozoic Central Ribeira Belt (Almeida 1983, Heilbron
and Machado 2003), separated from the continent by the
NE-SW Santos Fault System during the Cretaceous continen-
talrift (e.g., Riccomini et al. 2005). It is the largest island in the
area, covering ~ 340 km?, and it comprises Neoproterozoic
country rocks, Late Cretaceous alkaline intrusions and dykes
of various compositions (Fig. 1B).

The Costeiro Complex is composed of Neoproterozoic
medium- to high-grade metamorphic rocks, migmatites, intru-
sive granites and some charnokites.

Felsic alkaline plutonic rocks are dominant and make up
three roughly subcircular intrusions: the larger Serraria (to the
north), the Sio Sebastido (to the south) and the minor Mirante
massifs (to the east). Serraria and Sao Sebastido comprise mostly
SiO,-oversaturated alkali feldspar syenites and quartz alkali feld-
spar syenites, while Mirante includes both SiO,-oversaturated
and -undersaturated rocks (Freitas 1947, Hennies and Hasui
1977, Bellieni et al. 1990, Augusto 2003, Sato 2006).

Layered mafic-ultramafic alkaline plutonic rocks are subor-
dinated and crop out in the southern and northern areas in the
island (Fig. 1B). They are made up of gabbroic rocks accom-
panied by minor pyroxenites, as well as scarce peridotites and
anorthosites. Northwards, they appear in the Ponta das Canas,
Pacuiba and neighboring coastal areas (Freitas 1947, Piccirillo
et al. 1990, Lima 2001, Timich et al. 2019) and southwards
they crop out at the Borrifos and Frade areas (Augusto 2003,
Pabst 2014). Magmatic structures are similar to those typ-
ically observed in layered mafic-ultramafic complexes (e.g,
Alapieti et al. 1990, Eales and Cawthorn 1996, Emeleus et al.
1996, McCallum 1996, Wilson et al. 1996) and are best seen
in the northern areas, where they were accentuated by surface
sea-water weathering. In this area, however, the outcrops are
mostly represented by loose boulders and the spatial distribu-
tion of the structures as well as the magmatic stratigraphy can-
not be mapped. Fresh and more or less continuous in situ out-
crops are known solely in the southern area investigated here.

Dykes trend mainly NE and have been subdivided into two
main groups based on structural relationships with the syenitic
rocks (Hennies and Hasui 1977, Bellieni et al. 1990): a Lower

Cretaceous group, comprising dominantly basic dykes related
to tholeiitic magmatism from the Parand Magmatic Province
that yield ages in the 134-130 Ma range (Turner et al. 1994,
Renne et al. 1996, Deckart et al. 1998); and mafic-ultramafic
and felsic dykes with alkaline affinity and emplaced at ca.
90-70 Ma (e.g., Sonoki and Garda 1988, Bellieni et al. 1990).

Previous geochronological data

There have been numerous attempts to constrain the tem-
poral framework of alkaline magmatism in the Sao Sebastiao
and neighboring islands and continental areas (Figs. 1B-1E).
However, most results are derived from mineral and/or whole-
rock K/Ar (Amaral et al. 1967, Hennies and Hasui 1977, Motoki
1986, Sonoki and Garda 1988, Bellieni et al. 1990, Alves 1997,
Azzone et al. 2009) and Rb/Sr methods (Motoki 1986, Montes-
Lauar et al. 1995), with limited high-precision zircon U/Pb ages
(Sato 2006, Sato et al. 2008) and *Ar/**Ar (Enrich 2005, Enrich
et al.2009). The results reveal predominant Upper Cretaceous
ages, between ca. 90 and 80 Ma; however, most K/Arand Rb/
Sr ages show significant scatter, even for similar rocks, and the
relatively large uncertainties (up to 10 Ma) prevents discrim-
inating the magmatic events and determining their duration.

Enrich et al. (2009) obtained high-precision **Ar/*Ar ages
for the alkaline rocks from the nearby Monte do Trigo Island.
Biotite plateau ages, herein corrected for the new recommended
ages for the Fish Canyon Sanidine Standard (cf. Kuiper et al.
2008), yielded values ranging from 87.8 to 86.6 (£ 0.5 Ma)
Ma for gabbroic rocks and nepheline syenites, respectively.
Abiotite lamprophyre yielded similar results, whereas a peral-
kaline phonolite dyke show a younger age of 84.9 (+ 1.0 Ma)
Ma. The ages of the plutonic rocks in this island are similar to
the estimated weighted average K-Ar age for the emplacement
of the mafic-ultramafic Ponte Nova Massif in the continental
interior (87.6 £ 1.3 Ma, Azzone et al. 2009).

In the Sao Sebastido Island, previous K/Ar ages in biotite,
amphibole, and alkali feldspars from the felsic intrusions show
a relatively large span from 87 £ 5 to 81 £ 6 Ma, while biotite
crystals from felsic dykes yield ages ranging from 83 + 6 to 78
+ 8 Ma. Gabbroic rocks yield older results (99 + 3 to 87+ S
Ma; ¢f. Amaral ef al. 1967, Hennies and Hasui 1977, Sonoki
and Garda 1988). A Rb/Sr isochron for the felsic intrusive
rocks, combining mineral concentrates and whole-rock anal-
yses, yielded a reference age of ~ 81 + 3 Ma (Montes-Lauar
et al. 1995). High-precision U/Pb (ID-TIMS) zircon results
obtained for SiO,-oversaturated alkali feldspar syenites yielded
concordant U/Pb ages of 84.8 + 0.7 Ma and 85.0 = 0.3 Ma for
the Sao Sebastiao and Serraria massifs respectively, while badde-
leyite yielded ages of 84.1 + 1.0 Ma for the Serraria sample (Sato
2006, Sato et al. 2008). These results indicated the almost coeval

character of the main SiO,-oversaturated felsic plutonic rocks.

SAMPLING AND
ANALYTICAL PROCEDURES

Based on the available geochronological data and our new
geologic and petrographic data (Giraldo-Arroyave 2020), we
selected three pristine samples (Fig. 2) with potential to yield
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Figure 2. Detailed geologic map of the mafic-ultramafic layered intrusive south of the Sio Sebastiio Island (Giraldo-Arroyave 2020).
(A and B) Selected sample locations. (C) Schematic cross-section (X-X’) through the layered sequence, crosscutting dikes and the Sao

Sebastidao Massif.

reliable crystallization ages for the alkaline magmatism in the
Sao Sebastido Island: an olivine gabbro (sample IBI-2e) from
the southern layered complex; and two cross-cutting dykes,
a picrite (IBI-6g) and a trachyte (IBI-06a), representing the
main ultramafic and felsic rocks, respectively. “*Ar/**Ar dating
was carried on interstitial (IBI-2e) and groundmass (IBI-6g)
kaersutitic amphibole and biotite and alkali feldspar phe-
nocrysts (IBI-06a).

Sample preparation and analysis were performed at the
GeoAnalitica core facility (Universidade de Sao Paulo, BR),
whereas sample irradiation and isotopic Ar analysis were per-
formed at the Cadmiun-lined-B-1 CLICIT facility (Oregon State
University, USA) and UQ-AGES (University of Queensland

Argon Geochronology in Earth Sciences Laboratory), Australia,
respectively.

Polished thin sections were described in transmitted
and reflected light in order to determine rock mineralogy,
texture, and modal mineral contents, estimated via point
counting. Mineral zoning patterns were examined in elec-
tron backscattered images (BEI) and their chemical com-
positions were determined via wavelength dispersive X-ray
spectrometry (WDS), using the JEOL JXA-FE-8530 elec-
tron probe micro-analyzer (EPMA). WDS analysis was
performed in carbon-coated samples under 15 kV accel-
erating voltage, 20 nA beam current and 5-10 {lm beam

diameter using conventional laboratory routines (e.g.,
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Gualda and Vlach 2007) and natural and synthetic stan-
dards from the Smithsonian Institute. Matrix effects were
corrected using the PRZ-Armstrong approach implemented
in the JEOL software. Cation proportions and the partition
between Fe** and Fe*, assuming the maximum Fe?* crite-
ria of Schumacher (Leake ef al. 1997), were achived using
the MinCal software (Gualda and Vlach 2005). Given the
potential influence of subsolidus transformations of the
alkali feldspars on **Ar/*Ar dating, the structural state of
the sampled alkali feldspar grains was examined by X-ray
diffraction under Cu Ko radiation, using a Siemens XRD
Diffractometer D5000.

The samples were crushed in a jaw-crusher and sieved,
then split into different size fractions. Magnetic and non-mag-
netic fractions were obtained using a Frantz isodynamic sep-
arator under magnetic fields induced by 0.4 and 0.5 A elec-
tric currents, from which mineral fractions were hand-picked
under a binocular microscope. Kaersutite crystals and crystal
fragments were picked from the magnetic 250-149 m and
149-74 um fractions of the gabbro and the ultramafic dyke,
respectively. Biotite and alkali feldspar phenocrysts from
the trachyte sample were selected from the non-magnetic
500-250 {m size fraction. A total amount of ca. 30 mg was
concentrated for each selected mineral phase and cleaned
using alcohol.

All samples, coupled with Fish Canyon sanidine neu-
tron flux monitors and GA-1550 (MD2) biotite as sec-
ondary standards, were wrapped in aluminum foil, sealed
in a quartz vial and irradiated for 14 hours in the OSU
TRIGA reactor. Two individual grains from each sam-
ple were loaded into copper disks, baked-out at ~200°C
for ~12-24 hours, and subsequently individually heated
incrementally with an Ar-ion laser with a 2 mm defocused
beam diameter. The released Ar gas was cleaned with two
C-50 getters and analyzed for Ar isotopes in a MAP215-
50 mass spectrometer. Analytical and data collection pro-
tocols are described in detail by Deino and Potts (1990)
and Vasconcelos et al. (2002). Raw data were corrected
for mass discrimination, nucleogenic interferences and
atmospheric contamination, considering a *°Ar/3¢Ar
ratio of 298.6 £ 0.3 in atmospheric Ar (Lee et al. 2006).
Plateau ages are reported according to the definition of
Fleck et al. (1977) and the integrated ages represent the
combined results from all steps. We also drew inverse iso-
chron diagrams to estimate the *°Ar excess in the initial
atmospheric *°Ar/*Ar.

The ages are reported at a 95% confidence level using
the decay constants of Steiger and Jager (1977) and adopt-
ing a Fish Canyon sanidine age of 28.20 £ 0.05 Ma (Kuiper
et al. 2008). The average results for the two aliquots from the
internal standard GA1550 (MD-2), with proposed ages of
98.5010.50 Ma (McDougall and Wellman 2011) or 99.44
1 0.17 (Jourdan and Renne 2007), yielded plateau ages of
99.66+0.51 and 99.84 + 0.50 Ma. For comparison purposes,
“©Ar/¥Ar ages previously obtained by Enrich’s (2005) were
corrected for the new ages proposed for the *Ar/*Ar ages by
Kuiper et al. (2008).

SAMPLE SETTING AND RESULTS

General geology of the studied area

The main geological features of the Frade region (south-
western Sao Sebastido Island) have been described by Giraldo-
Arroyave (2020) and are summarized in Fig. 2A. Three main
major geological units crop out: the metamorphic and gran-
itoid country rocks from the Costeiro Complex; the layered
mafic-ultramafic complex; and the southern part of the Sao
Sebastiao Massif, made up mainly of alkali feldspar syenites
and quartz syenites. Late ultramafic and felsic dykes cutting
across the alkaline plutonic rocks were also mapped and rep-
resented in Figs. 2B and 2C.

The 380 m thick mafic-ultramafic layered sequence has a
semi-circular outline, contouring the Sao Sebastiao Massif,
covering an area of approximately 8 km* (Fig. 2A). Medium-
to coarse-grained mesocratic gabbroic rocks are predominant.
Based on textural and modal properties, the intrusive rock
was subdivided into four main stratigraphic levels (Giraldo-
Arroyave 2020): Lower Gabbro Sequence (LGS), Intermediate
Gabbro Sequence (IGS), Upper Gabbro Sequence (UGS), and
Massive Leucogabbros (MLG), at around 40, 120, 140 and
30 m average thickness, respectively. Structures typical of lay-
ered complexes, as modal and graded layering, crossbedding,
angular unconformities, as well as lateral grading are better
developed in the lower and intermediate sequences (Fig. 3A).
The predominant structure in these zones is a modal layering,
given by 1 to 10 cm thick alternating plagioclase- and clino-
pyroxene-rich layers; olivine and apatite join clinopyroxene
as cumulus phases and amphibole, Fe-Ti oxides and biotite
are the main intercumulus mineral in the mafic-rich layers.
Towards the top of the complex, the gabbros display mainly
a subtle to moderate mineral lamination due to the orienta-
tion of the tabular plagioclase and the prismatic clinopyroxene
crystals; apatite, kaersutitic amphibole and biotite are relatively
scarce in the intercumulus phases. All studied samples from
the intrusion are foid-absent and their alkaline character is reg-
istered in the occurrence of kaersutitic amphibole, Ti-bearing
augite and Mg-rich biotite. Clinopyroxene thermobarometry
suggest emplacement pressures of 0.9 0.4 kbar.

The contacts between the intrusive sequence and the coun-
try rocks vary from discordant to locally concordant and, ina
few sites where they were seen, detailed petrographic analysis
show granophyric intergrowths of alkali feldspar and quartz in
equilibrium with orthopyroxene in the matrix of the porphyritic
granodiorite and a thin layer of hybrid quartz-bearing gabbros
along the contact zones between the Lower Gabbro Sequence
and the host granodiorite. This is evidence of high-tempera-
ture metamorphic imprint and partial melting of the coun-
try rocks as well as their partial assimilation by the intrusive
magma due to shallow intrusion. Clinopyroxene barometry
suggests emplacement pressures of 0.9 + 0.4 kbar (Giraldo-
Arroyave 2020).

The dark green to grayish alkali feldspar syenites from the
Sao Sebastido Massif are medium to coarse-grained, and they
are made up of alkali feldspar, clinopyroxene, calcic- and minor

sodic-calcic amphibole, biotite, and accessories as fayalitic
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Figure 3. (A) Cross-bedding layering at the base of the sequence (LGS) with fine scale rhythmic modal layering (N30°W/30°-45°NE) given
by the alternation of medium- to coarse-grained pyroxene-rich and plagioclase-rich; (B) Porphyritic picrite (N60°-75°E/90°) with a thickness
of ~0.5 m; (C) Dike of a porphyritic trachyte (N70°E/90°) with a thickness of ~4 m.

olivine, quartz, opaques, chevkinite, pyrochlore and thorite
(cf. Augusto 2003). Geological evidence (e.g,, contact outlines,
mafic xenoliths within syenites, alkali feldspar-rich dykes cross
cutting the gabbro sequence near contact areas) demonstrates
that the syenites are younger than the layered mafic sequence.
In fact, the late emplacement of the Sdo Sebastidao Massif was
responsible for the observed ring-like outline of the mafic-ul-
tramafic sequence.

Mafi-ultramafic and felsic dykes trending 60°-75°E/90°,
including microgabbros, lamprophyres, micro clinopyrox-
enites, micro peridotites (Fig. 3B) and porphyritic trachytes
(Fig. 3C) represent the latest magmatic events in the area.

Petrography and mineralogy
Abrief petrographic description and characterization of the

minerals chosen for *Ar/*Ar dating are given in the following,

Olivine-Bearing Kaersutite Gabbro

Sample IBI-2e is representative of a ca. 2-5 m layer of
well-laminated and layered orthocumulates of the Intermediate
Gabbro Sequence (IGS) (Fig. 3A), comoprising plagioclase
(39 vol. %), clinopyroxene (19%), amphibole (14%), FeTi-
oxides (10%), olivine (7%), apatite (6%) and biotite (5%).
Oriented plagioclase and clinopyroxene crystals constitute
the main cumulus rock framework (Fig. 4A) accompanied by
prismatic apatite and sub-equant olivine. Plagioclase crystals
(1-8 mm) are euhedral, tabular, Albite-Carlsbad twinned, com-
positionally homogeneous, and correspond to a labradorite.
Clinopyroxene (up to 4 mm) is pale pink, prismatic, subhedral
and corresponds to an alumina augite (Morimoto et al. 1988).
Olivine is also homogeneous, usually subhedral with an average
grain size of ~ 1 mm and occasionally appears partially substi-
tuted by symplectitic intergrowths of dendritic magnetite and
pyroxene. The Fe-Ti oxides are ilmenite and magnetite and
appear as intercumulus material. Apatite occurs as euhedral pris-
matic crystals lying along the main rock lamination. The main
intercummulus phases are calcic-amphibole and minor biotite.
The amphibole typically forms oikocrysts enclosing chadacrysts
of plagioclase, olivine, pyroxene, apatite and Ti-Fe oxides; it
also appears as thin rims overgrowing clinopyroxene crystals
(Figs. 4A and 4B). It is subhedral to anhedral and pleochroic

(light to reddish-brown), as typical for kaersutites. Biotite is
subhedral, with pale to reddish-brown pleochroic colors.

Representative amphibole compositions are shown in Tab. 1
and illustrated in Fig. SA. Overall, the amphibole is relatively
homogeneous and can be classified as ferri-kaersutite accord-
ingto Leake etal. (1997) (WAl > 1.5, Ti* 0.5 and (Na+K) > 0.5
apfu) (see also Hawthorne et al. 2012). Magnesium number
[mg#= (Mg/(Mg + Fe?*)] ranges from of 0.70 to 0.74, with
average content (wt%) of FeO”, AL O, and TiO, at 11.9, 12.4
and 4.8, respectively. F and Cl abundances are low, up to 0.16
and 0.04 wt. %, respectively.

Porphyritic Picrite

It crops out as a 0.5 m thick subvertical dyke running
N60°E (Fig. 3B) and shows a distinct lateral zoning: in the
core, from where sample IBI-06f was collected, it has a por-
phyritic texture with 18 vol. % macrocrysts in a fine grained
mesostasis (82 vol. %); at the external contacts with the main
gabbro, thin chilled margins (up to 0.5 cm) with fine-grained
to aphanitic textures can be observed.

Modal composition is olivine (31 vol. %), clinopyroxene
(30%), plagioclase (9%), kaersutite (9%), FeTi-oxides (8%),
calcite (5%) and biotite (ca. ~1%). The texture is characterized
by subhedral to anhedral macrocrysts (> 2 mm) to microcrysts
(> 0.5 mm) of olivine and zoned clinopyroxene (Figs. 4C and
4D). The larger olivine and clinopyroxene crystals show irreg-
ular or curved outlines, large embayments and were partially
replaced by chlorite and/or calcite. The mesostasis is fine-
grained and composed of olivine, pyroxene (aluminian diop-
side to augite) (Morimoto et al. 1988) labradoritic plagioclase
laths, Fe-Ti oxides, and small amounts of euhedral to subhe-
dral kaersutite, containing some euhedral apatite inclusions,
minor biotite and calcite.

Representative chemical compositions for the kaersutite
is shown in Tab. 1 and plotted in Fig. SA. It classifies as fer-
ri-kaersutite (Leake et al. 1997, Hawthorne et al. 2012) and,
compared with the ferri-kaersutite from the host gabbro, it
shows similar mg# values (0.68 to 0.70) but distinctively higher
TiO, and Al O, contents (up to 6.4 and 15.4 wt%, respec-
tively) and somewhat higher Na,O and F, up to 2.6 and 0.22
(wt%) respectively.
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Figure 4. Plane-polarized light (PPL) image of olivine-bearing kaersutite gabbro (IBI-2e). (A) Plagioclase (Pl), pyroxene (Px), olivine
(Ol) and apatite (Ap) with intercumulus kaersutite (Krs) and magnetite-ilmenite (Mag-Ilm); (B) back-scattered electron (BSE) image of
kaersutite rimming pyroxene, detail of image A; (C) PPL image of olivine basalt dike (IBI-6g). Macrocryst of olivine (Ol) and clinopyroxene

(Px) set in a groundmass of olivine, pyroxene, plagioclase and small amounts of kaersutite and biotite, calcite and magnetite; (D) BSE
image of groundmass kaersutite; € PPL image of trachyte with flow alignment of euhedral phenocryst of sanidine, biotite and pyroxene and
groundmass composed of almost pure orthoclase and albite; (F) BSE image of zoned euhedral biotite with some apatite inclusions; (G)
Detail BSE image of zoned biotite phenocryst; (H) BSE image of alkali feldspar phenocryst; (I) Albite and K-feldspar in the groundmass.

Porphyritic Trachyte

The IBI-06a sample is representative of a 4 m thick subver-
tical dyke striking N70°E, sub parallel to the porphyritic picrite
(Fig. 3C). The rock shows a well-developed magmatic foliation
parallel to its walls, containing up to 13 vol% phenocrysts [alkali
feldspar (8 %), biotite (4 %), and clinopyroxene (1 %)] and
87 vol% of a fine-grained mesostasis (Figs. 4E—41). Alkali feld-

spar phenocrysts (up to 10 mm) are euhedral, tabular and

Carlsbad twinned. Crystals are mostly clean and transparent
under transmitted light, without evidence suggesting exsolu-
tion lamellae; however, some crystal rims and internal patches
are cloudy and suggest some subsolidus imprint. Biotite (up to
2 mm) is euhedral to subhedral and shows brown to reddish
pleochroism. The clinopyroxene is a relatively homogeneous
augite It occurs as 0.2 to 0.5 mm euhedral crystals with slightly

pleochroic green colors. The mesostasis is mainly composed
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Table 1. Representative chemical analyses (wt. %) of selected minerals from the layered gabbro and the cross cutting porphyritic picrite and

trachyte dykes.
IBI-2e IBI-06f [B1-06a

Bt-c Bt-r Bt-m Afs Afs-m1 Afs-m2
Sio, 41.50 38.46 36.07 36.56 34.48 65.77 69.30 65.79
TiO, 4.85 6.28 6.51 4.61 5.53 0.05 0.02 0.00
Cr,0, 0.00 0.01
ALO, 12.42 13.90 13.87 13.33 12.25 20.08 19.92 19.00
FeO 11.94 12.12 16.34 2223 28.03
Fe,0, 0.21 0.14 0.11
MnO 0.17 0.17 0.48 121 1.46 0.00 0.00 0.01
MgO 13.07 12.17 12.48 8.00 4.90 0.01 0.01 0.01
ZnO 0.02 0.01
CaO 11.14 11.14 0.02 0.41 0.06 0.87 0.02 0.03
Na,O 2.36 2.48 0.84 0.51 0.60 6.28 10.94 0.31
K20 1.26 1.07 8.25 7.74 8.44 6.60 0.42 14.83
SrO 0.07 0.03 0.01
BaO 0.45 0.03 0.02 0.14 0.00 0.01
F 0.13 0.23 0.35 0.13 0.11
Cl 0.02 0.02 0.04 0.04 0.03
0=F=Cl 0.06 0.10 0.16 0.06 0.05
Total 98.80 97.96 95.54 94.73 95.86 100.07 100.79 100.11
mg# 0.72 0.70 0.58 0.39 0.24
An (Ca) 4.33 0.09 0.15
Ab (Na) 56.55 97.42 3.09
Or (K) 39.12 2.48 96.76

Krs: kaersutite; Afs: Alkali feldspar; Bt: Biotite; c: core; r: rim; m1: groundmass albite; m2: groundmass alkali feldspar.

of alkali feldspar (K-feldspar and albite) laths, which impart a
trachytic-like texture to the rock, and small quantities of bio-
tite and accessory minerals (mainly apatite and magnetite).
No quartz or feldspathoid were observed, indicating crystal-
lization close to SiO,-saturation conditions.

Representative compositions for biotite and alkali feldspar
are listed in Tab. 1; in the case of the alkali feldspar phenocrysts,
we also obtained an X-ray diffraction pattern for the most trans-
parent crystal fragments to characterize its structural state.

The biotite phenocrysts are compositionally zoned (Fig. SB).
The core corresponds to a Mg-biotite (AnnNPhSOSidB) (Rieder
et al. 1998), with mg# values averaging 0.58 and relatively high
TiO, contents (up to 7.5 wt%); BaO ranges from 0.08 to 1.7 and
F from 0.25 to 0.42 wt%. The annite component in the biotite
increases towards the crystal rims, averaging Ann, Ph_Sid

26/
accompanied by a decrease in TiO, (2.8 to 5.7 wt%), mg #

(up to 44%), BaO (£0.05 wt%.) and F (< 0.16 wt%). Biotite
crystals in the groundmass correspond to annite (Ann, Ph,
,,Sid,, ) with TiO, contents up to 6.0 wt%, and 14 < mg#
<36,Ba0 <0.04 and F <0.14 wt%.

The alkali feldspar phenocrysts have homogenous com-
positions, averaging Ab_Or, An, (Fig. SC), with Fe,O," up
to 0.22 wt. % and relatively low contents of both BaO (<0.12
wt. %) and SrO (£0.06 wt%). The mesostasis contains almost

pure K-feldspar (Or, Ab,) and albite (Ab,,Or, ) laths. The X-ray
diffraction pattern for pristine phenocryst fragments (Fig. SD)
reveals an almost homogenous structure, with well-developed
and single (130) and (131) diffraction peaks, typical of a dis-
ordered monoclinic phase.

Given the diffraction pattern and the chemical compo-

sition, it corresponds to a homogeneous high-Na sanidine.

OAr/*°Ar results

Analytical results from the step-heating experiments are sum-
marized in Tab. 2 and illustrated in Figs. 6 and 7. Argon release
age, K/Ca spectra, inverse isochrons and probability density

plots are shown for each sample.

Olivine-Bearing Kaersutite Gabbro

In this sample, the two kaersutite aliquots contained nine
crystals or crystal fragments. Both aliquots yield compatible
plateau ages of 87.9 £ 0.8 Ma and 88 & 1 Ma, represented by
more than 78% of the Ar released over eight consecutive steps
(Fig. 6A). Slightly older ages are observed in the low-tempera-
ture steps due to small excess Ar components, resulting in some-
what older integrated ages of ~ 91 Ma. The K/Ca ratios are
nearly constant (~ 0.1) as camulative % *Ar released increases.
The inverse **Ar/*Ar vs. Ar/*Ar correlation diagram yields
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Figure S. Classification diagram and X-ray powder pattern for the dated minerals. (A) amphiboles of the olivine-bearing kaersutite gabbro
and porphyritic picrite; (B) biotite phenocrysts of the porphyritic trachyte; (C) alkali feldspar phenocrysts and groundmass alkali feldspars;
(D) partial X-Ray powder diffraction for alkali feldspar phenocrysts. See text.

anisochron that defines an age of 87.1 = 1.3 Ma; the *Ar/*Ar
atmospheric ratio (480 £290) is poorly constrained (Fig. 6B)
but it suggests some excess argon in the sample. The proba-
bility density plot for the plateau steps of both aliquots peaks
at 87.7 Ma and yields a weighted mean age of 87.9 0.7 Ma
(MSWD = 0.76, Probability = 0.68), in agreement with the
plateau ages, and that is herein considered the best age estimate.

Porphyritic Picrite

Two aliquots, also made up of nine kaersutite crystals or
crystal fragments, were analyzed for this sample. One aliquot
yielded a plateau age of 86.5 + 1.3 Ma, defined by the release
of ~ 54% of ¥Ar in three consecutive steps. Excess *Ar was
observed in both lower and higher temperature steps, yielding
a saddle-shaped spectrum that defines an older integrated age
0f93.4% 1.3 Ma. The second aliquot yielded a relatively undis-
turbed spectrum with a plateau age of 86.0 + 0.8, containing
>90% of the released **Ar over ten consecutive steps. In both
cases, the K/Ca ratios vary in the lowest and highest tempera-
ture steps (~ 0.8 and ~ 0.02, respectively) (Fig. 6C). The inverse
isochron is well defined, and it defines an age 0of 85.8 £ 1.2 Ma,
witha*Ar/*Arvalue of 313 41, compatible with the expected

atmospheric Ar value (Fig. 6D). The probability density plot
for all plateau steps peaks at 85.9 Ma, with a weighted mean age
0f86.01 0.8 Ma (MSWD = 0.58, Probability = 0.85), which is

considered the best age estimate for the sample.

Porphyritic Trachyte

Two biotite and two alkali feldspar aliquots, each constituted
by single phenocrysts or phenocryst fragments were analyzed.

The biotite aliquots yielded similar Ar release spectra, inte-
grating more than 95% of the gas released. Aliquot one shows
aten-step plateau age of 86.0 £ 0.5 Ma, a value identical to the
integrated age. The results for the second aliquot are almost
identical, with 86.2 = 0.5 and 86.0 & 0.5 Ma for the plateau
(9 steps) and the integrated ages (Fig. 7A), respectively. Large
variations are observed for the K/Ca ratios in both aliquots,
pointing to relatively inhomogeneous biotite compositions,
in agreement with our chemical data. The corresponding iso-
chron plot for all plateau steps defines an age 0of 86.2 £ 0.5 Ma,
with *°Ar/3°Ar value of 284 £ 39 Ma (Fig. 7B). The probabil-
ity density plot, integrating the steps of both aliquots, shows
a probability peak at 86.1 and a weighted mean age of 86.1 +
0.5 Ma (MSWD = 1.7, Probability = 0.5).
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Figure 6. Age argon-release spectra, *°Ar/*Ar versus *Ar/*’Ar isochron plot and age probability (plateau only) diagrams for *°Ar/*Ar step
heating experiments for kaersutite from (A and B) the olivine-bearing kaersutite gabbro and (C and D) the porphyritic picrite. See text for

discussion.

One of the alkali feldspar fractions produced a highly dis-
turbed apparent age vs. released *?Ar, not defining a plateau, as
well as a poor probability density plot with peaks at 83.7, 85.7
(strongest), 92.3 and 94.6 Ma, and therefore was not considered.
These inferior results likely represent a complex distribution of
noble gases in the feldspar, most likely related to post-magmatic
effects. The other aliquot produced a well-defined spectrum,
showing significant K/ Ca variations, as expected for alkali feld-
spars, and release of near 100% of *Ar in nine consecutive steps.
The results are 86.0 = 0.5 and 86.0 + 0.6 Ma for the plateau
and the integrated age, respectively (Fig. 7C). The probability
density diagram peaks at 85.7 and gives a weighted mean age
85.91 0.5 Ma (MSWD = 1.1, Probability = 0.4).

The ages obtained for biotite and alkali feldspar from the
trachyte are almost identical to those obtained for kaersut-
ite from the porphyritic picrite, pointing to its coeval nature.

DISCUSSION

On the timing of the alkaline

magmatism in the Sao Sebastiao Island
Accepted Ar closure temperatures for the dated minerals

vary from ca. 600°C (calcicamphiboles), to ca. 450°C (biotite),

and down to ca. 300°C (alkali feldspar) (e.g., Harrison and
McDougall 1981, Villa 1998, Hora et al. 2010). The close
overlap of results for the three mineral systems suggest that
the layered mafic rocks investigated here were emplaced in a
relatively shallow continental crust, consistent with the pres-
sure estimates of ca. 0.9 + 0.4 kbar of Giraldo-Arroyave (2020).
The similarity in ages suggest that the cross-cutting dykes must
also have been emplaced at similar or shallower levels. Shallow
magmatic systems cool relatively fast, and the measured ages
should be close to the crystallization ages, as suggested by the
nearly identical results obtained for biotite and alkali feldspar
phenocrysts from the porphyritic trachyte.

Our new ages help to advance understanding of mag-
matism in the Sao Sebastido Island and neighboring areas,
as they constrain the timing of the main alkaline magmatic
events more precisely.

The integration of the geological and the high-precision
geochronological information indicates that the first mag-
matic event was the emplacement of basic alkaline melts and
development of the mafic-ultramafic alkaline layered intrusion
at 87.9 £ 0.7 Ma. Given the geological and petrographic sim-
ilarities between the northern and southern mafic-ultramafic
plutonic rocks in the island, this age is tentatively extended for

the emplacement of the layered mafic-ultramafic rocks in the
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Figure 7. (A) Cumulative ®Ar released vs. apparent age diagram for two samples of biotite phenocryst; (B) *Ar/*’Ar versus *Ar/*Ar isochron
plots and age probability from the “’Ar/*Ar step heating experiment for biotite; (C) Incremental heating analyses of one sample of high-Na
sanidine; (D) 3°Ar/*Ar versus *Ar/*Ar isochron plots and age probability (plateau only) diagrams. See text for discussion.

southern areas. These events were followed by the emplace-
ment of both the ultramafic (picrite) and the felsic (trachyte)
contemporaneous dykes ~ 2 Ma latter, by 86 Ma (86.1 £ 0.5
Ma biotite and 85.9 £ 0.5 Ma K-feldspar ages). The syenites
from the Sdo Sebastido and Serraria massifs were potentially
emplaced slightly later, as indicated by the high-precision zir-
con U/Pb ages of 84.8 + 0.7 Ma and 85+ 0.3 Ma, respectively
(Sato 2006, Sato et al. 2008). Comparing high-precision U/Pb
and “Ar/*Ar ages is challenging (e.g., Bachmann et al. 2007)
but in general the observed differences are within the quoted
methods errors in the cases of extrusive rocks or rocks emplaced
at high crustal levels, with the *°Ar/**Ar ages being slightly
younger. Therefore, the available geochronological data indi-
cate a time span of about 2-4 Ma between the mafic-ultramafic
and SiO,-oversaturated felsic plutonic intrusions and 0-2 Ma
between the syenites and the bimodal, mafic-ultramafic and
telsic, dykes. Importantly, the geochronological results reveal
that dyke emplacement is contemporaneous and likely structur-
ally associated with the intrusion of the Sdo Sebastiao Massif.

Our “Ar/*Ar results, combined with the available U/Pb
data, constrain the main alkaline magmatism in the Sao Sebastiao
Island within a relatively short time interval, between 87.9 £
0.7 and 84.8 + 0.7 Ma. These data, coupled with the crystal-

lization pressure estimate, allow us to obtain a minimum and
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maximum average post intrusion erosion rate of about 20 and

60 m/Ma, respectively.

Comparisons with nearby and regional
alkaline occurrences, and implications

Our results show that the mafic-ultramafic rocks from
the layered alkaline occurrences cropping out in the Sao
Sebastiao island are coeval with those previously dated at
the Monte do Trigo island (Enrich ef al. 2009)Enrich et al,,
2009). Importantly, all the known layered occurrences in these
islands are relatively small and certainly represent disrupted
fragments of somewhat larger intrusions. As layered intrusions
may constitute relatively large igneous complexes, the possi-
bility exists that the occurrences in the Sao Sebastiao Island
represent fragments of a major intrusion, later disrupted during
the emplacement of the younger syenitic massifs.

The *°Ar/**Ar ages for ultramafic dykes on these islands
suggest two distinct magmatic periods, one roughly coeval
with the plutonic mafic-ultramafic intrusive complexes (lam-
prophyre at Monte do Trigo) and other somewhat younger (by
86 £ 0.5 Ma, porphyritic picrite at Sio Sebastiio). Previous
K/Ar results suggested an interval between 99 and 88 Ma
for the emplacement of mafic-ultramafic, lamprophyric and

related rocks (Sonoki and Garda 1988). The available higher



Braz. J. Geol. (2021), 51(4): e20210046

resolution *’Ar/*Ar ages suggest, however, a shorter time span
from 87.9 £ 0.7 and 84.8 £ 0.7 Ma.

A late peralkaline phonolite dyke in the Monte do Trigo
Island has a “Ar/*Ar age around 84.9 £ 1.0 Ma, which isiden-
tical to the ages obtained for the SiO,-oversaturated syenites
in the Sao Sebastiao Island, while a porphyritic saturated tra-
chyte intruding the layered sequence in Sao Sebastiao was dated
at 86.2 £ 0.65 Ma. Similar felsic dykes are found cutting the
Sao Sebastiao Massive, indicating a somewhat younger dyke
emplacement event during the magmatic evolution history.

K/Ar and Rb/Sr ages for alkaline silicic rocks from the
nearby islands (Vitoria and Buzios, in between ca. 84.4 £ 3.9
and 81.4+2.6 Ma,and 101.4+ 2.1 and 78.0 £ 2.2 (¢f. Motoki
1986, Alves and Gomes 2001, Gomes et al. 2017) are show
a relatively broad age rage and large errors (up to = 4 Ma).
Difficulties intrinsic to the K/Ar method and Rb/sr (mineral
and whole rock), as well as new insights provided by high res-
olution geochronology of the Sao Sebastiao Island magmatic
rocks, suggest that the regional emplacement of felsic plutonic
rocks may have been coeval and new high-precision ages are
needed to test this hypothesis.

Towards the continental interior, the average K/Ar ages
(87.6 Ma, cf. Azzone et al. 2009) for the emplacement of the
alkaline mafic-ultramafic Ponte Nova Massif overlaps with our
results for the coastal islands. The average K/Arand Rb/Sr age
estimates for the main felsic SiO,-undersaturated syenites in
the Pogos de Cadas Massif, the largest alkaline occurrence
in southern Brazil, are ca. 80-78 Ma (cf. Ulbrich et al. 1991,
Ulbrich et al. 2002, Ulbrich et al. 2005 and references therein).
However, recent high-precision dating results obtained for
ultramafic rocks and related breccia as well as hydrothermal
rocks are significantly older. In fact, “Ar/*Ar ages in phlogo-
pite crystals from a silico-carbonatitic dyke rock, coeval with
phonolite, and from a magmatic breccia containing nephe-
line syenite fragments, gave 84.8 £0.7, (corrected for the Fish
Canyon sanidine age of Kuiper et al. 2008) and 87.1 £ 0.5 Ma,
respectively (Vlach et al. 2003, Vlach et al. 2018). Also, U/Pb
analysis by LA-Quadrupole-ICPMS in zircon from late hydro-
thermal veins from the massif gave 85.0 £ 2.8 Ma (Takenaka
etal.2015). These values are all close and within errors to those
obtained for the main alkaline occurrences in the coastal islands
and the Ponte Nova Massif, indicating that a significant part
of the alkaline magmatism in these areas was roughly coeval.

In Sdo Sebastido and other related alkaline occurrences,
chemical and isotopic evidence suggests that the spatial and
temporal association of felsic and mafic-ultramafic magmatism
results from a complex evolution of magmatic plumbing sys-
tems, possibly evolving at different depths and involving partial
melting of distinct enriched sources in a heterogeneous mantle,
as well as some contributions from crustal sources (cf. Giraldo-
Arroyave et al. 2018, Giraldo-Arroyave 2020). Although there
is little consensus about the genesis of the Late Cretaceous to
Paleogene alkaline magmatism in the Serra do Mar Province,
our new results and interpretation agree with models arguing
that this alkaline magmatism resulted from partial melting of
heterogeneous subcontinental mantle sources by a relatively

fast decompression event during early stages of continental drift
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(e.g, Almeida 1983, Comin-Chiaramonti et al. 1999, Marques
etal. 1999, Ernesto et al. 2002, Guarino et al. 2013), as opposed
to plume-related magmatism as proposed by Gibson et al.
(1995, 1997), Thompson et al. (1998) and Sgarbi et al. (2004).

CONCLUDING REMARKS

New “°Ar/*Ar results and previously available U/Pb-in-
zircon high-precision (Sato 2006, Sato et al. 2008) ages, sup-
ported by geological evidence, better define the main mag-
matic events recorded in the Sao Sebastiao Island, Sao Paulo.
The first magmatic event corresponds to the emplacement of
alkaline mafic-ultramafic layered intrusions by 87.9 £ 0.7 Ma,
which was followed by crustal extension and emplacement of a
bimodal dyke suite at 86.0+ 0.8 and 86.1 +0.5 Ma, represented
by an alkaline mafic-ultramafic porphyritic picrite and a SiO,-
saturated porphyritic trachyte. U/Pd data indicate that the main
SiO,-oversaturated syenitic massifs were emplaced by 84.9 +
0.5 Ma (average age). We suggest that extension associated with
dyke emplacement was genetically linked to the processes con-
trolling the intrusion of the large syenitic massifs in the island.

The geochronological results overlap with the previ-
ously determined time interval of alkaline magmatism in the
northern segment of the Serra do Mar Alkaline Province (ca.
90-80 Ma, ¢f. Gomes et al. 2018). In contrast, the geochro-
nological results indicate that the time span of the magmatic
events at S3ao Sebastido, which lasted for 4-5 Ma at most, was
shorter than previously suggested. It, indicates that a signifi-
cant part of the alkaline magmatism in the northern sector of
the province may have taken place in the same time interval
(between 87.9£0.7 and 84.8 £0.7 Ma). Importantly, this age
interval overlaps with high-precision results recently obtained
for the Pogos de Caldas Alkaline Massif (by 88-82 Ma, cf.
Vlach et al. 2003, Takenaka et al. 2015, Vlach et al. 2018), at
the northwest extreme of the Cabo Frio Magmatic Lineament,
implying that alkaline magmatism may have been contempo-
raneous and short-lived along the entire region. A short time
span favors a magmatic model where continental rifting along
pre-existing crustal weakness zones drove relatively fast decom-
pression-driven partial melting of a heterogeneous enriched
mantle and emplacement of a variety of alkaline melts along
previous faults (e.g., Comin-Chiaramonti et al. 1999). Available
crystallization pressure estimates (Giraldo-Arroyave 2020) for
the alkaline intrusions also indicate regional post-intrusions

exhumation (erosion) rates ranging from 20 to 60 m/Ma.
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