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The Florianópolis Dyke Swarm is located in Santa Catarina Island, comprising also the adjacent continental area,
and belongs to the Paraná Magmatic Province (PMP). The dyke outcrops in the island are 0.1–70 m thick and
most of them are coast-parallel (NE-SW trending), with subordinate NW-SE trending. The vast majority of the
dykes has SiO2 varying from 50 to 55 wt% and relatively high-Ti (TiO2 N 3 wt%) contents and these rocks were di-
vided using the criteria commonly used to distinguish the different magma-types identified in the volcanic rocks
from the PMP. TheUrubici dykes (SrN 550 μg/g) are themost abundant and someof themexperienced crustal con-
tamination reaching to 10%, as evidenced by low P2O5/K2O (0.30–0.21), high (Rb/Ba)PM (1.0–2.2), and radiogenic
Sr and Pb isotope compositions (87Sr/86Sri up to 0.70716 (back to 125 Ma) and 206Pb/204Pbm up to 19.093). The
Pitanga (Sr b 550 μg/g) and the basaltic trachyandesite dykes are less abundant and almost all of them were
also substantially affected by at least 15% of crustal assimilation, evidenced by high (Rb/Ba)PM (up to 2.6) and Sr
(87Sr/86Sri = 0.70737–0.71758) and Pb (206Pb/204Pbm = 18.446–19.441) isotope ratios, as well as low P2O5/K2O
values (0.30–0.18). The low-Ti (TiO2 b 2 wt%) dykes are scarce and show a large compositional variability (SiO2:
50.4–64.5 wt%), with similar geochemical characteristics of the low-Ti volcanic rocks (Gramado-Palmas) from
southern PMP, although the most primitive dykes show hybrid characteristics of Ribeira and Esmeralda magmas.
The presence of granitic xenoliths with border reactions and dykes with diffuse contacts indicate that crustal con-
tamination probably occurred by assimilation from re-melted the host rocks. Considering only the high-Ti Urubici
dykes that were not affected by crustal contamination, the Sr, Nd and Pb isotope mixing modelling indicates the
participation of a heterogeneous metasomatized (refertilized) subcontinental lithospheric mantle (SCLM). This
mantle source was originated by partial melting of a depleted sublithospheric mantle (DMM – Depleted Mantle
MORB), which was hybridized by addition of pyroxenite (b5%) and carbonatite (up to 2%) melts. The isotope
mixingmodelling also points to a significant participation (up to 50%) of Archean SCLM, not evidenced in theman-
tle sources of the northern PMP high-Ti Pitanga flows (dominated by Neoproterozoic SCLM).

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The origin and evolution of large igneous provinces arewidely inves-
tigated subjects in the recent years in order to unravel the geodynamic
processes, which cause the production of massive volumes of igneous
rocks in few million years (Coffin and Eldholm, 1994; Bryan and Ernst,
es), demin@units.it (A. DeMin),
sp.br (M. Babinski),
(A.M.G. Figueiredo).
2008; Ernst, 2014). On continents these provinces are generally
constituted by widespread flood basalts and related intrusives (dyke
swarms and sills), sporadically accompanied by acid volcanics (e.g.,
Self et al., 1997).

Many studies have been conducted about the origin and evolution of
these huge igneous events, but their origin remains a subject of contro-
versy. Since these igneous manifestations take place away from plate
boundaries, they have been explained in terms of hotspot theory. On
the one hand, the explanations for origin of hotspots are related with
plume/superplume activity, which invokes columnar upwellings origi-
nating from the lowermost mantle (e.g., Richards et al., 1989; White

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2017.07.005&domain=pdf
http://dx.doi.org/10.1016/j.jvolgeores.2017.07.005
mailto:anamaria@ipen.br
http://dx.doi.org/10.1016/j.jvolgeores.2017.07.005
http://www.sciencedirect.com/science/journal/03770273
www.elsevier.com/locate/jvolgeores


150 L.S. Marques et al. / Journal of Volcanology and Geothermal Research 355 (2018) 149–164
and McKenzie, 1989; He et al., 2014, Hoernle et al., 2015). Alternative-
ly, their origin could be more directly linked to heterogeneous sources
present either in the subcontinental lithospheric mantle (e.g., De Min
et al., 2003; Lustrino, 2005; Merle et al., 2011) or in the shallow man-
tle (e.g., Anderson, 1994; Anderson, 2005; Coltice et al., 2007).

In this framework, the Paraná-Etendeka continental flood basalts
have great importance since they compose one of the largest igneous
province of theworld, being emplaced about 10Maprior to theWestern
Gondwana breakup and opening Southern Atlantic Ocean. The area af-
fected by this huge magmatism is concentrated in southern Brazil,
encompassing also parts of Paraguay, Uruguay and Argentina, constitut-
ing the ParanáMagmatic Province (PMP; Fig. 1). InNamibia (the African
counterpart) the area covered by the volcanic rocks are significantly
smaller compared to those of South America, corresponding to about
10% in volume.

Although many geological, geochemical and geophysical investiga-
tions have been accomplished in PMP, there is not a consensus about
Fig. 1. Generalized geological map of the Paraná Magmatic Province (PMP). 1= Pre-Devonian
Formation; 3= flood basalts; 4= Palmas type acid volcanics; 5= Chapecó type acid volcanics;
Late Cretaceous); 8 = tectonic and/or magnetic lineaments.
Data sources: Piccirillo and Melfi (1988) and Nardy et al. (2008).
the causes and the sources of themagmatism. According to some inter-
pretations, the Tristan da Cunha Plume contributed with heat and mat-
ter in the petrogenesis of the tholeiites (Gibson et al., 1999; Milner and
le Roex, 1996; Ewart et al., 2004; Valente et al., 2007; Hoernle et al.,
2015), whereas other models propose melting of heterogeneous sub-
continental lithospheric mantle (SCLM) in order to explain the geo-
chemical characteristics of PMP basalts (Bellieni et al., 1984a;
Mantovani et al., 1985; Hawkesworth et al., 1986; Petrini et al., 1987;
Piccirillo et al., 1989; Peate et al., 1992; Comin-Chiaramonti et al.,
1997; Comin-Chiaramonti et al., 1997; Peate et al., 1999; Marques et
al., 1999; Iacumin et al., 2003).

The integration of geological, geochemical and geophysical data of
the PMP indicated that Tristan da Cunha plume did not act as the trigger
of the magmatism, since the paleomagnetic reconstruction at 133 Ma
showed that the location of the provincewas far from the thermal influ-
ence area encompassed by such plume (Ernesto et al., 2002). Addition-
ally, Rocha-Júnior et al. (2012) showed that the Tristan da Cunha
basement; 2 = pre-volcanic sedimentary rocks (mainly Paleozoic), including the Botucatu
6= dyke swarms associatedwith the PMP; 7= post-volcanic sedimentary rocks (mainly



Fig. 2. Geological map of the Santa Catarina Island, showing the locations (site numbers in
Table 1 and Supplementary data) of the investigated rocks from the Florianópolis Dyke
Swarm, simplified from CPRM (2014). Florianópolis Terrain (1 = granite - gneiss -
migmatite rocks of the Águas Mornas Complex); Florianópolis Batholith (2 = Cambirela
Rhyolite of the Cambirela Plutonic-Volcanic Suite; 3 = Itacorumbi Granite of the
Cambirela Plutonic-Volcanic Suite; 4 = Ilha Granite of the Pedras Grandes Suite); 5 =
Cenozoic sedimentary cover.
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volcanic rocks have suprachondritic osmium isotopic compositions,
which are considerably more radiogenic than PMP rocks. These
suprachondritic isotope compositions could reflect direct contamina-
tion with continental crust (a microcontinent broken off during South
Atlantic opening or lower continental crust delamination) in the source
of the Tristan da Cunha rocks.

More recently, melting of metasomatized SCLM has been invoked to
explain the elemental and isotope (Sr-Nd-Pb-Os) characteristics of the
high-Ti tholeiites from PMP (Rosset et al., 2007; Rocha-Júnior et al.,
2012, 2013; Comin-Chiaramonti et al., 2014; Marques et al., 2016).
The metasomatizing agents could be carbonatite fluids and/or small-
volume (pyroxenites) melts related to subduction processes, culminat-
ingwith those occurred in theNeoproterozoic that resulted in theWest-
ern Gondwana assembly (Brasiliano/Pan-African orogeny).

The PMP also encompasses sills mainly concentrated in northern
PMP and dyke swarms (Ponta Grossa, Florianópolis, Serra do Mar and
Southern Espinhaço). Considering that most of the dykes were
emplaced after the main volcanic activity (134–133 Ma; Renne et al.,
1992, 1996; Thiede and Vasconcelos, 2010), as pointed out by the inte-
gration of paleomagnetic and Ar-Ar geochronological data (Renne et al.,
1996; Raposo et al., 1998; Déckart et al., 1998; Rosset et al., 2007), the
investigation of these intrusive rocks are crucial for obtaining informa-
tion about the characteristics of the mantle source involved in the late
stages of magmatism.

In order to better constrain the nature of the mantle sources that
generated the PMP rocks, new major and trace elements, along with
Sr, Nd and Pb isotope data for a suite of samples of the Florianópolis
Dyke Swarm (FDS) are presented. This intrusive magmatism is mainly
characterized by basic and intermediate tholeiite rocks that crop out
at Santa Catarina Island (Fig. 2) and nearby continental coast (Southern
Brazil). For this purpose, effects of crustal contamination in the genesis
of the dykes were evaluated, since this process occurs frequently during
emplacement, being caused by reactions between high temperature
mafic magmas with the host rocks, promoting substantial change of
the elemental and isotope signatures of the intrusive rocks.

2. The Paraná Magmatic Province

The PMP once covered an area in southern Brazil approximat-
ing 1.2 × 106 km2 with a volume that may have been as great as
7.8 × 105 km3, overlying the Botucatu Formation sandstones (Jurassic -
Early Cretaceous) of the Paraná Basin (Fig. 1; e.g., Piccirillo and Melfi,
1988). The volcanic rocks consist predominantly of a succession of tho-
leiitic basalts and basaltic andesites, accompanied by subordinated tho-
leiitic andesites and dacites-rhyolites.

Intrusive rocks,most of thembasic in composition are also present, oc-
curring either as sills intruded in sedimentary rocks of the Paraná Basin
(Bellieni et al., 1984b; Maniesi and Oliveira, 1997; Ernesto et al., 1999;
Machado et al., 2007) or dykes. The latter are concentrated in three
swarms, which are referred as Ponta Grossa, Florianópolis, and Serra do
Mar (Almeida, 1986; Piccirillo et al., 1990; Garda and Schorscher, 1996;
Raposo et al., 1998; Déckart et al., 1998; Marques and Ernesto, 2004;
Guedes et al., 2005; Valente et al., 2007; Guedes et al., 2016). Some
dykes are also found in the Southern Espinhaço, located at the border of
São Francisco Craton (Rosset et al., 2007; Marques et al., 2016).

A considerable number of 40Ar/39Ar ages determined in PMP rocks
indicates that the main pulse of volcanic activity occurred between
134 and 133 Ma (Renne et al., 1992, 1996; Thiede and Vasconcelos,
2010). The Ponta Grossa dykes intruded mainly in a narrow interval
(132–130 Ma; Renne et al., 1996), while for the Serra do Mar Swarm
the main phase emplacement varies from 133 to 129 Ma (Déckart et
al., 1998), although younger ages (120 Ma) were reported for some
dykes located at the coastline by Renne et al. (1993) and older ages
(up to 193 Ma) were obtained by Guedes et al. (2005, 2016) nearby
Resende town. According to 40Ar/39Ar data, the Florianópolis dykes
were emplaced in a large time interval, from 131 to 120 Ma (Raposo
et al., 1998; Déckart et al., 1998), whereas Florisbal et al. (2014) report-
ed U-Pb (ID-TIMS) ages of 134 Ma determined in baddeleyite/zircon
from these dykes.

The basic rocks (extrusive and intrusive) from PMP underwent ex-
tensive fractional crystallization (Mg# b 0.56). According to petrograph-
ical and geochemical data, and their geographical location, they are
divided into two main groups (e.g., Piccirillo and Melfi, 1988; Peate,
1997): (1) Low-Ti tholeiites (Esmeralda and Gramado types), present-
ing relatively low contents of TiO2 (≤2wt%) and incompatible elements
(e.g., P, Sr, Ba, Zr, Nb, Ta, Y and LREE) and (2) High-Ti tholeiites
(Paranapanema and Pitanga types), containing high TiO2 concentra-
tions (N2 wt%) and incompatible elements. The high-Ti basalts domi-
nate in northern PMP, whereas the low-Ti basalts are prevalent in
southern PMP. Minor volumes of low-Ti (Ribeira type) and high-Ti
(Urubici type) basalts occur in northern and southern PMP, respectively.

The acid rocks may also be divided in twomain groups with distinct
geochemical characteristics (Bellieni et al., 1986; Piccirillo et al., 1987,
1988; Garland et al., 1995; Nardy et al., 2008). The acid volcanics of
Chapecó type, which are associated in the field with the Pitanga basalts,
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have higher contents of TiO2, Na2O, K2O, P2O5 and incompatible trace el-
ements (Sr, Ba, Zr, Hf, Ta and REE) in relation to the Palmas type, genet-
ically related to Esmeralda and Gramado basalts, aswell as to the low-Ti
tholeiitic andesites.

According to isotope studies, most of the low-Ti volcanic rocks from
southern PMP were significantly affected by low-crustal contamination.
The initial 87Sr/86Sr vary from 0.7046 (Esmeralda), up to 0.7283 in
more differentiated rocks (Palmas). The increase of Sr isotope ratios is
also accompanied by substantial decrease and increase in Nd and Pb iso-
tope compositions, respectively, reinforcing such petrogenetic processes
(Piccirillo and Melfi, 1988; Piccirillo et al., 1989; Garland et al., 1995;
Peate and Hawkesworth, 1996; Marques et al., 1989, 1999; Peate,
1997). On the other hand, the high-Ti basalts, as well as the low-Ti
Ribeira basalts have initial Sr (0.7054–0.7064), Nd and Pb isotope ratios
varying in a narrow interval and evidencing that these rocks did not suf-
fer substantial crustal contamination processes (Mantovani et al., 1985;
Petrini et al., 1987; Piccirillo et al., 1989; Marques et al., 1999;
Rocha-Júnior et al., 2013). The Chapecó acid rocks have initial Sr isotope
ratios from0.7045 to 0.7079, indicating that someof themsuffered crust-
al contamination, particularly those that crop out to the north of the
Piquiri River Lineament (Piccirillo and Melfi, 1988; Garland et al., 1995).

Taking into consideration only the basalts with initial 87Sr/86Sr b

0.7060, which may be considered as uncontaminated by the continental
crust, the incompatible trace element distribution patterns normalized
to primordial mantle of Pitanga, Paranapanema and Ribeira basalts are
very similar. In contrast, the distribution patterns of Ribeira rocks have
significant negative U anomalies, which are not present in the Esmeralda
basalts (Marques et al., 1989, 1999; Peate andHawkesworth, 1996; Peate,
1997; Machado et al., 2015). All southern and northern basalts have neg-
ative Ta-Nb anomalies interpreted as the result of mantle metasomatism
associated with subducted polygenetic material, which involved the sub-
continental lithospheric mantle mainly during Gondwana amalgamation
(Neoproterozoic times; Rocha-Júnior et al., 2012, 2013).

In general, the sills and dyke swarms (Ponta Grossa, Serra do Mar,
Espinhaço Meridional and Florianópolis) present the same elemental
and isotope signatures of the PMP flows and most of them are of high-
Ti type (Piccirillo and Melfi, 1988; Piccirillo et al., 1990; Peate, 1997;
Guedes et al., 2005, 2016; Valente et al., 2007; Rosset et al., 2007;
Marques et al., 2016).
3. The Florianópolis Dyke Swarm

The Florianópolis Dyke Swarm (FDS) is located on Santa Catarina Is-
land, comprising also the adjacent continental area (Fig. 2). There are
very few previous studies about these dykes and most of them deal
with dating and their relation with the emplacement of PMP flows
(Raposo et al., 1998; Déckart et al., 1998; Florisbal et al., 2014). The
dykes cut granites originated during the Brasiliano/Pan-African Orogeny,
notwithstanding the dykes sometimes cut flow sequences from PMP, as
reported by Piccirillo and Melfi (1988), Peate and Hawkesworth (1996).

The crustal section intruded by the FDS dykes belongs to the Dom
Feliciano Belt (Southern Brazil and Uruguay), which represents an ag-
gregation of magmatic arcs/continental terranes related to subduction
during the Gondwana assembly. The Dom Feliciano Belt trends north-
east and in the investigated area (eastern of Santa Catarina State) Arche-
an/Paleoproterozoic supracrustal metamorphic complexes occur along
with Neoproterozoic calc-alkaline granites with arc-type signatures
(Florisbal et al., 2009 and references therein). In the Santa Catarina Is-
land and nearby coastal area, the dykes intrude mostly granites of the
Florianópolis Batholith and the granites-gneisses-migmatites of the
Águas Mornas Complex (CPRM, 2014).

The dykes are 0.1 to 70 m thick but most of them have thicknesses
between 0.5 and 10 m. They are dark grey to black in color, invariably
vertical or sub-vertical and preferably oriented in two directions. The
predominant trending is NE-SW (parallel to the coast), coinciding
with orientation of the wall rock structures, although NW-SE striking
is also found (Raposo et al., 1998; Marques, 2001).

In general, the thicker dykes are characterized by well-developed
chilled margins, in straight and sharp contacts with pinkish and greyish
host granites, and present progressive increase in the grain size toward
their inner parts (Raposo et al., 1998; Marques, 2001). Only few geo-
chemical analyses for FDS rocks are reported in the literature by Peate
et al. (1999), Marques (2001) and Florisbal et al. (2014).

The 40Ar/39Ar ages applying the 40K decay constants and the age of
Fish Canyon, proposed by Renne et al. (2010), vary from 131 to
120 Ma, and are concentrated in two relatively narrow ranges of 131–
127 Ma and 123–120 Ma (Raposo et al., 1998; Déckart et al., 1998). Ac-
cording to paleomagnetic results obtained by Raposo et al. (1998), most
of the dykes exposed on Santa Catarina Island belong to the youngest
magmatic episode. Therefore, the dykes are probably associated with
final stages of lithosphere stretching that preceded the oceanic crust for-
mation at the respective latitude. However, Florisbal et al. (2014) re-
ported ages of 134 Ma by using high-precision U-Pb dating in
baddeleyite/zircon of dykes exposed on the continental coast, located
90 km south of the Santa Catarina Island. These last ages increase the
time interval of dyke emplacement reported by Raposo et al. (1998), in-
dicating that at least someof these intrusive rocks are coeval to themain
phase of the PMP. Regarding this aspect, it is important to mention that
in the Northwestern Namibia, which was located next to the
Florianópolis area in paleogeographic reconstructions, three genera-
tions of tholeiitic dykes are found, with 39Ar/40Ar ages of 135.2 ± 0.7,
124.1 ± 0.8 Ma and 113.0 ± 0.5 Ma (Will et al., 2016).

4. Analytical procedures

Seventy-three dykes were sampled, resulting in a collection of 108
samples for analysis, since in the thicker dykes two or more samples
were collected. Four granite host rocks were also collected and all sam-
ples were analyzed for major, minor and some trace elements (Cr, Ni,
Ba, Rb, Sr, La, Ce, Nd, Y, Nb and Zr) by X-ray fluorescence at the Univer-
sity of Trieste, Italy, following the procedures described by Rosset et al.
(2007). Analytical precision is better than 3% for major element oxides
and better than 10% for trace elements.

Sixty-two samples were careful selected for the determination of
REE (La, Ce, Nd, Sm, Eu, Tb, Yb, and Lu) and other trace elements (Ta,
Th, U, Hf, Sc, and Co) by instrumental neutron activation analysis,
which was carried out at the Instituto de Pesquisas Energéticas e
Nucleares - CNEN/SP, Brazil. The accuracy and precision are, in general,
better than 10% (Figueiredo and Marques, 1989; Marques et al., 1989;
Marques, 2001; Rocha-Júnior et al., 2013). The selected samples have
small degree of alteration and low values of loss on ignition (in general
b2.0 wt%).

Based onmajor and trace element geochemistry, twenty-three repre-
sentative FDS samples were selected for the determination of Sr, Nd and
Pb isotope ratios. The analyses were performed by thermoionization
mass spectrometry at the University of Trieste and Istituto di
Geocronologia e Geochimica Isotopica, C.N.R., Pisa (Sr and Nd: Isomas
54E) and at the Centro de Pesquisas Geocronológicas of the Universidade
de São Paulo, Brazil (Sr and Nd: Triton mass spectrometer, and Pb:
Finnigan MAT 262). The analytical procedures for Sr, Nd and Pb separa-
tion is described by Petrini et al. (1987), Babinski et al. (1999), Rocha-
Júnior et al. (2013) and references therein. The sample preparation
method for the determination of Pb isotopes followed the procedures re-
ported in detail by Marques et al. (1999, 2016).

The Sr isotope ratioswere normalized to 86Sr/88Sr=0.1194 and rep-
licate analysis for 87Sr/86Sr for the NBS987 standard gave a mean value
of 0.710238 ± 0.000025 (2σ), with blanks b140 pg. The Nd isotope
compositions were normalized to 146Nd/144Nd = 0.7219, the
143Nd/144Nd average for the JNDi-1 standard was 0.512102 ±
0.000003 (2σ) and the analytical blanks were about 50 pg. The blanks
during the Pb analyses were about 100 pg and replicate analyses of
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the SRM981 NBS standard were used to correct the lead isotope ratios
for mass discrimination (0.11%/a.m.u., 0.11%/a.m.u. and 0.07%/a.m.u.
for 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb, respectively).

5. Results

The chemical and isotope results of the samples that were analyzed
in this investigation are listed in Table 1 and in the Supplementary data,
alongwith the dyke trends and thicknesses. About 80% of the investigat-
ed dykes are coast-parallel, trending N30°E–N55°E, which is the same
orientation of the Dom Feliciano Belt tectonic features. Approximately
20% of the intrusive rocks trend N15°W–N45°W. The sample location
is shown in Fig. 2.

5.1. Classification, nomenclature and magma-types

The vastmajority of the FDS intrusions, corresponding to 69 sampled
bodies and performing 93% of the intrusions, has SiO2 contents varying
from 50wt% to 55 wt% andMgO between 5.5 wt% and 3.0 wt%. Three of
the remaining dykes have SiO2 between 55 wt% and 57 wt% and only
one is acid in composition, with SiO2 = 64 wt%.

According to the Total Alkalis vs. Silica nomenclature (Le Bas et al.,
1986), the rocks are represented by dominant tholeiitic basaltic andes-
ites and subordinate tholeiitic basalts, basaltic trachyandesites, and a
rhyodacite (Fig. 3). The basaltic trachyandesites plot on or above the
line defined by Irvine and Baragar (1971), which divides the fields of al-
kaline and sub-alkaline rocks.

The least evolved rocks (SiO2 ≤ 55wt% andMgO N 3wt%)may be di-
vided in four groups according to their TiO2 and incompatible trace ele-
ment distribution (Figs. 4 and 5). The high-Ti dykes are dominant and
correspond to the Urubici magma-type (TiO2 N 3 wt%; Sr N 550 μg/g).
This magma-type is not voluminous in the PMP, and crop out in the
southern PMP and nearby Santa Catarina Island (Piccirillo and Melfi,
1988; Peate, 1997; Peate et al., 1999), although some Mesozoic dykes
with similar characteristics also occur in the border of the São Francisco
Craton (Rosset et al., 2007; Marques et al., 2016).

There are also minor high-Ti dykes, represented by 9 bodies, which
have the same characteristics of the Pitanga magma-type (TiO2

N 3 wt%; Sr b 550 μg/g). The low-Ti tholeiites (TiO2 ≤ 2 wt%) are repre-
sented by 3 bodies (tholeiitic basalts) with high Ti/Y (N330), typical of
the Ribeira basalts. The low-Ti tholeiitic basaltic andesites and the dacite
have the same characteristics of Gramado (Ti/Y b 300) and Palmas vol-
canic rocks.

Both Urubici and Pitanga dykes are dominated by tholeiitic basaltic
andesites, with subordinate tholeiitic basalts and basaltic tachyandesites.
Two samples of the tholeiitic basalt group are similar to Pitanga flows,
while three the remaining are comparable to Urubici basalts. The basaltic
trachyandesites correspond to 5 dykes, which have high-Ti contents and
Sr concentrations varying from 368 to 795 μg/g.

Some field relationships are found at Joaquina Beach, where two
parallel low-Ti dykes (tholeiitic basalts), trendingN45Wandwith thick-
nesses of 0.5 m (FL-31) and 2m (FL-30) crosscut a high-Ti dyke (FL-29;
tholeiitic basaltic andesite) of Urubici type, 15 m thick and N15E
trending. At the same place, another low-Ti dyke (FL-20; tholeiitic ba-
salt; N55W), crosscuts a high-Ti one (FL-19; tholeiitic basaltic andesite),
which trends N20E and is 5 m thick. Therefore, although it is not possi-
ble to generalize, there is an indication that low-Ti dykes are younger
than those of high-Ti type. It is noteworthy that low-Ti dykes with
very similar composition, thickness and trending (NW) to those of
Joaquina Beach are also present in the Silveira area (Florisbal et al.,
2014), which is located about 90 km south of Santa Catarina Island.

Another crosscutting relationship of twoUrubici dykes is found near-
by Tapera (southwestern island), where a 0.2 m thick dyke (FL-65; tho-
leiitic basalt), trending N65E and emplaced in en echelon array crosscuts
the other one (FL-95; tholeiitic basaltic andesite) trending N45E and
25 m thick.
5.2. Major element behavior

The chemical characteristics of the FDS rocks are similar to those of
the volcanic rocks of PMP. The distinction of the different identified
groups of rocks is evidenced in Fig. 4 that shows the behavior of major
element oxides in relation to MgO, considered as index of magmatic
evolution. In general, the contents of SiO2, FeOt, Na2O, K2O and P2O5 in-
crease,whereas those of CaO decreasewith differentiation. For the high-
Ti dykes, the TiO2 concentrations tend to increase with evolution de-
gree, especially in the Urubici-like tholeiitic basaltic andesites, except
the more evolved dyke (FL-19; SiO2 = 55.77 wt%), which has a signifi-
cant decrease in titanium content (TiO2 = 2.71 wt%). For the low-Ti
dykes, the TiO2 content is constant for the tholeiitic basalts and tholeiitic
basaltic andesites, with a considerable decrease in the dacite.

The Al2O3 also has distinct behavior in the high- and low-Ti dykes.
For the first group of dykes, an increase of Al2O3 concentrations is ob-
served (13 wt% to 15 wt%) for the Pitanga samples and for the basaltic
trachyandesites, while for the latter group, the Al2O3 decreaseswith dif-
ferentiation (from17wt% to 13wt%). Note that theAl2O3 is quite spread
for the Urubici dykes in relation to MgO.

Only taking into consideration high-Ti dykes, in general, the Pitanga
ones have lower contents of TiO2, K2O and P2O5 in comparison to the
Urubici dykes, as also observed for the high-Ti flow analogues of the
PMP. The high-Ti dykes belonging to the transitional series, represented
by the basaltic trachyandesites, have significantly higher concentrations
of Na2O and K2O than the tholeiitic basaltic andesites, indicating their
slight alkaline tendency. The major elements present some dispersion
in the basaltic trachyandesites, but they have slightly lower concentra-
tions of FeOt and CaO, as well as higher SiO2 abundances in comparison
to most of the high-Ti dykes (Fig. 4). The K2O content presents a slight
decrease with the increase of magmatic evolution, whereas CaO, Al2O3

and P2O5 have the opposite behavior in these transitional rocks.

5.3. Trace element characteristics

The geochemical differences observed in the oxides of major ele-
ments are reinforced by the behavior of incompatible trace elements
(Fig. 5). Except for the basaltic trachyandesites, which present some
scattering for Rb, Ba, Sr, U and Th, there is a general progressive increase
in the concentrations of incompatible trace elements with differentia-
tion. For both the high-Ti Pitanga and Urubici dykes, the Sr contents
do not vary significantly with differentiation, whereas a decrease is ob-
served for the low-Ti intrusives, especially in the most differentiated
ones (some tholeiitic basaltic andesites with SiO2 N 55 wt% and dacite).
Besides the different concentrations of incompatible trace elements of
the low- and high-Ti tholeiite dykes, the concentrations of Rb, Ba, Sr, U
and Th also allow distinguishing the Urubici, Pitanga and basaltic
trachyandesite dykes. The latter ones are characterized by the highest
concentrations of Rb, U and Th.

The REE (chondrite normalized; McDonough and Sun, 1995) distri-
bution patterns of the low-Ti FDS rocks are shown in Fig. 6. As the evo-
lution degree increases, a gradual overall enrichment of REE is observed,
which is more pronounced for the light REE, generating more fraction-
ated patterns and larger negative Eu anomalies in the differentiated
dykes (tholeiitic basalts: 3.7 b (La/Yb)CN b 4.6; 1.9 b (La/Sm)CN b 2.1;
0.95 b Eu/Eu* b 1.11; tholeiitic basaltic andesites: 3.9 b (La/Yb)CN
b 4.6; 2.4 b (La/Sm)CN b 2.6; 0.78 b Eu/Eu* b 0.87; dacite: (La/Yb)CN =
6.1; (La/Sm)CN = 3.1; Eu/Eu* = 0.82). It is important to emphasize
that positive Eu anomalies, as well as higher concentrations of Al2O3

and Sr, observed in the tholeiitic basalts are associated with the pres-
ence of abundant millimeter-size plagioclase phenocrysts, generating
rocks with porphyritic textures.

The three groups of high-Ti FDS rocks are also distinguished by their
REE chondrite normalized distribution patterns (Fig. 7). The Pitanga type
dykes have distinctive less fractionated patterns in comparison to the
Urubici ones. The (La/Yb)CN of the former group vary from 6.8 to 8.0



Table 1
Whole-rock chemistry and Sr-Nd-Pb isotope compositions of the rocks from the Florianópolis Dyke Swarm.

Sample FL-12 FL-13 FL-14 FL-16 FL-20 FL-25 FL-28 FL-30 FL-48 FL-56 FL-60 FL-63 FL-65

Site 3 4 5 6 7 9 10 10 12 12 12 14 14
Dyke number 3 4 5 6 9 11 12 14 17 18 19 21 26
Magma-type Urubici Urubici Pitanga Pitanga Low-Ti Urubici Urubici Low-Ti Urubici Gramado Urubici High-Ti High-Ti
wt%
SiO2 53.56 52.12 50.39 53.03 50.68 53.18 53.41 50.42 52.20 55.05 51.36 53.78 50.57
TiO2 3.91 3.76 3.32 3.12 1.74 4.03 3.46 1.83 4.22 1.79 4.37 3.23 3.86
Al2O3 14.43 14.35 13.61 14.32 16.59 14.37 13.93 16.98 14.09 14.09 13.29 14.65 13.72
FeOt 11.30 12.04 14.81 12.92 11.02 11.63 10.93 10.91 12.52 13.99 13.45 11.07 12.98
MnO 0.15 0.16 0.19 0.20 0.17 0.16 0.15 0.18 0.17 0.22 0.19 0.16 0.18
MgO 3.87 4.75 5.11 4.15 5.47 3.91 5.08 5.21 3.76 2.69 4.20 3.93 4.85
CaO 6.89 7.33 7.61 6.99 10.52 7.23 8.10 10.91 7.51 7.23 8.08 6.07 9.21
Na2O 3.15 3.14 3.24 3.17 2.92 3.07 2.72 2.81 3.16 3.21 2.57 4.07 2.86
K2O 2.12 1.72 1.34 1.63 0.72 1.85 1.67 0.56 1.89 1.54 2.05 2.48 1.41
P2O5 0.62 0.63 0.38 0.47 0.17 0.57 0.55 0.19 0.48 0.19 0.44 0.56 0.36
Sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
LOI 1.63 1.91 2.75 2.00 2.29 1.46 1.66 1.61 0.74 0.58 1.62 1.79 1.73
FeO 9.58 8.76 8.65 9.63 6.85 9.66 8.52 7.15 10.85 11.72 9.96 7.55 9.52
Fe2O3 1.91 3.64 6.84 3.66 4.63 2.19 2.68 4.18 1.86 2.52 3.88 3.91 3.84
μg/g
Cr(1) 35 32 40 24 146 49 77 136 61 31 69 60 88
Ni(1) 46 61 52 29 81 58 66 75 65 33 65 40 78
Ba(1) 683 700 288 397 187 687 532 145 649 287 614 722 480
Rb(1) 56.0 45.0 68.0 84.0 32.0 39.0 41.0 15.0 37.0 57.0 123.4 80.7 57.7
Sr(1) 769 871 454 410 375 721 687 303 740 172 675 529 615
Zr(1) 335 220 252 281 141 324 291 150 289 184 323 284 281
Y(1) 39 39 49 40 31 39 40 26 37 45 41 36 38
Nb(1) 33 28 21 23 12 35 28 12 27 11 31 30 26
La(2) 47.5 42.5 30.0 33.2 15.0 47.8 42.7 12.4 48.0 23.6 48.8 50.1 38.3
Ce(2) 103 93 62 71 29 104 88 27 98 46 106 104 85
Nd(2) 60 54 33 42 16 47 43 18 56 25 55 54 46
Sm(2) 11.3 9.9 8.2 8.5 4.4 11.0 9.9 3.9 10.4 6.1 11.4 10.5 9.8
Eu(2) 3.71 3.55 2.80 2.60 1.50 3.60 3.16 1.50 3.70 1.70 4.1 3.2 3.5
Tb(2) 1.43 1.39 1.39 1.13 0.90 1.52 1.29 0.75 1.54 1.26 1.53 1.37 1.42
Yb(2) 2.8 2.3 2.9 3.3 2.2 3.2 2.4 2.2 3.0 3.6 2.3 2.5 2.1
Lu(2) 0.37 0.37 0.45 0.41 0.34 0.37 0.35 0.27 0.39 0.70 0.47 0.38 0.35
Ta(2) 2.18 2.11 1.23 1.36 0.66 2.43 1.83 0.63 2.25 0.97 2.19 2.16 1.81
Th(2) 4.5 4.2 2.93 3.7 1.24 4.6 4.5 1.17 4.6 5.8 4.7 6.5 3.7
U(2) 1.00 0.93 0.83 0.84 1.09 0.96 0.40 0.97 1.70 1.05 1.73 0.88
Hf(2) 9.7 7.2 5.5 6.4 3.1 9.0 8.7 2.9 7.8 4.6 8.4 7.6 7.1
Sc(2) 28.4 29.3 33 34 35 32 27.7 31 29 39 28.8 25.8 29.2
Co(2) 37.2 43.1 46 42 40 41 37.6 38.0 40 45 40.3 35.5 40.4
87Sr/86Srm 0.705455(3) 0.70629(4) 0.70971(2) 0.70911(3) 0.70693(3) 0.70527(3) 0.705895(5) 0.70529(3) 0.705133(6) 0.713673(8) 0.70663(4) 0.708152(4) 0.705625(5)
87Sr/86Sri 0.705081 0.706030 0.708940 0.708057 0.706491 0.704992 0.705580 0.705048 0.704876 0.711969 0.705690 0.707368 0.705143
143Nd/144Ndm 0.512379(4) 0.512413(5) 0.512468(6) 0.512442(5) 0.512441(6) 0.512380(4) 0.512431(5) 0.512325(4) 0.512406(6) 0.512269(6) 0.512466(6)
143Nd/144Ndi 0.512280 0.512314 0.512369 0.512342 0.512342 0.512273 0.512359 0.512259 0.512327 0.512191 0.512383
206Pb/204Pbm 18.138(26) 18.168(11) 19.441(10) 19.255(18) 18.565(32) 17.659(37) 17.839(61) 18.888(49) 18.683(13) 18.663(7) 18.265(9)
207Pb/204Pbm 15.507(26) 15.548(12) 15.72(10) 15.693(18) 15.609(30) 15.490(43) 15.501(62) 15.662(49) 15.615(14) 15.638(8) 15.581(9)
208Pb/204Pbm 38.396(27) 38.374(12) 39.045(11) 39.482(18) 38.889(29) 38.215(38) 38.222(63) 38.893(51) 38.958(14) 38.937(8) 38.6379(9)

LOI= Loss on Ignition; (1) X Ray Fluorescence; (2) Instrumental Neutron Activation Analysis. The numbers in parenthesis correspond to the uncertainties (2 σ) in the last figures of themeasured isotope compositions. The initial isotope ratios were
corrected back to 125 Ma, except for those samples dated by 40Ar/39Ar (Raposo et al., 1998; Déckart et al., 1998).
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Table 1 (continued)

Sample FL-71 FL-81 FL-82 FL-83 FL-84 FL-89 FL-98 FL-102 FL-103 FL-106 FL-110 FL-111 FL-117 FL-120

Site 15 23 24 25 26 29 35 38 39 41 44 45 48 48
Dyke number 27 36 37 38 39 42 48 51 52 54 57 58 61 62
Magma-type High-Ti Gramado Urubici Palmas Urubici Urubici Urubici Gramado Urubici Urubici High-Ti Urubici Urubici Urubici
wt%
SiO2 53.71 56.06 53.43 64.52 52.74 53.57 52.73 53.27 53.02 53.42 53.78 54.01 52.47 53.31
TiO2 3.19 1.68 3.91 1.17 3.64 3.51 3.90 1.72 3.15 4.09 3.49 3.91 3.74 3.43
Al2O3 14.03 14.21 14.16 13.10 14.46 14.25 14.26 14.89 14.62 13.80 14.33 14.02 13.12 13.37
FeOt 11.30 13.00 11.40 8.62 11.20 11.44 11.14 13.12 11.05 11.89 11.40 11.31 12.47 11.54
MnO 0.19 0.20 0.14 0.14 0.14 0.16 0.15 0.21 0.14 0.13 0.15 0.15 0.24 0.16
MgO 4.70 3.00 4.44 1.41 5.01 4.26 4.80 3.73 5.29 4.11 4.52 4.27 4.91 4.97
CaO 6.14 6.89 6.99 3.77 7.59 7.51 8.14 8.29 7.53 7.52 5.51 6.89 8.54 7.61
Na2O 3.78 3.25 2.96 3.89 2.83 3.19 2.83 3.20 3.07 3.00 3.54 2.94 2.81 3.10
K2O 2.52 1.41 1.91 2.96 1.75 1.68 1.51 1.32 1.69 1.54 2.70 1.95 1.33 1.96
P2O5 0.45 0.31 0.66 0.42 0.64 0.43 0.55 0.25 0.44 0.50 0.58 0.55 0.37 0.55
Sum 100.00 100.00 100.00 100.00 100.00 100.00 100.01 100.00 100.00 100.00 100.00 100.00 100.00 100.00
LOI 2.13 1.33 1.73 1.43 1.71 1.16 1.45 1.43 1.94 1.69 2.12 1.21 1.25 1.40
FeO 7.41 11.09 9.85 6.32 9.44 9.27 9.25 10.48 8.53 7.91 8.48 9.59 8.95 8.74
Fe2O3 4.32 2.12 1.72 2.56 1.96 2.41 2.10 2.93 2.80 4.42 3.24 1.91 3.91 3.11
μg/g
Cr(1) 63 28 59 1 76 58 113 54 120 43 29 83 59 45
Ni(1) 49 32 61 10 73 56 81 43 93 50 55 65 56 48
Ba(1) 716 310 691 562 546 574 481 359 585 605 678 606 602 604
Rb(1) 150.2 58.9 42.5 121.6 37.0 34.4 25.6 75.4 88.7 31.0 167.0 49.7 43.6 68.3
Sr(1) 368 164 731 135 701 633 706 233 642 742 594 611 605 578
Zr(1) 304 189 289 292 262 290 248 176 245 344 297 270 281 282
Y(1) 36 46 37 61 41 38 35 38 31 45 37 38 40 38
Nb(1) 30 11 26 19 23 26 23 12 22 28 24 23 22 23
La(2) 52.8 21.8 44.8 44.0 43.0 41.5 36.6 21.8 42.3 48.8 42.4 47.0 38.0 43.0
Ce(2) 89 50 101 90 85 92 85 45 81 108 93 100 85 92
Nd(2) 51 25 49 45 45 52 44 25 48 55 46 52 46 47
Sm(2) 11.3 5.8 10.6 9.0 9.8 10.2 9.8 5.3 9.1 12.0 10.5 9.0 9.5 9.9
Eu(2) 3.1 1.70 2.35 2.60 3.5 3.46 3.22 1.70 3.20 3.78 3.48 3.50 2.90 3.40
Tb(2) 1.48 1.16 1.45 1.74 1.42 1.29 1.38 1.20 1.15 1.51 1.49 1.56 1.56 1.50
Yb(2) 2.2 3.8 2.4 4.9 2.7 2.5 2.5 3.2 2.4 2.9 2.3 2.9 2.7 2.6
Lu(2) 0.34 0.63 0.38 0.90 0.42 0.38 0.37 0.60 0.40 0.38 0.38 0.40 0.34 0.39
Ta(2) 2.24 0.99 2.08 1.80 1.85 1.85 1.74 0.81 1.70 2.17 2.06 1.90 1.84 1.86
Th(2) 6.2 5.4 4.4 12.1 3.9 4.6 3.4 3.8 4.0 4.9 4.7 4.5 3.9 4.1
U(2) 1.81 1.67 0.91 2.94 0.91 1.11 0.75 0.85 0.85 1.09 1.13 0.89 0.77 0.94
Hf(2) 7.7 4.9 8.3 8.2 7.9 8.4 8.2 4.2 6.1 9.3 9.0 7.3 7.7 7.6
Sc(2) 26.9 38 27.5 21 31 25.5 29.4 40 27.0 26.8 27.7 32 31 31
Co(2) 36.7 44 37.5 18.2 43 36 39.3 45 40 37.2 37.5 40 37 39
87Sr/86Srm 0.711147(7) 0.70564(7) 0.705444(8) 0.705438(4) 0.704704(5) 0.707866(6) 0.70575(5) 0.719023(5) 0.706132(7) 0.706657(6) 0.707287(6)
87Sr/86Sri 0.709049 0.705338 0.705173 0.705159 0.704518 0.707156 0.705535 0.717578 0.705717 0.706289 0.706684
143Nd/144Ndm 0.512271(6) 0.512397(6) 0.512456(4) 0.512379(6) 0.512500(4) 0.512308(5) 0.512388(4) 0.512364(6) 0.512347(4) 0.512383(4) 0.512364(5)
143Nd/144Ndi 0.512181 0.512321 0.512380 0.512302 0.512422 0.512234 0.512305 0.512284 0.512284 0.512305 0.512285
206Pb/204Pbm 19.067(7) 17.834(9) 17.838(39) 17.975(11) 17.909(9) 17.747(25) 19.068(11) 18.522(10) 17.831(28) 19.093(0.09) 18.806(21)
207Pb/204Pbm 15.684(7) 15.529(9) 15.551(39) 15.563(11) 15.536(9) 15.541(26) 15.689(10) 15.596(9) 15.534(27) 15.696(9) 15.658(22)
208Pb/204Pbm 39.303(7) 38.306(9) 38.393(40) 38.508(11) 38.307(9) 38.370(26) 39.558(11) 38.910(9) 38.404(28) 39.103(10) 38.997(22)
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Fig. 3. Total Alkalis (wt%) versus Silica (wt%) nomenclature (Le Bas et al., 1986) of the
analyzed rocks from the Florianópolis Dyke Swarm (FDS). Symbols: circles = Urubici
type (TiO2 N 3 wt% and Sr N 550 μg/g), triangles = Pitanga type (TiO2 N 3 wt% and Sr
b 550 μg/g), crosses = basaltic trachyandesites and stars = Low-Ti type (TiO2 b 2 wt%).
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(average= 7.5± 0.5; N= 7), and between 8.1 and 14.0 (average= 11
± 2; N= 40) in the latter. The Pitanga and Urubici dykes have small ei-
ther positive or negative Eu anomalies, although in most of them the
anomalies are slightly positive. For Pitanga intrusives, the Eu/Eu* ratios
have small variation and are situated between 0.93 and 1.13 (average
= 1.02 ± 0.09; N = 9), whereas for the Urubici dykes this ratio ranges
from 0.69 to 1.47 (average = 1.06 ± 0.12; N = 40).

The basaltic trachyandesites tend to be enriched light REE (Fig. 7) in
comparison to the other high-Ti dykes, with (La/Yb)CN ratios lying be-
tween 10.8 and 15.9 (average = 13 ± 2; N = 7) and presenting both
small negative and positive Eu anomalies (0.87 ≤ Eu/Eu* ≤ 1.10;
average = 1.01 ± 0.09).
Fig. 4.Major elements (wt%) versus MgO (wt%), considered as a differentiation index, for
the rocks from FDS. Symbols as in Fig. 3.

Fig. 5. Trace elements (μg/g) versusMgO (wt%) of the rocks from FDS. Symbols as in Fig. 3.
The primitive mantle normalized (McDonough and Sun, 1995) dis-
tribution patterns of trace elements for the low-Ti FDS rocks are
shown in Fig. 8. These dykes present a large compositional variation
and all are characterized by negative Nb-Ta, Ti and P anomalies, which
increase with differentiation. There is also a remarkable variation in
the primitive mantle normalized (Rb/Ba)PM ratios, ranging from 1.1 in
the least evolved rocks to 2.4 in the differentiated ones. The low-Ti tho-
leiitic basalts and the more primitive basaltic andesites present slight
negative Sr anomalies (related to plagioclase accumulation), whereas
themost evolved basaltic andesite and the dacite have notable negative
anomalies, indicating fractional crystallization of this mineral during
magma evolution. It is noteworthy that the tholeiitic basalts have Ti/Y
ratios and some high field strength element (HFSE) concentrations
Fig. 6. Rare earth distribution patterns (chondrite normalized; McDonough and Sun,
1995) for the low-Ti dykes from FDS and comparison to the low-Ti volcanic rocks from
the Paraná Magmatic Province (PMP).
Data sources: Piccirillo andMelfi (1988); Marques et al. (1989); Peate (1997); Marques et
al. (1999); Garland et al. (1995); Machado et al. (2015).



Fig. 7. Rare earth distribution patterns (chondrite normalized; McDonough and Sun,
1995) for the high-Ti dykes from FDS and comparison to the high-Ti volcanic rocks from
PMP (Piccirillo and Melfi, 1988; Marques et al., 1989; Peate, 1997; Peate et al., 1999;
Marques et al., 1999; Rocha-Júnior et al., 2012, 2013).
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(e.g., Ti, Zr, Y) similar to those of the Ribeira flows. However, the distri-
bution patterns of these low-Ti basic dykes exhibit significant negative P
and positive Ba anomalies, which typify the Esmeralda and Gramado
basalts.

Themulti-elemental distribution patterns of the Pitanga and Urubici
dykes are in general very similar to the respective effusive analogues,
considering the same contents of MgO (Fig. 9). Both groups of intrusive
rocks are characterized by significant negative U, Nb-Ta and Sr anoma-
lies. However, it is important to note that some Pitanga dykes present
(Rb/Ba)PM ratios reaching up to 2.6, which are significantly larger than
those of the Pitanga flows (0.36–0.88). Although the vast majority of
Urubici dykes have (Rb/Ba)PM ratios b0.9, in a considerable number of
dykes they are larger, with values as high as 2.2. For both Pitanga and
Fig. 8. Trace element distribution patterns normalized to primitive mantle (McDonough
and Sun, 1995) for the low-Ti rocks from FDS and comparison to the low-Ti volcanic
rocks from PMP (references as in Fig. 6). The differentiated rocks encompass two
tholeiitic basaltic andesites and a dacite.
Urubici dykes, the high (Rb/Ba)PM ratios are accompanied by low
P2O5/K2O values (b0.30).

In general, the primitive mantle normalized distribution patterns of
the basaltic thachyandesites with Sr b 550 μg/g are comparable to the
Pitanga dykes, except for K contents, which are considerably more
enriched in the former. The basaltic thachyandesites containing Sr
N 550 μg/g present distribution patterns that resemble those relative
to the Urubici dykes, although they have significant enrichment in U
and Th (Fig. 9). The basaltic thachyandesites have (Rb/Ba)PM, ranging
from 1.2 to 2.7, and negative Sr anomalies, which are larger in rocks
with higher U and Th concentrations.
5.4. Sr, Nd and Pb isotope compositions

Sr and Nd isotope ratioswere age-corrected (hereafter 87Sr/86Sri and
143Nd/144Ndi, respectively) taking into account the 40Ar-39Ar ages re-
ported by Raposo et al. (1998) and Déckart et al. (1998), recalculated
applying the 40K decay constants and the Fish Canyon age (Renne et
al., 2010). For the samples that were not dated, an estimated age of
125 Ma was used to calculate the initial isotope compositions. It is im-
portant to emphasize that both initial Sr and Nd isotope ratios do not
change expressively if the age for correction is 134 Ma, which was ob-
tained for dykes outcropping near south of Santa Catarina Island
(Florisbal et al., 2009). Present day 206Pb/204Pbm, 207Pb/204Pbm and
208Pb/204Pbm are used because the investigated samples were not ana-
lyzed for the Pb concentration, as well as most of the PMP rocks report-
ed in the literature.

For three low-Ti dykes Sr isotope compositions were also measured.
Two of them correspond to tholeiitic basalts (FL-20 and FL-30) and the
other is a tholeiitic basaltic andesite (FL-56). Only the last sample
was also analyzed for Nd and Pb isotopes. The most primitive low-
Ti dykes have less radiogenic Sr (87Sr/86Sri = 0.70505 and 0.70649)
than the most differentiated tholeiitic basaltic andesite, which is sig-
nificantly enriched in radiogenic Sr (87Sr/86Sri = 0.71197) and Pb
(206Pb/204Pbm = 18.888; 207Pb/204Pbm = 15.662; 208Pb/204Pbm =
38.893), and depleted in radiogenic Nd (143Nd/144Ndi = 0.51226).
The isotope ratios are in the range of those presented by the low-Ti
Esmeralda and Gramado flows from southern PMP (Figs. 10, 11 and
12).
Fig. 9. Trace element distribution patterns normalized to primitive mantle (McDonough
and Sun, 1995) for the high-Ti rocks from FDS and comparison to the high-Ti volcanic
rocks from PMP (references as in Fig. 7).



Fig. 11. (a) Measured 206Pb/204Pb and 207Pb/204Pb and (b) 208Pb/204Pb and 206Pb/204Pb
isotope compositions of rocks from FDS and basalts from PMP (Piccirillo and Melfi,
1988; Marques et al., 1989; Peate, 1997; Peate et al., 1999; Marques et al., 1999; Rocha-
Júnior et al., 2012, 2013). Symbols as in Fig. 10. NHRL = Northern Hemisphere
Reference Line.
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The isotope ratios of Sr, Nd and Pb of the two analyzed Pitanga dykes
present some variation (87Sr/86Sri = 0.70806–0.70894; 143Nd/144Ndi =
0.51234–0.51237; 206Pb/204Pbm=19.255–19.441). These Sr and Pb iso-
tope ratios are significantly higher than those of the Pitanga flows
(87Sr/86Sri = 0.7057 ± 0.0002; 143Nd/144Ndi = 0.51277 ± 0.00005;
206Pb/204Pbm = 17.9 ± 0.1), whereas for Nd they are similar (Piccirillo
and Melfi, 1988; Peate, 1997; Marques et al., 1999; Rocha-Júnior et al.,
2012, 2013). It is noteworthy to mention that the Pitanga dykes have
even more radiogenic Sr and Pb isotope ratios than those of the
Gramado basalts, which are characterized by extensive low-pressure
crustal contamination (Figs. 10, 11 and 12). This petrogenetic process,
associated with fractional crystallization, caused substantial composi-
tional variability, especially in incompatible trace elements, as shown
in previous studies on the Gramado and Palmas volcanic rocks (e.g.,
Piccirillo and Melfi, 1988; Peate, 1997; Garland et al., 1995).

Sixteen dykes of Urubici type were analyzed for Sr, Nd and Pb iso-
topes and the data show large variation, mainly for Sr and Pb
(87Sr/86Sri = 0.70452–0.70716 with a mean = 0.7056 ± 0.0007;
143Nd/144Ndi = 0.51224–0.51242 with a mean = 0.51232 ± 0.00005;
206Pb/204Pbm = 17.659–19.093 with a mean = 18.2 ± 0.5). Although
most of the dykes have isotope compositions similar to those of the
Urubici flows (Piccirillo and Melfi, 1988; Peate, 1997; Marques et al.,
1999; Peate et al., 1999), the most radiogenic ones are out of the
range presented for these volcanic rocks, which are characterized by
relatively small variations in the Sr, Nd and Pb isotope ratios
(87Sr/86Sri = 0.7053 ± 0.0004; 143Nd/144Ndi = 0.51229 ± 0.00005;
206Pb/204Pbm = 17.7 ± 0.2). Note that the sample FL-98 (SiO2 =
52.73 wt%; MgO = 4.80 wt%) was analyzed by Rocha-Júnior et al.
(2012) for Sr (87Sr/86Sri = 0.70452), Nd (143Nd/144Ndi = 0.51242), Pb
(206Pb/204Pbm = 17.909; 207Pb/204Pbm = 15.536; 208Pb/204Pbm =
38.307) and Os (187Os/188Osi = 0.12631) isotopes.

Regarding the basaltic trachyandesite dykes, four samples were an-
alyzed for Pb isotopes and three of them were also investigated for Sr
and Nd isotopes (Figs. 10, 11 and 12). The data show highly radiogenic
Sr and Pb compositions and particularly for Sr isotopes there is a large
variation (87Sr/86Sri = 0.70737–0.71758; 143Nd/144Ndi = 0.51218–
Fig. 10. Initial 87Sr/86Sr and 143Nd/144Nd isotope ratios of rocks from FDS and basalts from
PMP (Piccirillo and Melfi, 1988; Marques et al., 1989; Peate, 1997; Peate et al., 1999;
Marques et al., 1999; Rocha-Júnior et al., 2012, 2013). The parameters used in the
different mixing modelling are shown in Table 2. Symbols: circles = Urubici type (TiO2

N 3 wt% and Sr N 550 μg/g), triangles = Pitanga type (TiO2 N 3 wt% and Sr b 550 μg/g),
crosses = basaltic trachyandesites and stars = Low-Ti type (TiO2 b 2 wt%); diamonds =
dykes from FDS published by Florisbal et al. (2009, 2014).
0.51229; 206Pb/204Pbm = 18.446–19.067). These dykes have isotope
compositions similar to those of the Gramado basalts, but some of
them are even more radiogenic in Pb.

Taking into account all the analyzed samples, 87Sr/86Sri is negatively
and positively correlated with P2O5/K2O and (Rb/Ba)PM, respectively
Fig. 12. Plot of initial 143Nd/144Nd versus measured 206Pb/204Pb of rocks from FDS and
basalts from PMP (Piccirillo and Melfi, 1988; Marques et al., 1989; Peate, 1997; Peate et
al., 1999; Marques et al., 1999; Rocha-Júnior et al., 2012, 2013). Symbols as in Fig. 10.
The parameters used in the different mixing modelling are shown in Table 2.
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(Fig. 13). Although these relationships are observed in the Gramado ba-
salts, they have not been verified in the Pitanga and Urubici rocks from
the PMP analyzed previously (e.g., Piccirillo and Melfi, 1988; Peate,
1997; Marques et al., 1999, 2016; Peate et al., 1999; Rocha-Júnior et
al., 2012, 2013). It is important to note that the latter researchers ob-
served that the high-Ti volcanic rocks were not or very little affected
by crustal contamination in their genesis, as indicated by their low ini-
tial 87Sr/86Sr (b0.7060).
6. Discussion

The Early Cretaceous intrusive magmatism in Santa Catarina Island
and adjacent coastal areas comprises predominantly high-Ti and subor-
dinate low-Ti dykes. In general, the contacts of the dykes with the in-
vaded rocks are well-defined, with fine-grained chilled margins,
although in some locations they are diffuse, indicating re-melting of
the host rocks, as also pointed out by Florisbal et al. (2014) for dyke out-
crops in the nearby continental area. The interaction between the
magmas and the wall rocks is also evidenced by the presence of border
reactions in granitic xenoliths found in somedykes. Since these process-
es often cause substantial changes in the original chemical and isotope
signatures of the magmas, before the discussion about the mantle
sources involved in the genesis of the dykes from FDS, it is necessary
to investigate the effects of crustal contamination in such rocks.

The FDS rocks were mainly emplaced in the Florianópolis Batholith
and most of its granites are characterized by TiO2 (b0.7 wt%; average
= 0.3 ± 0.2 wt%), Ti/Y (b150; average= 57± 44), Ti/Zr (b20; average
= 9 ± 4), Zr/La (b6.5; average = 4 ± 2), P2O5/K2O (b0.05; average =
0.02 ± 0.01), (Rb/Ba)PM (N1.5; average= 9± 10), and La/Tb (N22; av-
erage = 53 ± 22), as indicated by the present study (Table 1 and
Fig. 13. Major element concentrations (wt%) and trace element ratios versus initial
87Sr/86Sr of dykes from FDS. Symbols as in Fig. 3.
Supplementary data) and by Florisbal et al. (2009). Considering that
some of the above chemical parameters are commonly used to distin-
guish the different basalts from the PMP (e.g., Peate et al., 1992; Peate,
1997), a contamination with such granites could cause misleading in
the magma-type classification, changing also other incompatible trace
element characteristics of the dykes.

6.1. The low-Ti dykes

The low-Ti dykes are very few and have a large compositional vari-
ability (SiO2: 50.4–64.5 wt%; MgO: 5.5–1.4 wt%). The behavior of
major and trace element in variation diagrams, in conjunction with
REE and multi-elemental distribution patterns are very close to those
of low-Ti volcanic series from southern PMP, suggesting similar petro-
genesis (Figs. 4, 5, 6 and8). Thus, itmaybe concluded that themagmatic
evolution of the low-Ti dykes was probably dominated by fractional
crystallization process, mainly controlled by plagioclase, clinopyroxene
and magnetite, associated with significant crustal contamination, as
proposed in previous studies of the PMP (Piccirillo and Melfi, 1988;
Piccirillo et al., 1989; Peate and Hawkesworth, 1996; Peate, 1997;
Garland et al., 1995; Barreto et al., 2016).

Evidence of crustal contamination was found in the petrogenesis of
the low-Ti (basaltic andesites) dykes, since these rocks have radiogenic
Sr and Pb, and non-radiogenic Nd isotope ratios (FL-56; 87Sr/86Sri =
0.71197; 206Pb/204Pbm=18.888, 143Nd/144Ndi=0.51259). It is important
to remark that the FL-30 tholeiitic basalt has the highest P2O5/K2O (0.34)
and the lowest 87Sr/86Sri (0.70505) and (Rb/Ba)PM (1.1) ratios. The later
ratio is comparable to those of Esmeralda (0.62–1.27; average = 0.9 ±
0.3) basalts, but it is significantly higher than those of Ribeira (0.36–
0.88; average = 0.6 ± 0.2) tholeiites (Piccirillo and Melfi, 1988; Peate,
1997; Marques et al., 1999; Machado et al., 2015). In comparison to FL-
30, the other tholeiitic basalt (FL-20) is enriched in radiogenic Sr
(87Sr/86Sri = 0.70649) and in incompatible trace elements (REE, Th, Ta,
Hf, Ba and Rb), for similar SiO2 and MgO contents (Figs. 4, 5, 6, 8 and
13), demonstrating the effect of crustal contamination. It is important to
note that the most primitive low-Ti dykes (tholeiitic basalts sampled at
Joaquina Beach) have hybrid characteristics of Ribeira and Esmeralda-
Gramado basalts. This suggests that the Esmeralda-Gramado dykes may
have experienced a very small assimilation of the Urubici ones, probably
during their emplacement, since the former crosscut the later, generating
a minimal enrichment of some trace elements, such as the HFSE.

The evolution of low-Ti rocks by assimilation and fractional crystal-
lization processes increased the concentrations of incompatible trace el-
ements, especially those elements highly concentrated in the granitic
country rocks, such as light REE, Rb, Th and U. This process caused pro-
gressively increasing of (Rb/Ba)PM, La/Tb, U/Th, La/Ta, Th/Ta and Zr/Th
ratios, which are larger than those expected for differentiation in a
closed system.

6.2. Crustal contamination effects on the high-Ti dykes

The high-Ti dykeswere divided into three groups according tomajor
and trace elemental geochemistry. The Urubici dykes are by far themost
abundant rocks from the FDS and have the same compositional variabil-
ity observed for the flows, presenting MgO varying from 5.31 wt% to
2.95 wt%, although a considerable number of dykes has MgO b 4 wt%.
The REE distribution patterns of the least differentiated Urubici dykes
are very similar to the flow analogues (Fig. 7). While an overall enrich-
ment of REE with the differentiation is observed, there is no clear corre-
lation between (La/Yb)N and Eu/Eu* with either MgO or SiO2 contents.
However, the REE patterns tend to be more fractionated, as evidenced
by the (La/Yb)N ratios, with increasing of 87Sr/86Sri, showing the role
of crustal contamination in these rocks (Fig. 13).

The primitive mantle normalized distribution patterns of incompat-
ible trace elements of some Urubici dykes are distinct with respect to
the flows, especially concerning the Rb enrichment in relation to Ba
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(Fig. 9). Although some scatter exist, there is an increase of SiO2, (Rb/
Ba)PM, Th/Ta and La/Ta and a decrease of P2O5/K2O, Ti/Zr and Ti/Y with
the increase of 87Sr/86Sri (Fig. 13). Remarkably, the more differentiated
dykes (MgO b 4 wt%) have 87Sr/86Sri b 0.7060, indicating that the
most primitive magmas, probably due to their higher temperatures,
interacted to a larger extent with the granitic wall rocks.

The Pitanga dykes have a moderate variation in MgO contents (5.1–
3.7 wt%) and for similar contents of this oxide, the dykes are slightly
enriched in light REE and other highly incompatible trace elements (U,
Th, Ta, Nb) in comparison to the Pitanga flows (Figs. 7 and 9). As also
noted for the Urubici dykes, a significant number of the Pitanga dykes
does not show a positive Ba anomaly with respect to Rb and Th, an im-
portant feature of the flow analogues, in the multi-elemental distribu-
tion patterns normalized to the primitive mantle, presenting high (Rb/
Ba)PM, which reaches up to 2.6. It is noteworthy that the two highest
values of (Rb/Ba)PM (N2) correspond to the Pitanga dykes with highly
radiogenic Sr and Pb isotope ratios (Figs. 9, 10, 11 and 13), whose values
are even larger than those observed for the Urubici contaminated dykes.
Therefore, some Pitanga dykes have undergone higher extents of crustal
contamination in comparison to those of the Urubici ones, with signifi-
cant modification of their original geochemical signatures.

Regarding the basaltic trachyandesites, although they have higher
contents of K2O, the other elemental and isotope characteristics tend
to be similar to the Pitanga or to Urubici dykes, especially those having
(Rb/Ba)PM N 1. The basaltic trachyandesites are characterized by very ra-
diogenic isotope compositions, with 87Sr/86Sri as high as 0.71758 (Figs.
9, 10 and 13), evidencing the occurrence of a considerable crustal con-
tamination process.

Supposing that the felsic contaminant had a composition similar to
the granites that belong to the Florianópolis Batholith (present study
and Florisbal et al., 2009), the interaction with the original magmas,
would cause a decrease of P2O5/K2O and an increase in the (Rb/Ba)PM,
as observed for some Pitanga and basaltic trachyandesite dykes. Consid-
ering a simple mixing process between a typical Urubici magma type
(SiO2 = 50 wt%, K2O = 1.5 wt% and P2O5 = 0.5 wt%) and the wall
rocks (SiO2 = 75 wt%, K2O = 5 wt% and P2O5 = 0.1 wt%), an assimila-
tion of about 10–15% of the felsic rocks would significantly decrease
P2O5/K2O (from 0.35 to 0.17) and increase the SiO2 content (reaching
53–54 wt%), as observed for the most contaminated Urubici dykes
(Fig. 13). Even more importantly, there would also be a decrease of
TiO2 and Sr, which are the parameters commonly used to distinguish
between Pitanga and Urubici magma types. Consequently, it is possible
that a significant contamination of original Urubici magmas would gen-
erate rocks presenting the observed features of some Pitanga and basal-
tic trachyandesite dykes, such as high (Rb/Ba)PM, low P2O5/K2O and
enrichment in light REE, U and Th.

According to Sr-Nd isotope mixingmodels, the estimated degrees of
assimilation of felsic crustal rocks range from about 5–10% (most con-
taminated Urubici dykes) to 15% (Pitanga dykes), which are in agree-
ment with the mixing results based on Nd and Pb isotopes (Figs. 10
and 12). For modelling, the Paulo Lopes and Garopaba granites
(Florisbal et al., 2009) were used as contaminants, whereas the sample
FL-98 (MgO ~ 5 wt%; Rocha-Júnior et al., 2012) was chosen as the un-
contaminated parental magma of the high-Ti dykes of Urubici type
from the FDS, which based on its osmium isotope composition
(γ187Osi =+0.15) was unquestionably not affected by crustal contam-
ination. According to Shirey and Walker (1998), the osmium isotope
composition is a sensitive tracer of crustal contamination, because of
the huge contrast between chondritic mantle (187Os/188Os ~ 0.127)
and the highly radiogenic continental crust (187Os/188Os ~ 1.7).

Considering that the basaltic trachyandesites have the highest Sr and
Pb isotope ratios of all high-Ti analyzed dykes, the required assimilation
of felsic rocks would be even higher than that observed on the Pitanga
dykes (Figs. 10, 12 and 13). It is important to mention that Florisbal et
al. (2009) also report such radiogenic isotope compositions for a dyke
from a FDS outcrop nearby Silveira area.
The Pb isotope compositions of the Pitanga and basaltic
trachyandesite dykes as well as some the Urubici ones are very radio-
genic in comparison to the high-Ti flows from the PMP (Peate et al.,
1999; Marques et al., 1999; Rocha-Júnior et al., 2012, 2013) and corrob-
orate crustal contamination in their genesis. The observed arrays in
207Pb/204Pbm and 208Pb/204Pbm versus 206Pb/204Pbm are broadly com-
patible with the involvement of Paulo Lopes granites (Fig. 11), although
a better fit would be attained if the felsic endmember had lower
207Pb/204Pb and 208Pb/204Pb with respect to 206Pb/204Pb. According to
mixing modelling and considering the sample FL-98 and the Paulo
Lopes granites as endmembers, large extents of contamination (up to
30%) would be required to account for the Pb isotope data, since the
most radiogenic isotope compositions of the high-Ti dykes are similar
to those of the granites.

The differences in the assimilation degrees obtained in the Sr, Nd and
Pb isotopemodelling, in conjunctionwithmajor and trace element behav-
ior, especially in the Pitanga and basaltic trachyandesite dykes, raise some
possibilities to explain their genesis, which are not mutually exclusive. In
oneof them, the assimilatedmaterial had isotope compositions other than
those of Paulo Lopes granites and Garopaba granitoids, whereas in the
other one there was selective crustal Sr, Nd and Pb contamination.

Regarding the last possibility, the FDS emplacement induced local
melting of crustal rocks, as verified in the contacts between the dykes
and the basement. The original magmas became subject to crustal con-
tamination, which is a complex process since it may involve more than
one crustal contaminant and can also generate selective contamination
effects (Watson, 1982). According to experimental data (Patiño Douce
and Beard, 1995; Patiño Douce, 1999) the partial melting of crustal
rocks starts with the breakdown of biotite, followed by the alkali feld-
spar and quartz, generating selective contamination of the magmas
that were in contact with the host rocks. This process may be more
meaningful in K-feldspar to modify the Sr isotope compositions of the
magmas, since this mineral have multiple, low closure temperatures,
ranging from about 150 °C to 300 °C. As the ionic radius of Rb+ is similar
to that of K+, the K-feldspar minerals acquire high Rb/Sr ratio and be-
come, over time, radiogenic in 87Sr/86Sr (Watson, 1982). In addition,
preferential incorporation of radiogenic Pb from accessory phases
(e.g., zircon, apatite) and/or loosely-bound Pb in mineral surfaces of
the host rock submitted to disequilibrium melting due to mafic dyke
emplacement are also reported by Waight and Lesher (2010). There-
fore, the increase in K, Rb and Ba concentrations, as well as in the Sr
and Pb isotope compositions of some samples of this study (especially
in the Pitanga and basaltic trachyandesite dykes) may be attributed to
the breakdown of biotite and to selective melting of K-feldspar, making
it difficult to quantify the crustal fraction assimilated by the magmas
during their passage through the crust.

The tectonic aspects related to the FDS were already discussed in
previous studies. As mentioned before, Raposo et al. (1998) concluded
that these dykes were emplaced after the main phase of the PMP volca-
nic activity and related to the lithospheric extension due to the opening
of the South Atlantic Ocean. On the other hand, Florisbal et al. (2014)
proposed that the dykes were the feeders of the Urubici flows. This
last interpretation is difficult to reconcile with the fact that the Urubici
flood basalts did not suffer contamination by the continental crust, in
contrast to the observation that most of the high-Ti dykes show sub-
stantial interaction with the granitic host rocks.

Field observations along with the elemental and isotope data of FDS
point to dyke emplacement processes other than those of the Urubici
basalt feeders. It is important to mention that Caminha-Maciel et al.
(2017), using magnetic ground survey on the Central East area of the
Santa Catarina Island, showed that the dykes are truncated and proba-
bly not deep, intruding in shallow levels. Therefore, at least some of
the dykes did not act as large conduits that transported considerable
amounts of magma to the surface. In this case, the magmas intruded
slowly in weakness zones of the host rocks, significantly interacting
with them before the solidification.
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6.3. Mantle sources of the high-Ti dykes

The geochemical features of previously published high-Ti basalts of
Urubici type from PMP (e.g., Piccirillo and Melfi, 1988; Peate, 1997;
Marques et al., 1999, 2016; Peate et al., 1999) and the high-Ti dykes
from FDS provide some constraints on the compositions of their paren-
tal magmas. The elemental and isotope similarities between basalts and
dykes of Urubici type that did not suffer crustal contamination
(87Sr/86Sri b 0.7060) are particularly evident in Figs. 9, 10, 11 and 12
and justify their classification as originated by commonmantle sources.
Some studies (e.g., Piccirillo andMelfi, 1988; Peate, 1997;Marques et al.,
1999, 2016; Peate et al., 1999) have shown that the enriched Sr, Nd and
Pb isotope and incompatible element signatures of the Urubici magmas
are indicative of a long-term enriched mantle source, such as the
Enriched Mantle I (EMI) component, whose elemental and isotope sig-
natures are also present in the both Early and Late Cretaceous
carbonatite-alkaline rocks bordering the PMP (e.g., Bizzi et al., 1995;
Comin-Chiaramonti and Gomes, 2005). Likewise, this mantle compo-
nent is recognized in some rocks of the Walvis Ridge and Rio Grande
Rise (Hart, 1984; Zindler and Hart, 1986) that led to interpretation
that it could represent a subcontinental lithospheric mantle fragment,
which was probably left behind during the continental breakup.

In order to explain the characteristics of the Urubici magmas, a
petrogenetic model similar to that proposed by Rocha-Júnior et al.
(2012, 2013) and Marques et al. (2016) may also be applied. Accord-
ing to these authors, exclusive melting of either ancient SCLM or
Tristan da Cunha mantle plume cannot satisfactorily explain the ele-
mental and isotope (Sr, Nd, Pb and Os) features of the PMP rocks.
Consequently, to characterize the mantle sources involved in the
genesis of the basalt flows and uncontaminated high-Ti Urubici
dykes, and account for the chemical and isotope observations, the in-
volvement of asthenosphericmantle is required, whichwas enriched
by fluids and/or magmas related to the Neoproterozoic or even older
subduction processes. It is worth noting that this sublithospheric
metasomatized mantle source was frozen and coupled to the base
of the heterogeneous lithosphere under the Paraná basin. Such a hy-
bridized source (refertilization process) is consistent with other geo-
chemical and geophysical features of the PMP.

For example, the refertilization process has been recently examined
by Chaves et al. (2016), based on density and P-wave velocity perturba-
tions in the mantle beneath the south-eastern South America plate. Ac-
cording to those authors, the lithosphere underneath the PMP has a
high-density root, indicating that the densification in the mantle and
PMP basalt genesis can be related to mantle refertilization, since meta-
somatic processes (e.g., pyroxenites, eclogites, carbonatites) change
the chemical composition and increase the density of the SCLM. Addi-
tionally, Padilha et al. (2015) imaged the lithosphere beneath the
Paraná Basin, based on electromagnetic induction soundings, and veri-
fied that it has a low-resistivity (b500Ωm). This electromagnetic signa-
ture is also a typical characteristic of an altered lithosphere (fertile
mantle) due to metasomatic processes (refertilization).
Table 2
Sr, Nd and Pb isotope data and corresponding concentrations of different components used for

Variable Sr (μg/g) 87Sr/86Sr Nd (

FL-98a 706 0.704704 44.3
DMMb 7.66 0.7025 0.58
Pyroxenite EN89-2c 30 0.70915 10
Carbonatite (melt)d 10,000 0.70510 80
SCLM ancient (melt)e 817 0.7075 45

a Rocha-Júnior et al. (2012).
b Workman and Hart (2005), Handler et al. (2005) and GERM data base (http://earthref.org
c Carlson and Irving (1994) and Chesley et al. (2004).
d Jacupiranga and Anitápolis carbonatites were compiled from Toyoda et al. (1994) and Hua
e SCLM ancient melt were compiled from McDonough (1990) and Pearson et al. (2014), ass
Experimental petrology has shown that pyroxenite or eclogite are
important components in the mantle sources of some ocean island ba-
salts and flood basalts (Yaxley and Green, 1998; Yaxley, 2000). In addi-
tion, according to Sobolev et al. (2005, 2007), pyroxenite and/or eclogite
may be generated by peridotite mantle hybridization with recycled
components. These studies indicate that refertilization is a viable pro-
cess to explain the SCLM underneath the PMP, due to subduction pro-
cesses that resulted in the western Gondwana assembly, during the
Neoproterozoic (Comin-Chiaramonti et al., 1997, 2014). As pointed
out by Carlson et al. (2007), the SCLM refertilization process is support-
ed by Goiás Alkaline Province (GAP) xenoliths, which have major and
trace element compositions similar to the modern fertile mantle. The
GAP is located on the northern margin of the Paraná basin (South of
São Francisco Craton), whose underlying mantle underwent several
subduction events during the Neoproterozoic.

The results of the mixing calculations are shown in the Figs. 10, 11
and 12. The best-fit in terms of Sr, Nd and Pb isotope compositions is
attained through the partial melting of a depleted sublithospheric man-
tle, represented by an asthenospheric component (DMM), which was
hybridized by addition of pyroxenite (b5% in the mixing) and
carbonatite (up to 2% in the mixing) melts. The first one is assumed as
the same hypothetical “mafic vein” material (pyroxenite EN89-2;
Carlson and Irving, 1994; Chesley et al., 2004), while the latter is repre-
sented by Jacupiranga and Anitápolis carbonatites (Toyoda et al., 1994;
Huang et al., 1995, DeMin et al., 2018). The Sr, Nd and Pb concentrations
and isotope compositions of the components used in the mixing calcu-
lations are shown in Table 2.

In summary, the presence of metasomatic fluids (pyroxenite and
carbonatite) in the Paraná SCLM may have promoted the increase of
mantle density and the lowering of melting temperature. This
refertilized SCLM was melted during Early Cretaceous to produce a vo-
luminousmagmatism in Brazil and Namibia, before the southern Atlan-
tic opening, giving rise to the Paraná-Etendekamagmatic province (e.g.,
Rosset et al., 2007; Rocha-Júnior et al., 2012, 2013; Chaves et al., 2016;
Marques et al., 2016).

Plots of Nd isotopes versus Sr and Pb isotope compositions are gener-
ally scattered for some FDS rocks, especially for rocks presenting very ra-
diogenic Sr and Pb (87Sr/86Sri N 0.7060; 206Pb/204Pbm N 17.85) isotope
compositions, indicative of crustal contamination. It is also observed for
samples with lower 206Pb/204Pbm (b17.85), a negative correlation be-
tween 206Pb/204Pbm and 143Nd/144Ndi, suggesting a low-206Pb/204Pb com-
ponent similar to the source of group II kimberlites (Smith, 1983) for
which an ancient SCLM (purple solid star on Fig. 12) is favored. It is
worth emphasizing that the proposed ancient SCLM component is also
supported by the model of Chaves et al. (2016), since the lithospheric
density underneath the PMP is higher in the north than in the south at
a depth of 250–300 km. The slight variation in the SCLM density may in-
dicate that in the southern PMPmayhave ancient lithospheric fragments,
as also evidenced by the Nd model ages (1.1–1.3 Ga) of the basalts from
the PMP (e.g., Piccirillo and Melfi, 1988; Comin-Chiaramonti et al.,
1997; Peate, 1997; Peate et al., 1999). Another aspect that deserves to
petrogenetic modelling of the Florianópolis Dyke Swarm mantle sources.

μg/g) 143Nd/144Nd Pb (μg/g) 206Pb/204Pb

0.512419 6.7 17.909
1 0.5134 0.018 17.375

0.51087 10 19.439
0.51253 600 17.516
0.5120 32 17.50

/GERM/).

ng et al. (1995).
uming partial melting b6%.

http://earthref.org/GERM
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bementioned is that there are compositional differences between the Ar-
chean and post-Archean SCLM (Pearson et al., 2014).

In this context, in order to evaluate the assimilation of even small
amounts of ancient lithosphere in the genesis of the Urubici dykes, it
was necessary to define the composition of the parental magma before
ancient lithospheric interaction or crustal contamination. For such
modelling, the sample FL-98 (γ187Osi = +0.15) was used again as the
parentalmagma. Note that this initialγ187Os is inconsistentwith appre-
ciable ancient lithospheric mantle contamination, since ancient SCLM
xenoliths are characterized by non-radiogenic osmium isotope compo-
sitions (γ187Os ≪ 0; Pearson and Nowell, 2002).

Mixing calculations between the parental magma and SCLM melts
are shown in Figs. 10, 11 and 12. The elemental and isotope composition
of the low-degree melt of ancient SCLM (Table 2) were compiled from
McDonough (1990) and Pearson et al. (2014). Modelling calculations
are broadly consistent with large proportions (up to 30%) of ancient lith-
ospheric component inferred from Sr-Nd-Pb isotope and elemental data
for the tholeiites with 206Pb/204Pbm b 17.85. In addition, if the Urubici
flows of the PMP are also considered, the participation of approximately
50% of ancient SCLMwould be required. This result apparently also sup-
port the idea that the lateral heterogeneity of the continental lithospher-
ic mantle had a crucial role in the petrogenesis of the PMP.

In this view, the Sr, Nd and Pb isotope compositions of the high-Ti
PMP basalts reflect the participation of a heterogeneousmetasomatized
SCLM. In case of Urubici magmas, it seems that there was a prevalent
participation of Archean SCLM, whereas for the Pitanga ones there
was involvement of Neoproterozoic SCLM. Melting of fragments of an-
cient SCLM left behind during the Western Gondwana rupture (e.g.,
Smith and Lewis, 1999; Comin-Chiaramonti and Gomes, 2005), as well
as small-scale mantle convection at SCLM edge (e.g., King and
Anderson, 1998; Ernesto et al., 2002) and/or thermal erosion of its
base (e.g., Class and Roex, 2006; Meyzen et al., 2007) are possible alter-
natives to account for the isotope signature of Walvis Ridge and Rio
Grande Rise basalts, no requiring to invoke a mantle plume to explain
their genesis as recently proposed by Hoernle et al. (2015).

It is also important to note that according to the model proposed by
the last authors, itwould be expected that the osmium isotope signature
of Tristanmantle plumehave a depleted composition, similar to that de-
rived from the modern mantle such as abyssal peridotites and chro-
mites from ophiolites, whose 187Os/188Os composition varies from
0.122 to0.132 (SnowandReisberg, 1995;Walker et al., 2002). However,
Rocha-Júnior et al. (2012) show that the osmium isotope signature of
Tristan basalts is extremely radiogenic in 187Os (initial γ187Os values
range from +15 to +80), requiring mechanisms other them that
those proposed by Hoernle et al. (2015) for their genesis.

Moreover, Baba et al. (2016), based on marine magnetotelluric and
seismological surveys (conducted in 2012–2013), imaged the three-di-
mensional structure of the upper mantle adjacent to Tristan da Cunha
island. These researchers found that the 3-D electrical conductivity of
the region does not support the idea of a vertical conductor (such as a
mantle plume) rising from the core-mantle boundary or the 670 km
seismic discontinuity beneath the Tristan da Cunha island.

7. Concluding remarks

The main results of the present study are summarized below:

1. The Florianópolis Dyke Swarm, associatedwith the ParanáMagmatic
Province (PMP), is located at Santa Catarina Island and adjacent con-
tinental area (southern Brazil). In the Santa Catarina Island, the dykes
are 0.1 to 70m thick and preferably oriented in two directions. About
80% of the dykes trendN30°E–N55°E, coincidingwith the orientation
of the host rocks from the Dom Feliciano Belt. The N15°W–N45°W
striking is subordinate.

2. Most of the dykes are tholeiites and have SiO2 contents ranging from
50wt% to 55wt%. The vastmajority of the intrusions presents high-Ti
(TiO2 N 3 wt%) contents, although some dykes of low-Ti (TiO2

b 2 wt%) type are also found. Crosscutting relationships indicate
that some low-Ti dykes (NW trending) are younger than the high-
Ti ones (NE trending).

3. The high-Ti dykes containing Sr N 550 μg/g are by far the dominant
type, showing geochemical characteristics similar to those of the
Urubici flows from the PMP. Subordinate high-Ti dykes containing
Sr b 550 μg/g occur and are similar to the Pitanga flows. A scarce
number of high-Ti dykes have a slight alkaline tendency and classify
as basaltic trachyandesites, presenting geochemical features resem-
bling those of the Urubici dykes.

4. The low-Ti dykes are few and show a significant compositional vari-
ability (SiO2: 50.4–64.5 wt%), which is compatible with an evolution
by fractional crystallization,mainly controlled by clinopyroxene, pla-
gioclase and magnetite, concurrent with crustal contamination pro-
cesses, as observed for the volcanic analogues from southern PMP.
The most primitive low-Ti dykes have hybrid characteristics of
Ribeira and Esmeralda-Gramadomagmas, whichwould be the result
of a slight interaction with the Urubici dykes, since all these low-Ti
dykes crosscut the high-Ti ones.

5. In contrastwith the high-Tiflows from the PMP, a considerable num-
ber of high-Ti dykes experienced large extents (at least 15%) of crust-
al contamination with the felsic host rocks, generating a substantial
increase of (Rb/Ba)PM (up to 2.6) and decrease of P2O5/K2O (0.30–
0.18) ratios. This process also caused a decrease of TiO2 and Sr, and
generated rocks presenting the observed characteristics of the
Pitanga and basaltic trachyandesite dykes with very radiogenic Sr
(87Sr/86Sri up to 0.71758) and Pb (206Pb/204Pbm up to 19.441) isotope
compositions.

6. The assimilation degrees calculated by the elemental and isotope
mixing modelling are not perfectly concordant, suggesting that the
contaminant would be other than the Garopaba and Paulo Lopes
granites (used as end-members) and/or the contaminationwas a se-
lective process, as shown by several experimental studies involving
re-melting of crustal rocks containing biotite, K-feldspar, zircon and
apatite.

7. According to Sr, Nd and Pb isotope modelling, the magmas that gen-
erated the uncontaminated high-Ti Urubici dykes were the result of
partial melting of a depleted sublithospheric mantle (DMM-type)
hybridized by addition of pyroxenite (b5%) and Anitápolis-
Jacupiranga carbonatite (b2%)melts. Moreover, the negative correla-
tion between Pb and Nd isotopes compositions observed for the
high-Ti dykes and flows of Urubici type points to the involvement
of a large proportion (up to 50%) of ancient subcontinental litho-
spheric mantle (SCLM), not evidenced in the mantle sources of the
northern high-Ti Pitanga flows (dominated by Neoproterozoic
SCLM). Both refertilized mantle sources and the involvement of an
ancient SCLM are corroborated by the results of electromagnetic in-
duction soundings (Padilha et al., 2015), as well as those of density
and P-wave velocity perturbations (Chaves et al., 2016) in themantle
beneath the Paraná Basin.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2017.07.005.
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