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−5.68 ‰) confirm the mantle origin of the carbon for these 
rocks. The origin of Catalão II cumulitic rocks is thought 
to be caused by differential settling of the heavy phases 
(magnetite, apatite, pyrochlore and sulphides) in a magma 
chamber repeatedly filled by carbonatitic/ferrocarbonatitic 
liquids (s.l.). The Sr–Nd isotopic composition of the Cat-
alão II rocks matches those of APIP rocks and is markedly 
different from the isotopic features of alkaline-carbonatitic 
complexes in the southernmost Brazil. The differences are 
also observed in the lithologies and the magmatic affinity 
of the igneous rocks found in the two areas, thus demon-
strating the existence of regional-scale heterogeneity in the 
mantle sources underneath the Brazilian platform.

Keywords U–Pb baddeleyite geochronology · Lu–Hf 
isotopes · Sr–Nd isotopes · Carbonatites · Catalão II · 
Brazil

Introduction

In Brazil, 22 alkaline complexes containing carbonatites have 
been identified, associated with alkaline ultramafic intrusive 
rocks and phonolites/nephelinites/melilitites (Morbidelli 
et al. 1995; Woolley and Kjarsgaard 2008a, b). These com-
plexes have been emplaced in and around the Paraná Basin 
during an extended time period (Fig. 1). The Iporá province 
was emplaced 98 Ma ago along the N–NE border; the Alto 
Paranaíba Igneous Province (hereafter APIP; Fig. 1) was 
emplaced at 70–98 Ma along the NE border; the São Paulo-
Paraná province was emplaced 101–143 Ma ago along 
the SE border; the Santa Catarina Province was emplaced 
68–132 Ma ago along the S–SE border. The Chiriguelo and 
Cerro Sabatini complexes (Paraguay) were emplaced at 
~125 Ma along the south-western border of the Paraná Basin.

Abstract The Catalão II carbonatitic complex is part of 
the Alto Paranaíba Igneous Province (APIP), central Bra-
zil, close to the Catalão I complex. Drill-hole sampling and 
detailed mineralogical and geochemical study point out the 
existence of ultramafic lamprophyres (phlogopite-picrites), 
calciocarbonatites, ferrocarbonatites, magnetitites, apati-
tites, phlogopitites and fenites, most of them of cumulitic 
origin. U–Pb data have constrained the age of Catalão I 
carbonatitic complex between 78 ± 1 and 81 ± 4 Ma. The 
initial strontium, neodymium and hafnium isotopic data of 
Catalão II (87Sr/86Sri = 0.70503–0.70599; εNdi = −6.8 to 
−4.7; 176Hf/177Hf = 0.28248–0.28249; εHfi = −10.33 to 
−10.8) are similar to the isotopic composition of the Cat-
alão I complex and fall within the field of APIP kimber-
lites, kamafugites and phlogopite-picrites, indicating the 
provenance from an old lithospheric mantle source. Carbon 
isotopic data for Catalão II carbonatites (δ13C = −6.35 to 
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Several petrogenetic mechanisms are hypothesized for 
the genesis of carbonatitic rocks: (a) liquid immiscibil-
ity between silicate and carbonate liquids (Lee and Wyl-
lie 1996, 1997a, b; Lee and Wyllie 1998; Wyllie and Lee 
1998); (b) prolonged fractional crystallization of a carbon-
ate-rich silicatic magma (Otto and Wyllie 1993; Lee and 
Wyllie 1994); and (c) low-degree melting of recycled oce-
anic crust in the form of a carbonated eclogite or carbon-
ated metapelite (Barker 1996; Hoernle et al. 2002; Grassi 
and Schmidt 2010). In these processes, carbonate-rich and 
silicate-rich conjugate liquids should be in geochemical 
and isotopic equilibrium.

Many authors link the genesis of carbonatites to the 
presence of mantle plumes (Bell 2001; Bell and Tilton 
2001, 2002; Dunworth and Bell 2001; Bizzarro et al. 2002; 
Hoernle et al. 2002; Bell and Rukhlov 2004; Kogarko 
2006; Bell and Simonetti 2010). Barker (1996) concludes 
that carbonatites are the ultimate product of recycled oce-
anic crust, because both 87Sr/86Sr and C isotope ratios of 
carbonatites are consistent with limestone input into the 
mantle. Gibson et al. (1995), Thompson et al. (1998) and 
Bulanova et al. (2010) hypothesized the existence of a 
track of igneous activity, related to the passage of the South 
American platform over a fixed hotspot, from Goiás (90–
88 Ma) to Serra do Mar (80–55 Ma).

The Catalão II carbonatitic complex is one of the largest 
intrusions that form the province. It is located in the north-
western part of the APIP (Fig. 1) in Brazil, which is one of 
the largest ultrapotassic/carbonatitic/kimberlitic provinces 
in the world. This paper reports a new dataset of in situ U–
Pb ages, mineral chemistry, bulk-rock major, trace element 
and isotopic data (87Sr/86Sr; 143Nd/144Nd; 176Hf/177Hf; δ18O; 
δ13C) on the lithotypes that form this intrusion, together 
with new data for the nearby Catalão I complex, which 
is better known from the papers of Cordeiro et al. (2010, 
2011a, b). The aim is to constrain the petrogenesis of the 
Catalão II complex, to highlight its relationships with the 
other rocks of the APIP and to characterize its mantle 
source in the light of the regional variations of the alkaline-
carbonatitic magmatism in southern Brazil.

Geological setting

The APIP is one of the largest ultrapotassic/kamafugitic 
provinces of the world and extends over ~20,000 km2 
between the São Francisco Craton and the north-eastern 
border of the Paraná Basin (south-eastern Brazil) (Fig. 1). 
It is located across SE Minas Gerais and SW Góias on a 
Late Precambrian mobile belt (the Brasilia Belt), between 
the NE margin of the Paraná Basin and the SW margin of 
the São Francisco Craton (Almeida et al. 2000; D’Agrella-
Filho et al. 2011; Peucat et al. 2011 and references therein). 

The Late Cretaceous–Cenozoic igneous rocks of south-
eastern Brazil are aligned along two main trends: the first 
is oriented along NW–SE (APIP), whereas the second 
trends are along W–E (Serra do Mar Igneous Province). 
The APIP magmatism occurred during the Late Cretaceous 
(~91–71 Ma; Gibson et al. 1995; Sgarbi et al. 2004; Gomes 
and Comin-Chiaramonti 2005; Carlson et al. 2007; Guarino 
et al. 2013) in and on top of Proterozoic metamorphosed 
crustal sequences (quartzite and micaschistes) of the Bra-
silia mobile belt (Almeida et al. 2000). This belt represents 
a strongly folded terrane (with ages of peak metamorphism 
around 790 and 630–610 Ma; Pimentel et al. 2000) form-
ing the western boundary of the São Francisco Craton. The 
mafic potassic to ultrapotassic magmatism of the APIP 
consists of plugs, dykes, lava flows, pipes, pyroclastic 
deposits and plutonic complexes. The identified rocks are 
kamafugites, kimberlites, lamprophyres and carbonatites 
(Gibson et al. 1995; Carlson et al. 1996; Morbidelli et al. 
1997; Brod et al. 2000; Araújo et al. 2001; Read et al. 
2004; Gomes and Comin-Chiaramonti 2005; Melluso et al. 
2008; Guarino et al. 2013), emplaced as lava flows (e.g. 
Presidente Olegario), heavily altered pyroclastic succes-
sions (Coromandel), hypabyssal facies (e.g. Pântano, Três 
Ranchos, Osmar, Limeira, Indaiá) and dunitic/pyroxenitic/
carbonatitic/phoscoritic intrusions (e.g. Catalão I, Catalão 
II, Araxá, Tapira and Salitre).

The Catalão II and Catalão I complexes are located in 
the APIP, in the south-eastern part of Goiás and the western 
part of Minas Gerais. They are 10 km apart from each other 
and located 20 and 15 km north-east of the town of Cat-
alão, respectively. The complexes are covered by a lateritic 
soil, about 50 m thick at Catalão II and up to 25 m thick at 
Catalão I (Guimarães and Weiss 2013; Rocha et al. 2001).

The Catalão II complex (18°02′ S, 47°52′ W, 
5 × 2.7 km; Fig. 2) intruded the Araxá Group (quartzites, 
schists and phyllites) of the Late Proterozoic Brasília Belt 
and is situated along a NW–SE lineament that controlled 
the emplacement of Cretaceous alkaline rocks of the APIP 
(Biondi 2005). The Catalão II complex consists of two 
magmatic pipes, opposed to the Catalão I complex, which 
exhibits a single-dome structure. The two pipes have a cir-
cular shape of 14 km2 and are about 2 km apart (Fig. 2) and 
consist of a complex crosscutting relationships of dykes, 
veins and alkaline igneous bodies (Machado 1991; Rocha 
et al. 2001). The Catalão II complex is known for the alter-
ation of magmatic pyrochlore into secondary phases during 
supergene alteration processes in the alteration cover and 
the related mineralization (Rocha et al. 2001; Guimarães 
and Weiss 2013).

The Catalão I complex (18°08′ S, 47°50′ W) has a cir-
cular dome shape 27 km2 in size. Cordeiro et al. (2010, 
2011a, b) identified dolomite carbonatite and phoscorite-
series rocks and summarized the resources, geology and 
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Fig. 1  Location and U–Pb ages of the Catalão II (I Guarino et al. 
2013) and Catalão I (this study) alkaline-carbonatite complexes in 
Brazil. The alkaline provinces of the central-south-eastern region 
of the Brazilian Platform and their relationships to major structural 
features are also shown (after Riccomini et al. 2005; Melluso et al. 
2016): 1 Late Ordovician to Early Cretaceous Paraná Basin; 2 Early 
Cretaceous tholeiitic lava flows; 3 Late Cretaceous Bauru Basin; 4 
alkaline complexes associated with carbonatites and 5 alkaline com-
plexes without associated carbonatites (age: diamonds, Permian–Tri-
assic; squares, Early Cretaceous; triangles, Late Cretaceous; circles, 
Palaeogene); 6 axes of main arcs (AX, Alto Xingu; SV, São Vicente; 

BJ, Bom Jardim de Goiás; PG, Ponta Grossa; RG, Rio Grande; PP, 
Ponta Porã); 7 Torres Syncline; and 8 major fracture zones, in part 
deep lithospheric faults (Rifts: MR Mercedes; RM Rio das Mortes; 
MG Moirão; SR Santa Rosa; AR Asunción; Lineaments: TB Trans-
brasiliano; MJ Moji-Guaçu; CF Cabo Frio; RT Rio Tietê; SL São 
Carlos-Leme; PR Paranapanema; PI Piedade; GP Guapiara; JC São 
Jerônimo-Curiúva; RA Rio Alonzo; PQ Rio Piquiri; AM Santa Lucia-
Aiguá-Merin). Inset the inset shows the location of the Paraná Basin 
CFB (Continental Flood Basalts), the São Francisco Craton, Trindade 
Island and the APIP
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pyrochlore chemistry. These authors suggested a common 
parental magma for phoscorites and carbonatites based 
on the REE patterns and Sr–Nd isotopes. Furthermore, 
the C–O isotopic systematic indicates that dolomite car-
bonatites underwent several post-magmatic events, such 
as magmatic fractionation (Rayleigh and degassing) and 
three-fluid fractionation (fluid degassing, H2O percolation 
and CO2–H2O fluid percolation). Mantovani et al. (2016) 
estimated the shape and volume for the carbonatite body of 
about 1.99 km3 of Catalão I complex utilizing gravity and 
magnetic data. They also pointed out the presence of fresh 
rocks below 500 m depth.

Drill‑core samples and analytical techniques

The samples of this study have been obtained through drill 
cores crosscutting the lateritic soil: C3B2(A) and C3B1(B) 
boreholes at Catalão II, from south and north pipes, respec-
tively, and F72, 3E19 N and 49E33 N boreholes at Catalão 
I.

The investigated lithologies (lamprophyres, carbonatites, 
phlogopite-, apatite- and magnetite-rich rocks) are listed in 
all tables according to their depth in the boreholes. A rep-
resentative set of 19 samples from Catalão II, and eight 
from Catalão I, were selected, cut and then crushed using 
a low-blank agate mortars. The ICP-OES (inductively cou-
pled plasma–optical emission system) and ICP-MS (induc-
tively coupled plasma–mass spectrometer) methods at the 

Activation Laboratories (Canada), on the powder of these 
samples, have been used to obtain major element oxides, 
lanthanide rare earths (REE) and other trace elements 
(Table 1). The thin sections of the Catalão II and Catalão I 
rocks were observed in polarized light microscopy, through 
a Leitz Laborlux 12 POL microscope, to identify the miner-
alogical phases. The modal analysis is based on 3000 points 
and was carried out with Leica QWin software equipped 
with a Leica DFC280 camera (Supplementary Table 1). A 
JEOL JSM-5310 electron microscope equipped with an 
INCAx-act EDS detector at University of Napoli Federico 
II is used to obtain the chemical composition of mineral-
ogical phases (carbonates, Fe–Ti oxides, apatite, pyro-
chlore, phlogopite, olivine, perovskite, garnet, amphibole 
and alkali feldspar) on polished thin sections (full details in 
Melluso et al. 2010,  2014, 2016). A Cameca SX50 electron 
microprobe equipped with five spectrometers at IGAG–
CNR (Rome) was also used to obtain additional chemical 
composition of mineral phases (phlogopite, carbonate and 
pyrochlore). The bulk-rock Sr and Nd isotope analyses 
were performed at the Geochronological Research Center, 
University of São Paulo, with a VG354 Micromass multic-
ollector mass spectrometer (analytical details in Sato et al. 
1995). Stable isotope analyses were obtained at the Istituto 
di Geologia Ambientale e Geoingegneria (CNR), Rome, 
using a Finnigan Delta plus mass spectrometer for oxygen 
isotope analyses on calcite and other minerals and a Finni-
gan MAT 252 mass spectrometer for carbon isotope analy-
ses (Rossetti et al. 2007). In situ U–Pb age determinations 

Fig. 2  Schematic map of the Catalão II alkaline-carbonatitic com-
plex (modified after Rocha et al. 2001). 1 residual magnetitite blocks; 
2 lamprophyres; 3–6 carbonatites; 7 pyrochlore-rich carbonatites; 8 

apatitite/magnetitite; 9 syenites; 10 phlogopitite; 11 clinopyroxenites; 
and 12 Proterozoic metamorphosed crustal sequences (quartzite and 
micaschistes)
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(baddeleyite), Sr–Nd–Hf isotopic and trace elemental anal-
yses of minerals (baddeleyite and pyrochlore) have been 
performed at the Institute of Geology and Geophysics, 
Chinese Academy of Sciences, Beijing (China). Major ele-
ment compositions were obtained using a JEOL–JAX8100 
electron microprobe with 15 kV accelerating potential and 
12 nA beam current. Trace element compositions (includ-
ing REE) and U–Pb isotopic compositions of baddeleyite 
and pyrochlore were performed by using an Agilent 7500a 
LA–ICP–MS instrument, with the full analytical details 
described in Xie et al. (2008). The in situ Sr–Nd analyses 
of pyrochlore were carried out using a Neptune MC–ICP–
MS. The detailed description of the instrument and laser 
ablation system is found in Yang et al. (2009). Hf isotopic 
composition of baddeleyite was obtained by MC-ICP-MS 
instrument.

Full analytical details are reported in the “Analytical 
Techniques” as Supplementary File.

Classification and petrography

Modal and chemical data have been used to classify the 
Catalão II rocks (Table 1; Supplementary Table 1). The 
rocks of Catalão II are carbonatites, magnetite-, apatite- 
and phlogopite-rich rocks, lamprophyres and associated 
fenitized rocks.

The carbonatites are calciocarbonatites and ferrocarbon-
atites (Fig. 3; Woolley and Kempe 1989). The ferrocarbon-
atites may have high modal phlogopite (17–27 vol.%). The 
magnetite- and apatite-rich rocks following modal classifi-
cation are classified as magnetitites and phlogopite–mag-
netite apatitites. For simplicity, the latter will be referred 
to as apatitites in the text. The phlogopite-rich rocks are 
described as phlogopitites or glimmerites. The lampro-
phyres are phlogopite-rich, SiO2-poor (SiO2 = 29.3–
31.7 wt%), MgO-rich (MgO = 14.4–18.7 wt%), TiO2-rich 
(4.6–6.5 wt%), Al2O3-poor (3.9–4.7 wt%) and ultrapotas-
sic (K2O/Na2O = 12.6–32). Their mineralogical and bulk-
rock composition, and their association with carbonatites, 
allowed us to classify them as ultramafic lamprophyres 
(IUGS classification; Tappe et al. 2005). For clarity, follow-
ing Gibson et al. (1995), Brod et al. (2000) and Guarino 
et al. (2013), we still continue to refer them to as phlogo-
pite-picrites. The associated fenitized rocks in Catalão 
II are syenites and clinopyroxenites (see below). All lith-
ologies are inequigranular holocrystalline, with cumulitic 
texture, with the exception of the phlogopite-picrites with 
a porphyritic texture and clinopyroxenite with a banded 
structure.

At Catalão II, the C3B2(A) borehole intersects cal-
ciocarbonatites, phlogopite-picrites, phlogopitites, mag-
netitites, apatitites and fenites, and the C3B1(B) borehole Ta
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intersects calciocarbonatites, ferrocarbonatites, phlogopi-
tite, apatitites and phlogopite-picrites. The most representa-
tive lithotypes are reported in Fig. 4.

The Catalão I carbonatites are magnesiocarbonatites 
(Fig. 3), while the magnetite- and apatite-rich rocks, fol-
lowing modal classification, are simply named as magneti-
tite and apatitite, although these rocks show variable modal 
contents in phlogopite, apatite/magnetite and carbonate 
(Supplementary Table 1). At Catalão I, the F72 borehole 
intersects magnetitites; the 3E19 N borehole intersects 
magnesiocarbonatites, and the 49E33 N borehole cuts mag-
nesiocarbonatites, magnetitites and apatitites.

Catalão II complex

The calciocarbonatites and ferrocarbonatites are charac-
terized by medium- to coarse-grained anhedral carbonates, 
and minor amounts of macro- and microcrysts of zoned 
phlogopite, slightly orange in the core and dark orange in 
the rims, apatite, magnetite, pyrochlore, carbonates, rutile, 
rare clinopyroxene and amphibole. The magnetitites are 
characterized by medium- to coarse-grained magnetite 
associated with subordinate phlogopite, apatite, pyrochlore 
and carbonates. The apatitites are medium- to coarse-
grained rocks and consist of apatite and phlogopite, with 
minor opaques, carbonates and pyrochlore. The phlogo-
pitites have phlogopite as the dominant phase and contain 
minor magnetite, pyrochlore and apatite, and rare acces-
sory carbonates. The C2B5 phlogopitite is cross-cut by a 
calciocarbonatite showing embayed zircon crystals with 

corroded and altered rims. The phlogopite-picrites have a 
porphyritic texture with olivine and phlogopite phenocrysts 
in a pseudo-fluidal groundmass rich in phlogopite laths and 
made up also of olivine, spinel, apatite, perovskite, calcite 
and rare garnet and rutile. Syenites and amphibole clinopy-
roxenites (fenitized rocks). The syenite C2A6 is dominated 
by alkali feldspar, with minor Na-rich clinopyroxene, phlo-
gopite, amphibole and apatite. The clinopyroxenite C2A26 
has a banded structure; the alternating bands are formed by 
Na-rich clinopyroxene and amphibole and by minor phlo-
gopite. Apatite and carbonate are accessory phases and iron 
oxides are absent. The syenites and amphibole clinopyrox-
enites are fenites, i.e. the products of interaction of Na- and 
K-rich fluids, likely coming/derived from the carbonatite 
intrusion, with the host rocks (Le Bas 2008; Guarino et al. 
2012).

Catalão I complex

Two types of magnesiocarbonatites are found in the Cat-
alão I complex. The first one is made up of cryptocrystal-
line carbonate and the second type by medium- to coarse-
grained anhedral carbonate crystals associated with minor 
phlogopite, apatite, carbonates, zoned pyrochlore and rare 
monazite. Magnetitites and apatitites consist of anhedral 
magnetite and/or apatite as dominant phases, with minor 
phlogopite, carbonate, pyrochlore and rare baddeleyite. 
A few olivine phenocrysts, commonly altered, were also 
observed.

Mineral chemistry

Mineral analyses of Catalão II and Catalão I rocks are 
reported in the Supplementary Tables 2 to 12.

Carbonates. Calcite (CaCO3) is the dominant phase 
of calciocarbonatites and ferrocarbonatites at Catalão II, 
with minor dolomite [CaMg(CO3)2], strontianite (SrCO3), 
alstonite [BaCa(CO3)2], ankerite [Ca(Fe2+,Mg,Mn2+)
(CO3)2], siderite (Fe2+CO3), Mg-rich siderite [(Fe2+,Mg) 
CO3], burbankite [(Na,Ca)3(Sr,Ba,Ce)3(CO3)5], olekmin-
skite [(Sr,Ca,Ba)2(CO3)2], shortite [Na2Ca2(CO3)3] and 
ancylite-Ce [Sr(Ce,La)(CO3)2(OH)(H2O)]. Ankerite is 
found in apatitite; calcite is found in magnetitite, phlo-
gopite-picrites and phlogopitite; calcite and alstonite are 
found in the fenites (Supplementary Table 2). The chemical 
compositions of carbonates are reported in Fig. 5. Similar 
carbonates were analysed in the Catalão I magnesiocar-
bonatites, with predominant dolomite followed by calcite, 
ferroan magnesite [(Mg,Fe2+)CO3], magnesite (MgCO3), 
strontianite, witherite (BaCO3), alstonite, norsethite [BaMg 
(CO3)2], burbankite and olekminskite (Supplementary 
Table 2). Dolomite, norsethite, calcite and burbankite are 
present in magnetitites, whereas dolomite and calcite are 

Fig. 3  Chemical classification of the Catalão II and Catalão I carbon-
atites (Woolley and Kempe 1989). The Araxá (Traversa et al. 2001), 
Tapira (Gomes and Comin-Chiaramonti 2005), Salitre (Morbidelli 
et al. 1997), Ipanema (Guarino et al. 2012), Jacupiranga (Huang et al. 
1995) and Juquiá (Beccaluva et al. 1992) carbonatites are also shown
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common in apatitites. Burbankite, ancylite and norsethite 
have also been found in other carbonatites of the APIP, for 
example, at Araxá (cf. Traversa et al. 2001).

Mica is an essential phase of the Catalão II rocks and 
belongs to the phlogopite-tetra-ferriphlogopite series (Sup-
plementary Fig. 1a), as is evident from the presence of Fe3+ 

in the tetrahedral site (i.e. Si4++IVAl3+ <4) (M.F. Brigatti 
and V. Guarino work in progress).

The phlogopite-picrites, ferrocarbonatites and phlogo-
pitites of Catalão II contain phlogopite and tetra-ferriphlo-
gopite. Mica of ferrocarbonatites and phlogopitites has 
different ranges in Mg# [as Mg/(Mg + Fe2+)], 0.39–0.65 

Fig. 4  Representative thin-section photomicrographs of Catalão II rocks. CaCc calciocarbonatite; FeCc ferrocarbonatite; amp amphibole; ap 
apatite; cal calcite; cpx clinopyroxene; op opaque mineral; pcl pyrochlore; phl phlogopite; prv perovskite; and wad wadeite
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and 0.63–0.77, respectively. The TiO2 concentration ranges 
between 0.17 and 1.20 wt% in phlogopitites and between 
0.15 and 2.39 wt% in ferrocarbonatites. Mica of phlogo-
pite-picrites has the highest variability in Mg# (0.16–0.87) 
and TiO2 (0.44–4.91 wt%). Tetra-ferri-phlogopite is pre-
sent in Catalão II apatitite, magnetitites and calciocar-
bonatites, with similar Mg# (0.52–0.71) and TiO2 (up to 
0.75 wt%). The Catalão II fenites have phlogopite/biotite 
(Mg# = 0.54–0.68, TiO2 = 0.74–1.20 wt%).

Fe–Ti oxides. The chemical compositions of Fe–Ti 
oxides investigated in this study are shown in Supplemen-
tary Fig. 1b. Magnetite is ubiquitous in the Catalão II rocks, 
and it is absent in the fenites. Magnetite and Ti-magnetite 
(Supplementary Table 3) are found in apatitites, magneti-
tites, phlogopitites and calciocarbonatites of Catalão II and 
in magnesiocarbonatites, apatitites and magnetitites of Cat-
alão I. Their compositions have a wide range in ulvöspinel 
(0–29 mol% ulvöspinel). The Catalão II phlogopite-picrites 
have Ti-magnetite (8–30 mol% ulvöspinel, 4.1–17.4 wt% 
TiO2), magnesiochromite [Cr# as Cr/(Cr + Al) = 0.86–
0.87; Mg# = 0.52–0.58] and chromite [Cr# = 0.85; 
Mg# = 0.45].

Ilmenite of the Catalão II calciocarbonatites has 
88–93 mol% ilmenite, similar to the composition of this 
phase in the Catalão I apatitites and magnetitites (89–
95 mol% ilmenite; Supplementary Table 3). Ilmenite from 
the two complexes contains variable concentration of MgO 

(0.7–7.4 wt% in Catalão I apatitites and magnetitites and 
1.1–3.7 wt% in Catalão II calciocarbonatites) and plots 
mainly in the field of non-kimberlitic ilmenites (Supple-
mentary Fig. 1c; Wyatt et al. 2004). Equilibrium tempera-
tures and oxygen fugacity of one pair of coexisting mag-
netite and ilmenite from Catalão I apatitites give 878 °C, 
and 10−12 bars fO2, and plot along the NiNiO buffer (Sup-
plementary Fig. 1d).

Rutile. Tiny crystals of rutile (TiO2) have been found in 
Catalão II calciocarbonatites and phlogopite-picrites (Sup-
plementary Fig. 1b; Supplementary Table 3).

Apatite is ubiquitous (Supplementary Table 4). In the 
Catalão II complex, the SrO concentration of apatite in 
magnetitite, phlogopitite and apatitite is <1.4 wt% and 
ranges from 1.1–2.1 wt% in apatite of the calciocarbon-
atites. The fluorine concentration is quite similar in the 
Catalão II rocks (~3.7 wt% in apatitite, 3.1 wt% in mag-
netitite, 3.5–3.8 wt% in phlogopitite and 3.5–3.8 wt% in 
calciocarbonatite). In the Catalão I complex, the concentra-
tion of SrO (up to 7.1 wt%) and F (up to 3.6 wt%; data of 
this work and Cordeiro et al. 2010) in apatite of magnesio-
carbonatites is different to those in apatite of apatitites and 
magnetitites (SrO up to 4.7 wt%; F up to 3.3 wt%).

Pyrochlore is a ubiquitous phase of Catalão II mag-
netitites and ferrocarbonatite, and of Catalão I apatitites, 
magnetitites and magnesiocarbonatites (Supplementary 
Table 5). Pyrochlore shows marked zoning and a bimodal 

Fig. 5  Proposed classification diagram for the carbonate minerals 
(in wt%) in the Catalão II and Catalão I carbonatites (a) and other 
rock types (b). The tetrahedral diagram has been made using the 
Tetra-Plot spreadsheet (Cucciniello 2016). The dolomite, calcite, 

magnesite, ankerite, norsethite, alstonite, witherite, strontianite, ancy-
lite-Ce, olekminskite and burbankite compositions (+) are taken from 
the Handbook of Mineralogy
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chemical composition: the first pyrochlore is character-
ized by Ca > 0.8 apfu, Na > 0.45 apfu, Ba < 0.1 apfu, 
Ca + Na > 1.25 apfu and F > 0.4 apfu (Fig. 6) and is 
dark grey in BSE images (Fig. 7); the second is light grey 
in BSE images (Fig. 7) and has Ca < 0.8 apfu, Na < 0.45 
apfu, Ba > 0.1 apfu, Ca + Na < 1.25 apfu and F < 0.4 apfu 
(Fig. 6). The pyrochlore crystals in Catalão II ferrocar-
bonatite (C2B18) and in Catalão I (C1A5) have complex 
zoning pattern reflecting complex chemical patterns of 
Ca–Na–F-rich (dark grey in BSE) and Th–U–rich (light 
grey in BSE) compositions (Fig. 7). In the Catalão I C1A5, 
magnetitite pyrochlore has Ca–Na–F-rich cores and Th–
U-rich rims, whereas in the Catalão I C1C20 magnetitite, 
it has Th–U-rich cores and a Ca–Na–F-rich rims (Fig. 7). 
The Catalão II pyrochlores are similar to those analysed in 
Catalão I rocks (this work and Cordeiro et al. 2010, 2011b) 
and at Sokli, Finland (Lee et al. 2006) (Fig. 6).

The Catalão I pyrochlore is strongly enriched in light 
REE (La + Ce + Nd ~10,000 ppm) and has highly frac-
tionated REE patterns, with La up to ~11,000–22,000 times 
chondrite, and high LREE/HREE ratios (LaN/YbN = 629–
843 in magnetitites and 1411 in apatitite; Supplementary 
Fig. 2; Supplementary Table 6).

Minor phases at Catalão II. Olivine is found as phe-
nocrysts in phlogopite-picrites with Fo88–89 composition 
[Fo = Mg × 100/(Mg + Fe)] (Supplementary Table 7). 
Perovskite has been found in the phlogopite-picrites. It has 
dominant CaTiO3 molecule (88–97 mol%; Supplementary 
Table 8) and is strongly enriched in light REE (~6900–
7800 ppm) with La up to ~20,000 times chondrite and high 
LREE/HREE ratios (LaN/YbN ~770–870; Supplementary 
Fig. 2; Supplementary Table 6). The composition of the 
Catalão II perovskite matches that found in other APIP 
rocks and elsewhere (Melluso et al. 2008, 2010; Guarino 
et al. 2013). Garnet is a groundmass phase of the phlogo-
pite-picrites (Supplementary Table 9). The compositions 
are solid solutions of andradite (Ca3Fe2Si3O12; 8–59 mol%) 
and morimotoite (Ca3TiFe2+Si3O12; 8–70 mol%) (accord-
ing to the classification of Locock 2008). Tiny crystals of 
wadeite (K2ZrSi3O9) have been found in the C2B24 fer-
rocarbonatite. Zircon (ZrSiO4) has been found in a small 
vein of calciocarbonatite cutting the C2B5 phlogopi-
tite (Fig. 7). Clinopyroxene is aegirine-augite in the fen-
ites and in C2B24 ferrocarbonatite [Mg# = 71–80 and 
Na17−46Mg40−59Fe

2+
14−24 for fenites, and Mg# 45–66 and 

Na24−77Mg11−49Fe
2+
12−27 for C2B24 ferrocarbonatite] 

(Supplementary Table 10). Amphibole is K-richterite in the 
C2A6 fenite and C2B22 calciocarbonatite (Supplemen-
tary Table 11; following Leake et al. 1997; Locock 2014). 
Barite (BaSO4) has been found in some calciocarbonatites 
and ferrocarbonatites. Alkali feldspar is found in the C2A6 

fenite. It is pure orthoclase (Or99–97Ab0–2An0–1; Supple-
mentary Table 12).

Minor phases at Catalão I. Baddeleyite (ZrO2) was 
found in magnetitites and apatitite (Supplementary Figs. 2 
and 3; Supplementary Table 6) and shows a marked LREE 
enrichment (LaN ~2000–3000 times chondrite) and LREE/
HREE fractionation (LaN/YbN = 26–33 in magnetitites and 
LaN/YbN = 13 in apatitites; Supplementary Fig. 2). Bad-
deleyite has a different trace element pattern compared to 
pyrochlore and perovskite, as a response to its completely 
different crystal chemistry. Olivine is an accessory phase in 
magnetitites and has a high forsterite content (Fo97–98; Sup-
plementary Table 7). This very high forsterite content is far 
outside the range found in mantle-derived silicatic rocks, 
kimberlites or mantle lithologies; rather, it is fairly com-
mon in carbonatites (Araxá; Traversa et al. 2001; Salitre; 
Morbidelli et al. 1997; Sung Valley, India; Melluso et al. 
2010) and in skarns formed from dolomitic lithologies (e.g. 
Wenzel et al. 2002). Monazite [(La, Ce, Nd)PO4] and pyrite 
(FeS2) were found in magnesiocarbonatites (Supplemen-
tary Table 4).

Geochemistry

Major elements

The phlogopite-picrites (n = 4) are ultrabasic 
(SiO2 = 29.3–31.7 wt%), ultrapotassic (K2O = 3.3–
4.6 wt% and K2O/Na2O = 13–32), ultramafic (MgO 14.4–
18.7 wt%) and moderately CaO-rich (8–11.2 wt%) rocks; 
they represent primitive magmatic compositions, as are the 
APIP kamafugites/kimberlites cropping out all around Cat-
alão II (Gibson et al. 1995; Brod et al. 2000; Araújo et al. 
2001; Melluso et al. 2008; Guarino et al. 2013). The cal-
ciocarbonatites (n = 9) have low Fe2O3t (0.4–5.2 wt%), 
SiO2 (0.3–4.3 wt%) and MgO (0.6–2.8 wt%) with limited 
CaO variability (from 46 to 53.6 wt%). The ferrocarbon-
atites (n = 2) have moderate Fe2O3t (8.4–8.9 wt%), SiO2 
(8.8–14.9 wt%) and MgO (2.3–8.1 wt%) at CaO from 33 
to 43.1 wt%. The apatitite and magnetitite (n = 2) have 
high and variable Fe2O3t (32–63.3 wt%) and CaO (4.6–
24.1 wt%), with low SiO2 (6.8–10.9 wt%) and MgO (6.6–
6.8 wt%). The P2O5 in apatitite is 16.7 wt%. The phlogopi-
tite (n = 1) has 30 wt% SiO2, 15.8 wt% Fe2O3t, 17.7 wt% 
MgO and 11.2 wt% CaO. The syenite fenite (n = 1) is 
potassic (K2O/Na2O = 2.5) and has relatively high SiO2 
(44.7 wt%), Fe2O3t (10.4 wt%), MgO (14.2 wt%) and CaO 
(10 wt%). The Catalão II rocks show chemical variations, 
similar to those of the Catalão I rocks (Supplementary 
Fig. 4).
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REE and other trace elements

The Catalão II phlogopite-picrites have high and variable 
Cr (270–1040 ppm) and Ni (160–360 ppm) concentrations 
(Table 1), indicating their primitive nature. The Catalão II 
magnetitite, apatitite and carbonatites, like those of Catalão 
I, contain generally low concentration of Cr (<20 ppm) and 
Ni (<50 ppm). The Catalão II phlogopitite has 130 ppm Cr 
and 60 ppm Ni. The Catalão II rocks, with those of Catalão 
I, exhibit highly fractionated REE patterns (LaN/YbN up to 
218 in Catalão II calciocarbonatites and LaN/YbN = 1124 
in Catalão I magnesiocarbonatites) with LaN = 400–2000 
times chondrite in Catalão II rocks and 400–7000 times 
chondrite in Catalão I rocks (Supplementary Fig. 5). Primi-
tive mantle-normalized multielement patterns of the Cat-
alão II phlogopite-picrites and of the Catalão I lamprophyre 
(Gomes and Comin-Chiaramonti 2005) are generally com-
parable (Fig. 8b, d). The Catalão II magnetitite is relatively 

enriched in Th, U and Nb when compared to Catalão II 
apatitite that show also a trough at Ti. This likely reflects 
different modal abundances of pyrochlore (Fig. 8c). The 
Catalão II calciocarbonatites and ferrocarbonatite (C2B18) 
and some Catalão I magnesiocarbonatites have troughs at 
K, Ti, Hf and Zr, and a peak at Ba. Some Catalão I magne-
siocarbonatites (as in the sample C1C14 and Cordeiro et al. 
2010) and Catalão II C2B24 ferrocarbonatite have less evi-
dent or no troughs at Zr and Hf (Fig. 8b, d).

Radiogenic and stable isotopes

Nd–Sr isotope composition

New 87Sr/86Sr and 143Nd/144Nd isotopic data were obtained 
from Catalão II and Catalão I bulk-rock samples and from 
perovskite and pyrochlore separates. The results are shown 
in Table 2 and Fig. 9.

Fig. 6  Representative compositional (apfu) diagrams for pyrochlores 
from different Catalão II and Catalão I rocks. The chemical composi-
tions of pyrochlores from nelsonites and magnesiocarbonatites from 

Catalão I are shown for comparison (data from Cordeiro et al. 2010, 
2011b). Pyrochlores from the Sokli carbonatites, Finland, are also 
shown (data from Lee et al. 2006)
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Catalão II complex

The initial (at 82 Ma) 87Sr/86Sr (0.70503–0.70536) and εNd 
(−6.8 to −4.7) of the calciocarbonatites have restricted 
variation. The ferrocarbonatites have 87Sr/86Sri (0.70512–
0.70523) and εNdi (−5.4 to −5.2) overlapping the values 
of the calciocarbonatites. The phlogopite-picrites have 
slightly higher 87Sr/86Sri (0.70531–0.70599) and simi-
lar εNdi (−6.7 to −5.4) values of calciocarbonatites. The 

syenite fenite has 87Sr/86Sri of 0.70553 and εNdi of −6. The 
TDM Nd model age of the calcio- and ferrocarbonatites var-
ies between 0.7 and 0.9 Ga, similar to variation observed in 
phlogopite-picrites (0.8–0.9 Ga).

Catalão I complex

The 87Sr/86Sri of magnetitites and apatitites ranges between 
0.70513 and 0.70561, and initial εNdi (at 81 Ma) between 

Fig. 7  Representative backscatter electron images (BSE) of pyro-
chlores (pcl) from different Catalão I and Catalão II rocks (Catalão 
I C1A5 and C1C20 magnetitites; Catalão II C2B18 ferrocarbonatite). 
Dark and light areas correspond to the first and second type of pyro-

chlore, respectively. The Catalão II C2B5 phlogopitite shows the 
presence of a thin carbonatite vein in which light crystals of zircons 
(zrn) are included
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−8.1 and −6.9. Pyrochlore separates have 87Sr/86Sri 
(0.70531–0.7055) and εNdi (−7.6 to −6.9) within the range 
of magnetitites and apatitites. The isotopic composition 
of magnesiocarbonatites (87Sr/86Sri = 0.70529–0.70542; 
εNdi = −9.6 to −7.7) is similar to range of magnetitite and 
apatitite. The TDM Nd model age of the magnesiocarbon-
atites ranges between 0.9 and 1.9 Ga, higher than that of 
magnetitites (~0.8 Ga) and apatitites (~0.8 Ga).

The Catalão II and Catalão I rocks plot within the 
field of APIP kimberlites and kamafugites in the εNdi vs. 
87Sr/86Sri diagram (Fig. 9). The isotopic composition of 
Catalão I lamprophyre reported by Gomes and Comin-
Chiaramonti (2005) plots within the Catalão II phlogo-
pite-picrite field. The distribution of Nd isotope data in 
the diagram εNd vs. time (Fig. 10) highlighted as the Cat-
alão II field shows a more limited variation from that of 
Catalão I.

Hf isotope composition

The hafnium isotopic composition of baddeleyites in Cat-
alão I magnetitites and apatitite is reported in Table 2, 
Fig. 11 and Supplementary Fig. 6. Baddeleyite is a phase 
that usually crystallizes in magmas having low silica 

activity, such as kimberlites and alkaline rocks (cf. also 
Melluso et al. 2012); differently from zircon, it cannot be 
considered as a typical mineral that hosts Hf in crustal lith-
ologies; therefore, it can be considered a proxy of the initial 
Hf isotopic ratio of mantle-derived magmas (cf. Wu et al. 
2006). The analysed baddeleyites show a narrow range 
of initial 176Hf/177Hf (0.28248–0.28249) and εHfi (−10.3 
to −10.9). In the εHfi versus εNdi diagram (Fig. 11a), the 
data fall near the field estimated for Group II kimberlites of 
southern Africa (Nowell et al. 2004 and references therein). 
The Goiás peridotite xenoliths hosted by kamafugites 
(Carlson et al. 2007) have distinct εHfi (Fig. 11a).

The hafnium model ages (TDM Hf) range between 1.0 
and 1.1 Ga (Fig. 11b) that broadly corresponds to tecton-
omagmatic events in the basement, such as the Neoprote-
rozoic Goiás Magmatic Arc, of central southern Brazil (cf. 
Matteini et al. 2010 and reference therein).

C–O isotope composition

The C–O isotope compositions are reported in Table 3. 
In the Catalão II complex, calcite of calciocarbonatites 
has δ18O = 8.46–9.36 ‰ (δ13C = −6.35 to −5.68 ‰), 
and calcite in ferrocarbonatites has δ18O = 8.45–9.48 ‰ 

Fig. 8  Primitive mantle-normalized element patterns for Catalão 
II and Catalão I rocks (normalization values after Lyubetskaya and 
Korenaga 2007). The chemical compositions of Catalão I lampro-
phyre (Gomes and Comin-Chiaramonti 2005) and magnesiocarbon-
atite field (Cordeiro et al. 2010), Catalão II phlogopite-picrite field 

(Guarino et al. 2013), Tapira (Gomes and Comin-Chiaramonti 2005), 
Salitre (Morbidelli et al. 1997), Jacupiranga (Huang et al. 1995), 
Juquiá (Beccaluva et al. 1992) and Ipanema (Guarino et al. 2012) car-
bonatites are plotted for comparison
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(δ13C = −6.16 to −6.03 ‰). In syenite fenite, phlogopite 
has δ18O = 8.23 ‰ and clinopyroxene has δ18O = 6.58–
6.70 ‰. In the Catalão I complex, calcite in a magnesio-
carbonatite has δ18O of 10.75 ‰ and δ 13C of −5.79 ‰, 
and magnetite in magnetitite and phlogopite in apati-
tite have δ18O = 7.10–7.17 ‰ and δ18O = 6.13–6.29 ‰, 
respectively.

The coupled carbon and oxygen isotopes of calcite 
from the Catalão II calcio- and ferrocarbonatites plot in 
the “primary igneous carbonatite” field (Fig. 12a) (Taylor 
et al. 1967; Keller and Hoefs 1995), whereas the Catalão 
I magnesiocarbonatites have slightly higher δ18O. The 
Catalão I magnesiocarbonatite data are similar to those 
reported from Catalão I dolomite carbonatites (Cordeiro 
et al. 2011a). The Catalão II carbon and oxygen com-
positions are distinct from limestones of Precambrian 
(δ18O = 15–25 ‰, δ13C = −5 to 12 ‰) and Phanerozoic 
(δ18O = 21–31 ‰, δ13C = −3 to 7 ‰) ages (Bell 2005).

The δ18O of calcite of the Catalão II carbonatites shows 
limited variation with depth (from −79.2 to −400 m), 
ranging between 8.45 and 9.48 ‰. The Catalão II data are 
in or close to the primary mantle values in the diagram 
87Sr/86Sri versus δ18O (Fig. 12b), whereas Catalão I data on 
magnesiocarbonatites likely reflect hydrothermal alteration 
of carbonates.

Age determinations for Catalão II and Catalão I 
complexes and their significance

New in situ U–Pb ages on baddeleyite (ZrO2) of magneti-
tites (C1C13, C1C20) and apatitite (C1C22) of Catalão I 
complex (Fig. 13, Supplementary Fig. 3; Supplementary 
Data) are reported in Table 2 and shown in Fig. 1. The 
U–Pb baddeleyite ages of Catalão I range from 78 ± 1 to 
81 ± 4 Ma. The new U–Pb ages for Catalão I are slightly 
younger (78 ± 1 to 81 ± 4 Ma) than the previous ages 
(85.0 ± 6.9 Ma; Sonoki and Garda 1988).

New in situ U–Pb ages on perovskite for Catalão 
II phlogopite-picrites (82 ± 3 Ma, 83 ± 4 Ma and 
90 ± 4 Ma) are reported in Guarino et al. (2013). The data 
obtained for Catalão II place the age in the 82 ± 3 and 
83 ± 4 Ma interval, similar to the previous age (83 Ma; 
Machado 1991) The oldest age obtained for Catalão II 
phlogopite-picrite (90 ± 4 Ma) can be the result of sev-
eral possibilities: (a) perovskites are inherited crystals; (b) 
perovskite indicate an older emplacement age of this com-
plex, still within the ranges of the APIP ages (91–71 Ma; 
Guarino et al. 2013 and references therein), and (c) per-
ovskites are xenocrysts crystallized under open-system 
conditions (cf. Wu et al. 2010a, b; Cucciniello et al. 2010 
and references therein).

Fig. 9  εNdi vs. 87Sr/86Sri diagram for the new isotopic data from Cat-
alão II and Catalão I complexes. Catalão I lamprophyre is taken from 
Gomes and Comin-Chiaramonti (2005). The Catalão I compositional 
field is from Cordeiro et al. (2010, 2011a, b). APIP kimberlite and 
kamafugite fields are according to Gibson et al. (1995), Carlson et al. 
(1996), Thompson et al. (1998), Araújo et al. (2001), Gomes and 
Comin-Chiaramonti (2005) and Guarino et al. (2013). The Catalão 
II phlogopite-picrite field is taken from Guarino et al. (2013), Gib-
son et al. (1995) and Gomes and Comin-Chiaramonti (2005). Brauna 

kimberlite field is taken from Donatti-Filho et al. (2013). The iso-
topic compositions of the Ipanema (Guarino et al. 2012), Jacupiranga 
(Huang et al. 1995) and Juquiá (Beccaluva et al. 1992) carbonatites 
are shown for comparison. The Trindade field is from Halliday et al. 
(1992). The Serra do Mar field is based on Thompson et al. (1998), 
Bennio et al. (2002), Lustrino et al. (2003) and Brotzu et al. (2005, 
2007). Global OIB and Hawaii Islands data are from Jackson et al. 
(2012) and references therein
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Discussion

Mineralogical and geochemical evidence of igneous 
cumulates

The complex mineralogical assemblages linked to the 
cumulitic texture of the Catalão II calciocarbonatites, fer-
rocarbonatites, apatitites, magnetitites and phlogopitites 
make difficult to establish the crystallization relationships 

between the different minerals. Carbonates, apatite and 
phlogopite are ubiquitous, followed by pyrochlore and mag-
netite, with other accessory minerals such as REE-carbon-
ates, wadeite, baddeleyite, clinopyroxene and amphibole. 
The possible order of crystallization in the Catalão II cumu-
litic rocks, based on petrographic study, is the co-crystalli-
zation of apatite–magnetite–phlogopite–pyrochlore min-
erals (e.g. phlogopite encloses apatite or vice versa). The 
carbonates crystallized after them. The predominant car-
bonates (e.g. calcite) enclosed other minerals, while minor 
carbonates (e.g. REE-carbonates) show an interstitial or are 
enclosed in calcite grains. Clinopyroxene and amphibole in 
the carbonatites are anhedral, indicating that they could be 
inherited xenocrystals, as are the wadeite crystals.

The bimodal composition of pyrochlore (Fig. 6) likely 
suggests equilibrium with magmas of variable composition, 
and the presence of complex chemical patterns (Fig. 7) 
suggests rhythmic/crystallographically controlled zoning 
may be due to refilling magma chambers by new influx of 
incompatible element-rich carbonatitic magmas; the con-
volute zoning can also represent dissolution–reprecipita-
tion processes, which may or may be not related to refilling 
magma chambers. Pyrochlore and apatite have similar F; 
their wide distribution and notable amount in these rocks 
testify high volatile concentration in all new influx of 
magmas. The concentration of SrO is higher in calcio-
carbonatites (up to 2.2 wt%) than in the non-carbonatic 
rocks (SrO < 1.4 wt%), due to the preferential partition-
ing of strontium in the carbonates. The wide compositional 

Fig. 10  εNdi vs time diagram for Catalão II and Catalão I samples 
investigated in this study. The compositional field of meta-igneous 
rocks of the Goiás Magmatic Arc is shown for comparison (data from 
Pimentel et al. 1996)

Fig. 11  a εHfi vs. εNdi diagrams for the Catalão I samples (diagram 
modified after Nowell et al. 2004). The fields of Group I, Group II 
and Transitional kimberlites (Table 1; cf. Nowell et al. 2003a, b), 
Goiás peridotite xenoliths hosted by kamafugites (Carlson et al. 
2007), Canadian kimberlites (Kopylova et al. 2009; Tappe et al. 2013, 
2014), Canadian carbonatites and lamprophyres (Bizimis et al. 2003; 
Tappe et al. 2007, 2008) and Greenland kimberlites (kimberlites/ail-
likites and associated carbonatites, Gaffney et al. 2007; Tappe et al. 

2011) fields are shown for comparison. Global OIB and Hawaii 
Islands fields are from Jackson et al. (2012) and references therein. 
b εHfi vs time diagram for baddeleyite of Catalão I apatitite and 
magnetitites. Note: εNdi utilized is that of host rocks; decay constant 
(λ) of 1.865 × 10−11 (Scherer et al. 2006); depleted mantle values: 
176Lu/177Hf = 0.0384 and 176Hf/177Hf = 0.28325 (Blichert-Toft and 
Albarede 1997)
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variability of the carbonates (being Ca-, Ba-, Sr- and REE-
bearing) indicates saturation with different carbonates at 
different crystallization stages in the magma reservoir.

The Catalão II calciocarbonatites and ferrocarbonatite 
(C2B18) and some Catalão I magnesiocarbonatites show 
troughs at Zr and Hf in the primitive mantle-normalized 

Fig. 12  a Plot of δ18O ‰ (V-SMOW) vs. δ13C ‰ (PDB) for Catalão 
II and Catalão I carbonatites. Box for primary igneous carbonatites is 
from Keller and Hoefs (1995) and Taylor et al. (1967). Catalão I lit-
erature is dolomite carbonatite investigated by Cordeiro et al. (2011a) 
and is reported for comparison (black triangles). Jacupiranga, Juquiá, 
Lages, Mato Preto, Barra do Itapirapuã trends are taken from Comin 

Chiaramonti et al. (2005a, b). The value of the Ipanema carbon-
atite is taken from Guarino et al. (2012). b 87Sr/86Sri versus δ18O ‰ 
(V-SMOW) mixing diagram (cf. James 1981) for the rocks from 
the Catalão II and I complexes. End members: Brazilian crust and 
groundwater isotopic compositions are from Garland et al. (1995) and 
Taylor (1978), respectively

Table 3  Analyses of O and C isotopes on minerals in the Catalão II and Catalão I rocks

CaCc calciocarbonatite; FeCc ferrocarbonatite; MgCc magnesiocarbonatite, Cal calcite; Phl phlogopite; Op opaque mineral; Cpx clinopyroxene

Rock Site Sample Borehole no. Depth below groundlevel Mineral δ18O ‰ (V-SMOW) δ13C ‰ (PDB)

CaCc Catalão II C2A2 C3B2 (A) 79.2 Cal 9.36 −6.03

Syenite Catalão II C2A6 C3B2 (A) 109.7 Cpx 6.58

Syenite Catalão II C2A6 C3B2 (A) 109.7 Cpx 6.70

Syenite Catalão II C2A6 C3B2 (A) 109.7 Phl 8.23

CaCc Catalão II C2A15 C3B2 (A) 271.2 Cal 9.21 −5.68

CaCc Catalão II C2A17 C3B2 (A) 287.0 Cal 8.49 −5.96

CaCc Catalão II C2A19 C3B2 (A) 314.0 Cal 8.68 −5.97

CaCc Catalão II C2A20 C3B2 (A) 320.0 Cal 8.70 −5.95

CaCc Catalão II C2A21 C3B2 (A) 324.8 Cal 8.46 −5.97

CaCc Catalão II C2B17 C3B1 (B) 308.5 Cal 8.69 −6.00

FeCc Catalão II C2B18 C3B1 (B) 312.9 Cal 9.48 −6.16

CaCc Catalão II C2B19 C3B1 (B) 328.5 Cal 8.74 −5.90

CaCc Catalão II C2B22 C3B1 (B) 354.0 Cal 9.13 −6.35

FeCc Catalão II C2B24 C3B1 (B) 400.0 Cal 8.45 −6.03

Magnetitite Catalão I C1A5 F72 100.0 Op 7.17

Magnetitite Catalão I C1A5 F72 100.0 Op 7.10

MgCc Catalão I C1C4 49E 33 N 130.0 Cal 10.75 −5.79

Apatitite Catalão I C1C22 49E 33 N 510.0 Phl 6.29

Apatitite Catalão I C1C22 49E 33 N 510.0 Phl 6.13
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patterns, typical of magmatic carbonatites (cf. Wool-
ley and Kempe 1989). The Catalão II ferrocarbonatite 
(C2B24) has less marked troughs at Zr and Hf that can be 
related to the presence of small amounts of modal wadeite 
(K2ZrSi3O9) or indicates a late-stage carbothermal residual 
magma (Mitchell 2005). The troughs at Zr and Hf, typi-
cal of magmatic carbonatites worldwide, are less marked 
or absent in some Catalão I magnesiocarbonatites (sample 
C1C14) and in dolomite carbonatites of Cordeiro et al. 
(2010).

The typical troughs at Zr and Hf in carbonatites are 
thought to be due to the strong selective enrichment in 

large-ion lithophile elements (Rb, Sr, Ba), Th, U, rare-earth 
elements over high field strength elements (such as Hf, Zr 
and Ti) (e.g. Green et al. 1992; Yaxley and Green 1996; 
Walter et al. 2008). In addition, there is no correlation 
between Zr concentration and Zr/Hf ratio of carbonatites 
and associated silicate rocks. This is ultimately caused by 
source effects rather than fractional crystallization of a spe-
cific phase (Andrade et al. 2002; Chakhmouradian 2006 
and references therein).

The mantle-normalized patterns of non-carbonatic rocks 
(apatitite and magnetitites) in Catalão II and Catalão I com-
plexes are generally similar to those of the Catalão II phlo-
gopite-picrites and Catalão I lamprophyre, which are inter-
preted to represent the most primitive liquid composition in 
these complexes (Guarino et al. 2013).

The Catalão II cumulitic rocks have similar Sr–Nd iso-
topes of the APIP kimberlites, kamafugites and phlogopite-
picrites (Fig. 9), suggesting limited isotopic heterogeneity 
in the sources of the APIP mantle-derived magmas. The 
distribution of Nd isotope data in the diagram εNd versus 
time (Fig. 10) indicates that the Catalão II rocks are differ-
ent from those of the Goiás Province. The coupled carbon 
and oxygen isotopes of calcite from the Catalão II calcio- 
and ferrocarbonatites plot in the “primary igneous carbon-
atite” field (Fig. 12a). Carbon (δ13C = −6.35 to −5.68 ‰) 
isotopic data suggest a mantle origin for the carbon of the 
carbonatites.

Fig. 13  U–Pb ages obtained by LA-ICP-MS from baddeleyite of 
two magnetitites (C1C13 and C1C20) and an apatitite (C1C22) of the 
Catalão I complex

Fig. 14  Pseudoternary diagram (SiO2 + Al2O3 + TiO2 – 
CaO + MgO + Fe2O3Tot – Na2O + K2O) showing the chemical com-
position of rocks from the Catalão II complex (modified after Grassi 
and Schmidt 2010). The thick line represents the limit of liquid misci-
bility gap at 1100 °C, 3.7–5 GPa (Thomsen and Schmidt 2008). The 
APIP kimberlites and kamafugites fields and Catalão I lamprophyre 
(Gomes and Comin-Chiaramonti 2005) are reported for comparison 
(Guarino et al. 2013)



1983Int J Earth Sci (Geol Rundsch) (2017) 106:1963–1989 

1 3

The petrological characteristics of the magma in the 
Catalão II intrusion

The liquids that filled the Catalão II intrusion were likely 
silica-poor and had a Ca-rich ultramafic composition, rich 
in K, volatiles, HFSE and REE. These liquids were able 
to crystallize carbonates, apatite, phlogopite, pyrochlore 
and magnetite, and other accessory minerals (e.g. REE-
carbonates, wadeite, baddeleyite), giving rise to the cumu-
late compositions reported above. The significant variation 
in the chemical, modal and mineralogical compositions in 
Catalão II rocks could be explained through differential set-
tling of the heavy phases (magnetite, apatite, pyrochlore 
and sulphides) in a magma chamber repeatedly filled by 
influx of carbonatite magma. Due to this repeated process, 
the crystallization sequence cannot be identified with cer-
tainty (see Fig. 2). This refilling is reflected in the rhythmic 
cumulates found at different depths during the emplace-
ment of magma that filled the Catalão II intrusion.

It is not clear whether the carbonatite liquids that filled 
the Catalão intrusion represent conjugate compositions of 
the phlogopite-picrite dykes (e.g. Table 1a,b; Fig. 8; Sup-
plementary Fig. 5). The chemical composition of Catalão 
II cumulitic rocks is plotted into the pseudoternary sys-
tem SiO2 + Al2O3 + TiO2 − CaO + MgO + Fe2O3Tot − 
Na2O + K2O (Fig. 14) in the presence of H2O and CO2 
(cf. Grassi and Schmidt 2010). In this diagram, the Catalão 
II phlogopite-picrites plot close to APIP kimberlite and 
kamafugite fields and the Catalão I lamprophyre. These 
rocks plot generally below the curve representing the limit 
of liquid miscibility gap at 1100 °C (3.7–5 GPa), consistent 
with the pressure of 3–5 GPa estimated for the APIP rocks 
(Guarino et al. 2013), based on MgO/CaO vs. SiO2/Al2O3 
diagram (Gudfinnsson and Presnall 2005). The Catalão II 
cumulitic rocks fall outside the liquid immiscibility field, 
again suggesting that they may not be representatives of 
carbonatitic liquid compositions. The phlogopite-rich rocks 
and one ferrocarbonatite plot below this curve, probably 
due to their high K2O concentrations (7.1 wt% in phlogopi-
tite and 3.4 wt% in ferrocarbonatite).

The ultramafic lamprophyre formation, association 
and genetic model for the APIP magmatism

The Catalão II phlogopite-picrites and Catalão I lampro-
phyre, together with kimberlites and kamafugites, are 
part of APIP magmatism that features by strongly silica 
undersaturated magmas, with high concentration of CaO, 
volatiles (CO2 and H2O) and low Na2O. These features 
are typical of melting a volatile-rich, Na-poor peridotitic 
source assemblage metasomatized by phlogopite- and 
carbonate-rich veins (Guarino et al. 2013 and references 
therein). Partial melting of such a carbonated peridotite 

can produce low-SiO2 melts (e.g. Gudfinnsson and Presnall 
2005; Dasgupta et al. 2007). The Catalão II phlogopite-
picrites, as well as the APIP kimberlites and kamafugites, 
are interpreted to result from low-degree partial melting 
(f = 0.5–2 %) of a mantle source consisting of a carbonated 
incompatible element-enriched lherzolite with phlogopite-
rich veins (Guarino et al. 2013).

The APIP phlogopite-picrites and lamprophyres are 
associated with carbonatites at Tapira, Catalão I, Cat-
alão II, Araxá and Salitre (Gibson et al. 1995; Morbidelli 
et al. 1997; Traversa et al. 2001; Gomes and Comin-
Chiaramonti 2005; Guarino et al. 2013). In this way, the 
association scheme proposed by Woolley and Kjarsgaard 
(2008a, b) where APIP carbonatites are associated only 
with “ultramafic cumulates” can be reconsidered. We pro-
pose that the APIP carbonatites are also associated with 
“lamprophyres”.

Three main models have been hypothesized for the 
petrogenesis of the APIP magmatism. Two models are 
based on the postulated presence of mantle plumes, while 
the third considers the partial melting of metasomatized 
lithospheric mantle. The first model, based on the common 
“Dupal” Sr–Nd–Pb isotopic composition of the Brazilian 
alkaline rocks, has highlighted a genetic link with some 
South Atlantic OIB and seamounts with Dupal geochemi-
cal signatures (e.g. Walvis Ridge and Rio Grande Rise), 
proposing that the source of the APIP rocks was modified 
by the Tristan da Cunha hot spot at ~130 Ma (Bizzi et al. 
1995). The second model assumed a SE-directed decrease 
in the age of the igneous activity, from ~90 Ma in the north-
westernmost Iporá Province towards ~80 Ma in the APIP 
and finally ~60 Ma in the south-easternmost sectors of the 
Serra do Mar Igneous Province, caused by a hotspot track, 
whose present-day products are represented by Trindade–
Martin Vaz archipelago (Gibson et al. 1995; Thompson 
et al. 1998; Sgarbi et al. 2004). The third model is based 
upon different lithospheric mantle sources in the genesis of 
the Goiás and Alto Paranaíba alkaline rocks (Carlson et al. 
1996, 2007). Guarino et al. (2013) highlighted the Sr–Nd 
isotopic (87Sr/86Sri = 0.70431–0.70686; εNdi = −6.7 to 
−3.9) similarity between the 91- and 71-Ma-old APIP rocks 
and 642-Ma-old Brauna kimberlites (87Sr/86Sri = 0.7045–
0.7063 and εNdi = −5.8 to −8.1; Donatti-Filho et al. 
2013), situated in the north-east part of the São Francisco 
craton, testifying limited isotopic changes in the mantle 
of south-eastern Brazil since Late Precambrian. The ages 
of APIP rocks (91–71 Ma; Guarino et al. 2013) similar to 
those of the Goiás Province (~91–90 Ma) are not evidence 
of a hot-spot track, testifying an almost coeval magma pro-
duction in the Goias and Alto Paranaiba provinces, located 
more than 400 km apart each other. The volcanic activity 
lasted in the APIP probably up to Late Cretaceous (71 Ma; 
Sonoki and Garda 1988) or Palaeocene (~61 Ma; Read 
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et al. 2004 and references therein). In addition, the Sr–Nd 
isotope composition of the present-day products of the 
Trindade plume (Halliday et al. 1992) is totally different 
from that of the APIP rocks (Fig. 9). The exotic chemical 
composition of the magmas of the APIP province requires 
low to very low degrees of partial melting and could be 
interpreted as the effect of chemically and mineralogically 
heterogeneous, low-melting mantle source rich in carbon-
ates, potassium and hydrous phases, acquired during the 
Brasiliano orogenic cycle, when the Amazonian and São 
Francisco cratons collided. As a consequence, the involve-
ment of a thermal perturbation caused by the presence of a 
hotspot or a mantle plume could not be required. Melting 
can be the consequence of rifting episodes.

Relationships with other Brazilian carbonatite 
associations

The Mesozoic alkaline-carbonatitic complexes in southern 
Brazil are located around the border of the Paraná Basin. 
Catalão I, Catalão II, Tapira and Araxá in the APIP, together 
with Ipanema, in the Ponta Grossa Arch Magmatic Prov-
ince, and Anitapolis, Juquiá and Jacupiranga are the most 
prominent alkaline-carbonatitic complexes that border the 
Paraná Basin (Ruberti et al. 2005; Fig. 1). Within these 
complexes, calciocarbonatites are the most common vari-
ety, followed by magnesio- and minor ferrocarbonatites. 
The carbonatites are associated with ultramafic cumulates 
and fenitized rocks (Woolley and Kjarsgaard 2008a, b). 
The Alto Paranaíba complexes having carbonatitic rocks 
(Araxá, Salitre, Catalão I and Catalão II) also have apati-
tites, magnetitites and phlogopitites, as well as dunites and 
wehrlites. The Tapira carbonatites are associated with Ca-
rich, Na-poor melilitite ± melilitolite ± ultramafic cumu-
late rocks (e.g. clinopyroxenites, “bebedourites” and “sali-
trites”). On the other hand, the carbonatites roughly coeval 
with the Paraná flood basalt province (e.g. Juquiá, Anitapo-
lis, Lages and Jacupiranga) are associated with nephelin-
ite ± melteigite/ijolite/urtite ± ultramafic cumulate rocks 
and subordinate melilite- and nepheline-bearing intrusive 
rocks (e.g. Beccaluva et al. 1992; Traversa et al. 1996; 
Ruberti et al. 2005). These different rock associations pro-
vide compelling evidence that the carbonatites of southern 
Brazil are the products of alkaline magmas of contrasting 
composition, ranging from Na-rich (i.e. olivine nephelin-
ites, olivine melilitites, basanites) in southernmost Brazil to 
nearly Na-free compositions (ultrapotassic/kamafugitic) in 
the APIP.

Differences in the source region of the alkaline mag-
matism that formed the APIP and the alkaline rocks 
in southernmost Brazil are also visible in the marked 
Sr–Nd isotopic differences between Catalão and the 

Juquiá–Jacupiranga–Ipanema carbonatites (Fig. 9). This 
difference is consistent with a heterogeneous lithospheric 
mantle source on a regional scale (e.g. Bizzi et al. 1995). 
In addition, the Hf isotope composition of the Catalão I 
magnetitites and apatitite is different from that of the Goiás 
peridotites (Carlson et al. 2007), indicating again marked 
isotopic heterogeneity in the mantle of the area. The Hf 
isotope differences between our data with global OIB and 
Hawaii Islands data indicate the absence of an astheno-
spheric or plume chemical component. Marked Hf isotope 
differences were also observed in the Greenland and Cana-
dian kimberlite fields; on the other hand, the Catalão car-
bonatites plot at the lower isotopic range of the Canadian 
carbonatite–lamprophyre fields (Fig. 11). These features 
indicate a distinct petrogenesis for the various carbonatitic 
associations, characterized by primary magmas with sodic-
to-ultrapotassic affinity, different compositions and differ-
ent enrichment processes.

Conclusions

The new U–Pb ages for Catalão II place the age in the 
interval 82 ± 3 and 83 ± 4 Ma (Guarino et al. 2013) 
and between 78 ± 1 and 81 ± 4 Ma for Catalão I. The 
Catalão II carbonatitic complex formed through exten-
sive accumulation processes that may have occurred 
at the bottom or borders of magma reservoirs repeat-
edly refilled by carbonatitic magma. The magnetitites 
and apatitites are not analogues of liquid compositions; 
rather, they formed after crystal accumulation process 
at the bottom of transient magma reservoirs. The geo-
logical complexity of the APIP area has influenced the 
emplacement of these cumulitic rocks as dykes in the 
Brasilia Belt. The strong geochemical similarity between 
Catalão II cumulitic rocks and phlogopite-picrites sug-
gests a similar mantle source, which we interpret to be 
a carbonated phlogopite-rich peridotite, highly enriched 
in incompatible elements (HFSE and LILE). This man-
tle enrichment likely occurred in the Late Precambrian 
during the Brasilia Belt formation, as indicated by haf-
nium isotope and neodymium model age. The carbon 
isotopes of calcite of calcio- and ferrocarbonatites pre-
serve the carbon mantle signatures without any input 
of Precambrian or Phanerozoic limestones. The new 
Sr–Nd isotopic ratios for the Catalão II rocks indicate 
similar radiogenic compositions as those of typical APIP 
rocks, such as kimberlites, kamafugites and phlogopite-
picrites. New Hf isotope compositions indicate a long-
term isolated source having low Lu/Hf ratios, which are 
difficult to reconcile with melting of asthenospheric or 
volatile-rich plume components.
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