
213213

Revista do Instituto de Geociências - USP
Geol. USP, Sér. cient., São Paulo, v. 20, n. 4, p. ﻿21-234, Dezembro 2020

Disponível on-line no endereço www.igc.usp.br/geologiausp - 213 -

Abstract
This article presents geochemical characteristics of the alkaline rocks of Rio Bonito intrusive complex, State of Rio de 
Janeiro, Brazil, which is constituted mainly by nepheline syenite. The fractional crystallisation of this magma decreases 
K2O/(Na2O + K2O) and increases (Na + K)/Al. The TiO2, Fe2O3*, MgO, CaO, and P2O5 contents indicate fractionation of 
titanite, ilmenite, and clinopyroxene or amphibole. The total rare earth elements (REEs) are high, and the REE pattern is 
linear with negative gradient. The nepheline syenite aplite has low REEs, concave REE pattern, and positive Eu anomaly. 
The ultrabasic and basic mela-nepheline syenite samples have total REEs and light REEs higher than the felsic alkaline 
rocks. Therefore, the nepheline syenite magma is not derived directly from the alkaline ultrabasic magma. Laser-spot 
step‑heating 40Ar/39Ar ages for biotite and amphibole are 65.03 ± 0.70 and 65.03 ± 0.46. U-Pb ages LA-ICP-MS for two 
samples are 65.49 ± 0.30 and 65.18 ± 0.30. Values of εHf are negative for both samples, indicating an important crustal 
component in the evolution of Rio Bonito.
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Resumo
Este artigo apresenta características geoquímicas das rochas alcalinas do complexo intrusivo de Rio Bonito, estado do Rio 
de Janeiro, Brasil, que é constituído principalmente por nefelina sienito. A cristalização fracionada desse magma diminui 
K2O/(Na2O + K2O) e aumenta (Na + K)/Al. Os conteúdos de TiO2, Fe2O3*, MgO, CaO e P2O5 indicam fracionamento de ti-
tanita, ilmenita, clinopiroxênio e anfibólio. O total de terras raras é alto, e o padrão é linear com gradiente negativo. O nefe-
lina sienito aplito tem concentrações de terras raras baixas com padrão côncavo e anomalia positiva de Eu. As amostras 
de mela-nefelina sienito ultrabásico e básico têm total de terras raras e terras raras leves maiores que as rochas alcalinas 
félsicas. Portanto, o magma nefelina sienítico não é derivado diretamente do magma alcalino ultrabásico. Idades 40Ar/39Ar 
step-heating para biotita e anfibólio são 65,03 ±  0,70 e 65,03 ±  0,46. Idades U-Pb LA-ICP-MS de duas amostras são 
65,49 ± 0,30 e 65,18 ± 0,30. Os valores de εHf são negativos para ambas as amostras, indicando um importante componente 
crustal na evolução de Rio Bonito.

Palavras-chave: Nefelina sienito; Rio Bonito; Cristalização fracionada; Assimilação crustal; Datação 40Ar/39Ar e U-Pb.

Multiple processes of geochemical evolution for the 
alkaline rocks of Rio Bonito intrusive complex, Rio de Janeiro 
State, Brazil: 40Ar/39Ar and U-Pb ages and Lu-Hf isotopes on 

zircon and constraints on crustal signature
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INTRODUCTION

In the southeastern Brazilian coast region, there is a suit of 
felsic alkaline intrusive bodies dated from Cretaceous to Early 
Cenozoic (Figure 1), such as: Itatiaia (Brotzu et al., 1997), 
Morro Redondo (Brotzu et al., 1989), Tinguá, Mendanha, 
Marapicu (Motoki et al., 2007a; Silva et al., 2015), Itaúna 
(Motoki et al., 2008c), Tanguá, Soarinho, Rio Bonito (Motoki 
et al., 2010), Morro dos Gatos (Motoki et al., 2012a; Geraldes 
et al., 2013a), Cabo Frio Island (Sichel et al., 2008; Motoki 
et al., 2013), and Morro de São João (Brotzu et al., 2007; 
Mota et al., 2009; Geraldes et al., 2013b). These stocks form 
a WNW-ESE trend called Poços de Caldas-Cabo Frio mag-
matic alignment (Sadowski and Dias Neto, 1981), and are 
constituted mainly by nepheline syenite and alkaline syenite. 
The syenitic stocks are cross-cut by dykes of phonolite, tra-
chyte, and lamprophyre. Some of them have strongly welded 
and secondary-flowed vent-filling subvolcanic tuff breccia, 
such as happen in Itatiaia, Mendanha, Itaúna, Morro dos 
Gatos, and Cabo Frio Island (Motoki et al., 2007c, 2008b; 
Mota and Geraldes, 2006). The intrusive depth is estimated 

to be 3 km based on the geologic mode of occurrence and 
fission track in apatite (Motoki et al., 2007b, 2008a; Motoki 
and Sichel, 2006, 2008). This alkaline alignment has been 
evoked to constraint the influence of Trindade Plume based 
on chemistry and isotopes signature according to Thompson 
et al. (1998) and references therein.

According to Motoki et al. (2010, 2013) and Sichel 
et al. (2012), the chemical variation for the mafic alkaline 
rocks originate from mafic minerals fractionation, whereas 
for the felsic alkaline rocks originate from leucite and 
K-rich alkaline feldspar fractionation. The fractionation of 
the felsic alkaline magmas decreases K2O/(Na2O + K2O). 
In addition, the above-mentioned authors presented evi-
dences of strong effects of continental crust assimilation 
based on Silica Saturation Index (SSI). The SSI is a geo-
chemical parameter calculated from all of the major oxides 
but TiO2 and P2O5 divided by its molecular masses. Rocks 
with positive SSI are SiO2-oversaturated, and those with 
negative SSI are SiO2-undersaturated. The gradual passage 
from SiO2-undersaturated rocks to the SiO2-oversaturated 
ones within the same intrusive body, crossing over the 

Figure 1. Distribution map for the felsic alkaline bodies of State of Rio de Janeiro. With the exception of Canaã complex, 
which is Cambrian nepheline syenite gneiss, they are Cretaceous to early Cenozoic intrusive bodies.
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thermal divide between nepheline and quartz, is a pecu-
liar phenomenon.

This article presents the results and considers the geo-
chemical evolution of the nepheline syenite magma of Rio 
Bonito intrusive complex. The authors performed fieldwork, 
lithologic and petrographic observations, geochemical anal-
yses, 40Ar/39Ar laser-spot step-heating datings, U-Pb datings 
and Lu-Hf analyses for the alkaline rocks of Rio Bonito 
intrusive complex, situated in the central region of Rio de 
Janeiro state, Brazil. The new data indicates the geochemi-
cal effects of fractional crystallization and continental crust 
influence based on silica saturation index calculated accord-
ing to the form proposed by Motoki et al. (2010) and Sichel 
et al. (2012). U-Pb and Lu-Hf isotopes were performed using 
laser ablation inductively coupled plasma mass spectrom-
eter (LA-ICP-MS) in zircons and provided crucial informa-
tion about melt provenance once U-Pb dating performed in 
zircon grains can give precise crystallization ages whereas 
epsilon hafnium (εHf) records the degree to which a melt 
incorporates juvenile mantle versus reworked preexisting 
crust sources (Bataille et al., 2017). We also present here 
the SSI proposed by Motoki et al. (2010) and Sichel et al. 
(2012) as a good parameter to indicate continental crust 
provenance instead of contamination as previously sug-
gested by those authors.

RIO BONITO INTRUSIVE COMPLEX

The Rio Bonito intrusive complex occurs at 22°40’S, 
42°38’W, about 65 km to the east-northeast of the city of 
Rio de Janeiro, Brazil. The distribution area of alkaline 
rocks is about 7 (NE-SW) × 6 km (NW-SE), forming an out-
standing massif with approximate relative height of 900 m. 
The Tanguá and Soarinho intrusive complexes occur very 
close to Rio Bonito intrusive body (Figure 1).

The basement of the alkaline intrusion is composed 
mainly of Cambrian orthogneiss and paragneiss of the 
Pan-African continental collision event (e.g. Heilbron and 
Machado, 2003; Schmitt et al., 2004), with metamorphic 
ages of 510 to 550 Ma. The metamorphic basement is cut 
by post-tectonic granite dykes (Valeriano et al., 2011) and 
silicified tectonic breccia of the late stage of the continen-
tal collision event (Motoki et al., 2011, 2012b). They are 
cut by early Cretaceous mafic dykes intruded by hydraulic 
shear fracturing (Motoki et al., 2009), which correspond to 
a part of feeder dykes of the Paraná continental flood basalt 
(Stewart et al., 1996).

The Rio Bonito complex shows similar geologic mode of 
occurrence to the other felsic alkaline bodies of the Poços de 
Caldas-Cabo Frio alignment. The stock is constituted mainly 
by nepheline syenite and alkali feldspar syenite. Similar to 
the case of Tanguá complex, trachytic and phonolitic dykes 

are scarce, and in the northeastern border, welded subvol-
canic tuff breccia is present. The Figure 2 shows sampling 
site map and indicates the distribution area of felsic alka-
line rocks of Rio Bonito complex is much wider than the 
previous mapping (Heilbron et al., 2016).

ANALYTICAL TECHNIQUES

Whole-rock chemistry

The chemical analyses for the alkaline rocks of Rio Bonito 
intrusive complex have been performed in the Acme 
Laboratories Ltd., Ontario, Canada, using XRF and ICP-MS 
(Table 1). The detection limit for the major elements is 0.01% 
except for MnO and TiO2 (0.001%); for the trace elements, 
detection limits range from 0.1 to 30 ppm. 

40Ar/39Ar analyses

The analytical procedures were performed at Laeter John 
Centre for Isotope Research, Curtin University (Australia). 
K and Ar isotope abundances were obtained by mass 
spectrometry. The procedures include neutron activation 
to transform 40K into 39Ar and step-heating fusion of the 
whole sample. After the analytical process, two values are 
obtained for ages: 
•	 plateau age, using criteria of Dalrymple and Lanphere 

(1974); 
•	 isochron age, with isotopic data extracted from each step 

of fusion of the same sample. 

Correction for atmospheric Ar (40Ar/36Ar = 295.5) was also 
performed. The probability of success of the plateau/isocronic 
ages is done by examining the Pearson’s chi-square (χ2) dis-
tribution (Wendt and Carl, 1991). This statistical method uses 
as input parameters the values of mean squared weighted 
deviation (MSWD) and the number of steps that define the 
plateau or the points that define the isochron age.

U-Pb dating by LA-ICP-MS

Two nepheline syenite samples (Rb-01 and Rb-02) were 
dated by U-Pb using a LA-ICP-MS. The analyses were made 
at Isotope Geochemistry Laboratory from Universidade 
Federal de Ouro Preto, Brazil. Zircon grains from these 
samples were separated using conventional heavy liquid 
and magnetic techniques, and the grains were handpicked 
under a binocular microscope to ensure purity. These zircon 
grains were mounted onto an epoxy resin disc, polished to 
about half of the zircon modal grain thickness and coated 
with gold film. Zircons were documented with Scanning 
Electron Microscope (SEM) images to reveal their external 
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Figure 2. Geologic map for intrusive complex of Rio Bonito, Tanguá, and Soarinho showing sampling sites.

Table 1. New geochemical analyses for the samples of Rio Bonito intrusive complex. Fe2O3* corresponds to total iron 
as ferric.

RIB01-A RIB01-C RIB01-D RIB02-B RIB03 RIB04 RIB05-A RIB05-B RIB06-A RIB06-B RIB07-A
Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns

SiO2 56.24 58.86 56.61 55.9 57.69 56.37 55.31 55.36 57.1 58.51 54.57
TiO2 1.27 0.45 0.61 1.52 0.78 1.24 1.42 1.44 1.14 0.72 1.39
Al2O3 19.21 20.96 21.37 18.47 18.7 18.66 18.95 18.33 18.64 18.83 18.2
Fe2O3

* 3.89 1.62 2.27 4.88 2.94 3.73 4.73 4.81 3.36 2.65 4.65
MnO 0.19 0.08 0.12 0.18 0.12 0.16 0.18 0.19 0.24 0.17 0.18
MgO 0.86 0.19 0.32 1.22 0.68 0.83 1.02 1.13 0.7 0.38 1.15
CaO 2.76 1.23 1.61 3.36 2.13 2.93 3.19 3.26 2.29 1.76 3.08
Na2O 4.27 5.81 6.2 3.98 3.96 4.04 4.86 4.98 4.9 4.49 4.08
K2O 8.34 9.05 8.5 8.17 8.8 8.33 7.94 7.62 8.22 8.44 7.88
P2O5 ‘’ 0.05 0.1 0.45 0.24 0.31 0.35 0.37 0.09 0.09 0.39
LOI 2.12 1.25 1.62 1.86 1.75 2.35 2.28 1.58 1.55 2.27 2.47
Total 97.32 98.3 97.71 98.13 96.04 96.59 97.95 97.48 96.68 96.05 95.57
Rb 117 118 121 96 99 101 111 98 109 123 104
Sr 2547 601 1429 2036 2160 2047 1199 1269 242 411 1748
Ba 222 34 62 354 503 369 72 91 7 64 274
Zr 301 531 2203 331 216 366 437 354 430 422 369
Y 52 19 30 40 15 35 38 39 57 49 35

Continue...
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Table 1. Continuation.

RIB01-A RIB01-C RIB01-D RIB02-B RIB03 RIB04 RIB05-A RIB05-B RIB06-A RIB06-B RIB07-A
Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns

Nb 204 94 122 117 59 125 125 131 272 191 118
Th 9.8 8.7 23.3 7.1 5.4 8.9 8.8 7.6 11.8 12.3 9.1
U 1.7 2 6.2 1.6 1.3 2.1 1.9 1.7 2.4 3.1 2.2
Pb 10 10 12 9 9 10 9 9 12 13 10
Zn 130 60 90 140 90 120 140 140 150 110 150
Ag 1.1 2.1 9.8 1.2 0.8 1.4 1.8 1.3 1.6 1.7 1.5
Be 2 2 4 2 2 2 2 2 2 2 2
Co 2 1 2 2 1 2 2 2 2 2 2
Mo 8 5 3 5 4 6 5 3 7 11 4
Sc 1 N.A. N.A. 3 2 2 2 3 2 1 3
Cs 0.7 0.5 1.1 0.7 0.6 1 0.8 0.7 0.7 0.9 0.9
Hf 8.9 8.6 29.6 8.7 4.9 9 10 9.4 12.6 11.1 9.4
Ta 20.1 7.7 9.4 9.6 4.1 9.5 9.9 10.1 24.7 17.8 9.3
Ga 23 22 27 22 19 22 23 22 25 24 23
La 204 98 133 166 93.9 156 162 165 250 194 155
Ce 428 184 250 326 158 297 314 317 517 378 298
Pr 52.5 19.9 27.4 42.1 18.1 37.5 39.6 39.8 64.4 45 37.7
Nd 183 63 90.2 160 63.4 137 146 148 213 149 141
Sm 27.4 8.4 12.4 24.9 9.3 21.3 23.1 23.4 28.6 20.4 22.3
Eu 8.53 2.81 4.43 9.82 5.99 8.61 8.7 9.04 6.48 5.51 8.69
Gd 17.2 5.1 7.8 15.6 5.8 13 14.3 14.7 16.3 13.2 13.7
Tb 2.3 0.7 1.1 2 0.7 1.7 1.8 1.8 2.4 1.8 1.8
Dy 11.3 3.8 5.6 9.4 3.5 8.2 9 8.9 12.3 9.8 8.6
Ho 1.9 0.7 1.1 1.5 0.6 1.3 1.5 1.5 2.2 1.8 1.5
Er 5 1.9 3.1 3.9 1.6 3.5 3.8 3.8 5.9 5 3.6
Tm 0.6 0.25 0.45 0.47 0.2 0.42 0.47 0.46 0.74 0.68 0.44
Yb 3.2 1.5 3.2 2.5 1.1 2.3 2.6 2.6 3.8 4 2.4
Lu 0.41 0.23 0.55 0.34 0.15 0.32 0.35 0.35 0.49 0.58 0.32

RIB08-C RIB13 RIB14-A RIB14-B RIB15-A RIB15-B RB-6 Rb-5 Rb-7 Rb-8 R-4 Rb-3
Ns Ns Ns Ns Ns Ns Ap Ap Wt Wt Ba Ub

SiO2 54.35 57.23 56.82 58.8 58.36 57.8 56.37 55.13 58.77 58.77 47.68 44.22
TiO2 0.32 1.02 1.11 0.94 0.82 0.77 0.16 0.16 0.58 0.59 2.86 3.38
Al2O3 22.12 19.22 19.28 18.86 18.94 18.36 22.36 23.39 19.46 20 16.89 15.52
Fe2O3

* 1.65 3.53 3.73 3.02 2.85 2.82 1.33 0.99 3.02 3.01 9.87 11.77
MnO 0.09 0.17 0.18 0.21 0.19 0.18 0.09 0.06 0.03 0.03 0.6 1
MgO 0.15 0.66 0.69 0.53 0.44 0.43 0.05 0.05 0.21 0.2 2.15 1.6
CaO 1.25 2.23 2.35 1.98 2.02 1.79 0.88 0.97 0.44 0.4 5.58 8.32
Na2O 7.61 5.16 5.2 4.44 5.36 5.35 6.78 7.67 4.09 4.15 4.61 7.58
K2O 7.51 8.25 8.05 8.8 7.8 8.02 8.35 7.79 6.99 7.22 5.93 3.36
P2O5 0.04 0.21 0.21 0.11 0.09 0.08 0.02 0.02 0.14 0.14 0.71 0.48
LOI 2.72 2.37 2.33 4.57 4.86 3.71 2.28 2.29 2.55 2.05 3.27 3.01
Total 95.09 97.68 97.61 97.69 96.87 95.59 96.38 96.23 93.74 94.51 96.89 97.22
Rb 147 130 121 122 150 144 133 131 160 165 98 113
Sr 407 811 695 430 226 266 176 161 93 92 785 146
Ba 63 59 42 60 17 28 7 12 44 46 112 20
Zr 274 572 594 555 610 433 860 827 1109 1189 1026 2662
Y 15 31 33 50 36 31 6 5 53 69 127 154
Nb 131 131 129 227 178 152 69 53 199 190 528 N.A.
Th 13.2 10.2 11.4 14.4 21 17.1 32.1 21.5 19 20.8 26.1 159
U 2 2 2.8 2.7 5.4 3.8 10.9 6.8 4.7 5.3 5.6 17.6
Pb 11 12 11 11 18 15 20 13 19 22 11 10

Continue...
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RIB08-C RIB13 RIB14-A RIB14-B RIB15-A RIB15-B RB-6 Rb-5 Rb-7 Rb-8 R-4 Rb-3
Ns Ns Ns Ns Ns Ns Ap Ap Wt Wt Ba Ub

Zn 60 110 110 120 110 100 80 60 110 80 400 500
Ag 1.1 2.3 2.3 2.2 2.6 1.6 4 3.4 4.4 5.1 4.5 12
Be 3 2 3 2 5 3 10 6 3 3 4 8
Co 1 2 2 2 2 2 1 1 2 2 3 5
Mo 5 4 3 12 3 2 N.A. N.A. N.A. N.A. 12 N.A.
Sc N.A. 2 2 1 1 1 N.A. N.A. 5 5 5 4
Cs 1.3 0.5 0.9 0.7 1.7 1.9 3.7 2.1 1.5 1.3 1 1.5
Hf 6.4 11.6 12 12.7 14.8 10.9 17.1 13.2 22.5 23.3 28.6 63
Ta 10.1 8.5 9.4 21.9 12.1 10.3 1.5 1.6 12.6 13.1 49.8 98.6
Ga 26 25 24 23 26 24 33 31 29 30 36 47
La 115 147 146 216 172 153 112 67.1 251 278 508 1280
Ce 193 263 273 457 293 262 93 63.2 494 559 1020 2020
Pr 17.4 28.7 31 53.8 30.5 26.8 4.9 3.86 52.3 58.4 127 186
Nd 46.7 100 110 177 101 85.1 10.4 8.5 171 201 435 487
Sm 5.4 15.3 17 23.8 14.9 12 1 0.8 25.1 30.2 62.5 55.8
Eu 1.35 5.93 6.31 5.84 3.85 3.31 0.6 0.53 4.81 5.82 14.7 11.5
Gd 3.4 10.1 11.1 14.6 10 8.2 1 0.5 16.2 21.6 39.4 37.5
Tb 0.5 1.3 1.4 2 1.4 1.1 0.1 N.A. 2.2 2.9 5.3 5.1
Dy 2.7 6.3 7 10.4 7.3 6.1 0.7 0.6 11.2 13.9 26.6 27.8
Ho 0.5 1.1 1.2 1.9 1.3 1.1 0.2 0.1 2 2.5 4.7 5.3
Er 1.5 3.1 3.3 5.1 3.6 3.1 0.7 0.5 5.4 6.6 12.6 15.9
Tm 0.22 0.41 0.42 0.64 0.49 0.41 0.14 0.12 0.74 0.89 1.59 2.22
Yb 1.3 2.5 2.5 3.5 3.1 2.6 1.2 1 4.6 5.4 8.7 13.4
Lu 0.19 0.36 0.37 0.48 0.46 0.38 0.24 0.2 0.71 0.81 1.21 2.09

Table 1. Continuation.

Ns: nepheline syenite and nepheline-bearing alkaline syenite; Ap: nepheline syenitic aplite; Wt: welded lapilli tuff; Ub: ultrabasic mela-nepheline syenite; Ba: basic 
mela-nepheline syenite.

and internal structures. The data were selected to ensure 
discordance less than 5%, and low common lead. The data 
are presented in Tera and Wasserburg (1972) Concordia 
constructed by using Isoplot program (Ludwig, 2003). 

Lu-Hf isotopes in zircons

Zircon Lu-Hf isotopes were obtained from the original 
locations of the LA-ICP-MS analyses. Zircons constrain 
important tool analysing those heavy isotopes once they do 
not fractionated from each other during magmatic processes 
and can imprint the melts signature from which they crystal-
ized. Those analyses were made at Isotope Geochemistry 
Laboratory from Universidade Federal de Ouro Preto, Brazil.

Lithologic and petrographic characteristics

Most of the constituent rocks of Rio Bonito complex are 
nepheline syenite and nepheline-bearing alkali feldspar 
syenite (Figure 3A). In general, no mineral orientation and 
cumulative texture are observed. Some samples contain 
alkaline feldspar phenocrysts with typical size of 2.5 × 1 cm 

(Figure 3B). About 80% in volume of the constituting 
minerals are intermediate alkaline feldspar showing micro-
interlocking perthite. Nepheline is slightly pinkish and occurs 
in the interstitial space of alkaline feldspar framework and 
generally altered into analcime. Mafic mineral is amphibole 
with subordinate amount of biotite. The presence of titanite 
is notable (Figure 4A). Apatite and zircon occur as accessory 
minerals. Veins of nepheline syenite aplite of 10 to 20 cm 
in width are commonly found. The grain size of the aplite 
ranges from 0.1 (Figure 4B) to 1 mm (Figure 3C).

There are two samples of coarse-grained rocks with abun-
dant mafic minerals (Figure 3D) which are constituted by 
alkaline feldspar, nepheline, clinopyroxene, amphibole, and 
titanite (Figure 4C). The clinopyroxene is euhedral show-
ing zoning and nepheline is generally altered into analcime. 
These rocks have mineralogical composition of nepheline 
syenite and, due to its high amount of mafic minerals and 
chemical composition, in this paper, the authors classify sam-
ples Rb-3 and Rb-4, respectively, ultrabasic mela-nepheline 
syenite and basic mela-nepheline syenite. Such classifica-
tion is in accordance with IUGS recommended nomencla-
ture for igneous rocks (Le Maitre, 2002). Similar alkaline 
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Af: alkaline feldspar; Amp: amphibole; Ne: nepheline; Tn: titanite.

Figure 3. Akaline rocks of Rio Bonito complex. (A) Nepheline syenite, RIB-01; (B) nepheline syenite with alkaline feldspar 
phenocryst, RIB-13; (C) nepheline syenite aplite, Rb-6; (D) ultrabasic mela-nepheline syenite, Rb-3.

mafic rocks are found as enclaves captured by nepheline 
syenite in the intrusive bodies of Morro de São João, Cabo 
Frio Island, and São Sebastião Island.

A gravel of welded lapilli tuff of 30 × 15 cm in size is 
found in a stream bottom. This rock contains angular frag-
ments of trachyte and syenite smaller than 2 cm (Figure 4D). 
The mineral grains smaller than 0.1 mm have highly frag-
mented shape. The matrix texture indicates high-grade weld-
ing and strong secondary flow. Because of the advanced 
plastic deformation, flattened lens-shaped essential frag-
ments are no more observable. These textural characteristics 
are common in vent-filling subvolcanic welded tuff brec-
cia, observed in the alkaline intrusive complexes of Morro 
Redondo, Mendanha, Itaúna, Tanguá, Morro dos Gatos, and 
Cabo Frio Island (Brotzu et al., 1989; Motoki et al., 2007b, 
2007c, 2008b, 2008c; Sichel et al., 2008). The limited field 
occurrence suggests that the welded tuff breccia could be 
originated from a pyroclastic dyke as seen in Mendanha and 
Morro dos Gatos complexes (Motoki et al., 2007a, 2012a). 
Samples RIB-01, RIB-07, and RIB-08 of Rio Bonito are 

constituent of trachyte dyke and trachytic subvolcanic pyro-
clastic conduit and fissure.

Major and trace elements

The classification diagram of Le Bas et al. (1986) shows 
that all of the analysed samples plot on the areas of alkaline 
rocks (Figure 5). Most of the rocks are felsic and their SiO2 
contents range from 52.43 to 61.72 wt% (Table 1). 

The ultrabasic and basic mela-nepheline syenite of the Rio 
Bonito complex have differentiation index (D.I. Thornton and 
Tuttle, 1960) respectively of 69.23 and 55.47 wt%, which are 
significantly lower than the felsic alkaline rocks, with aver-
age value of 89.93 wt%. They have high normative nephe-
line contents respectively 15 and 30 wt%, being plotted on 
the tephri-phonolite field (Figure 5). The ultrabasic mela-
nepheline syenite has exceptionally 2.66 wt% of normative 
acmite, although the other rocks of Rio Bonito have none.

The nepheline syenite aplite have high normative neph-
eline content constitution, respectively 20.22 and 25.41 wt% 
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and normative corundum of 0.62 wt%. These rocks are 
potassic, with respective K2O/(K2O + Na2O) ratio of 0.50 
and 0.55. No normative clinopyroxene is found. Their dif-
ferentiation indexes are notably high, 94.74 and 94.47 wt%, 
respectively.

The diagram of Na2O vs. K2O shows that the felsic alka-
line rocks have high total alkalis and the K2O is higher than 
Na2O (Figure 6A). Most of the rocks of Rio Bonito complex 
are ultrapotassic or potassic (Figure 6A).

The alkali-alumina diagram (Figure 6B) shows that 
highly fractionated felsic rocks tend to be peralkaline and 
most of felsic alkaline rocks of Rio Bonito complex are less 
fractionated and have no normative acmite. Trachytic rocks 
of Rio Bonito are peraluminous. The ultrabasic and basic 
mela-nepheline syenite are peralkaline and metaluminous, 
respectively.

The good linear convergence on the diagrams of MgO 
+ Fe2O3* vs. CaO and SiO2 vs. CaO, with respective R2 of 
0.895 and 0.629, is attributed to fractionation of clinopy-
roxene and amphibole (Figure 7).  

Af: alkaline feldspar; Amp: amphibole; Ne: nepheline altered into analcite; Cpx: clinopyroxene; Mt: magnetite; Tn: titanite; Sy: syenitic rock (accidental fragment).

Figure 4. Photomicrography of the alkaline rocks of Rio Bonito intrusive complex. (A) Nepheline syenite, RIB-13; 
(B) syenitic aplite, Rb-6; (C) ultrabasic mela-nepheline syenite, Rb-3; (D) welded lapilli tuff, RIB-08. The symbol + means 
crossed polarizer. 

Figure 5. Na2O + K2O vs. SiO2 (wt%) diagram for the alkaline 
rocks of Rio Bonito complex. The classification nomenclature 
is after Le Bas et  al. (1986). Limit between alkaline and 
non‑alkaline rocks defined by Irvine and Baragar (1971).



Rio Bonito Alkaline Massif geochemical evolution

- 221 -Geol. USP, Sér. cient., São Paulo, v. 20, n. 4, p. ﻿21-234, Dezembro 2020

Figure 6. Geochemical classification diagrams for the alkaline rocks of Rio Bonito intrusive complex. (A) Na2O vs. K2O wt% 
according to Middlemost (1975); (B) Alkali-alumina saturation diagram after Maniar and Piccoli (1989).

Figure 7. Geochemical effects of mafic mineral fractionation represented by MgO, Fe2O3*, and CaO for Rio Bonito alkaline 
complex. (A) MgO + Fe2O3* vs. CaO wt%; (B) SiO2 wt% vs. CaO wt%.

The TiO2 vs. Fe2O3* diagram exhibits well-converged posi-
tive correlation with R2 = 0.839, suggesting strongly ilmenite 
fractionation (Figure 8A). The positive correlations on the dia-
grams of TiO2 vs. CaO and TiO2 vs. P2O5, with respective R2 
of 0.924 and 0.635, indicate titanite fractionation (Figures 8B 
and 8C), which is common in these alkaline rocks. 

The large ion lithophile elements (LILE) ratios cannot 
express well the fractional crystallization processes of the 
studied rocks. The wide range of the Rb/Ba and Rb/Sr ratios 
suggests a strong signature of continental crust in the intru-
sive bodies. The concentrations of Ba and Sr have a posi-
tive correlation (Figure 9).
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The Figure 10 shows C1 chondrite normalized rare earth 
elements (REE) of the alkaline rocks of Rio Bonito. The aver-
age total REEs of the felsic rocks of Rio Bonito complex is 
646 ppm, which is similar to that of Tanguá complex, 703 ppm, 
and about twice of Morro de São João, 333 ppm. The REE 
patterns are characterised by enrichment of light RREs. 
The average LaN/YbN (CI chondrite normalized values) of the 
felsic rocks of Rio Bonito complex is 43.6, which is similar 
to Tanguá, 49.1, and almost double of Morro de São João, 

29.1. The average LaN/SmN of the felsic rocks of Rio Bonito, 
Tanguá, and Morro de São João is, respectively, 9.63, 6.34, and 
11.28. Most of the samples have almost linear REE variation 
pattern from La to Yb. However, the nepheline syenite aplites 
of Rio Bonito show concave-up pattern with low total REEs. 

On the other hand, total REEs concentration of the ultra-
basic and basic mela-nepheline syenite of Rio Bonito com-
plex, respectively 2,267 and 4,150 ppm, is much higher than 
that of the felsic alkaline rocks. They are about 4 times of 

Figure 8. Variation diagrams in relation to titanium. (A) Fe2O3* vs. TiO2 wt%; (B) CaO vs. TiO2 wt%; (C) P2O5 vs. TiO2 wt%.

Figure 9. Variation diagrams for Zr, Sr, and Ba showing fractional crystallization process. (A) K2O/(K2O  +Na2O) vs. Zr/TiO2; 
(B) Sr vs. Ba.
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REE: rare earth elements.

Figure 10. Normalised rare earth elements for the alkaline 
rocks of Rio Bonito complex. The CI chondrite data are 
from Boynton (1984).

Figure 11. Primitive mantle normalised multi-elements 
spider diagrams contrasting large ion lithophile elements 
and high field-strength elements. The data of primitive 
mantle are after Sun and McDonough (1989).

are highly SiO2-undersaturated rock to avoid xenocrysts 
originated form the wall rock. The dating for biotite of the 
sample RIB01-B shows a coherent plateau of 65.03 ± 0.70 Ma 
with MSWD of 0.48 (Figure 12A). The amphibole of the 
sample RIB01-A demonstrates a plateau of 65.03 ± 0.46 Ma 
with MSWD of 0.09 (Figure 12B). The coherent plateaus 
endure high accuracy of the datings.

These 40Ar/39Ar ages are close to the Rb-Sr whole rock age 
of adjacent intrusive complex of Tanguá, 66.8 Ma (Motoki 
et al., 2010). These ages are according to the general tendency 
of alkaline intrusive body of Poços de Caldas-Cabo Frio mag-
matic alignment whose ages become younger from west to east.

U-Pb and Lu-Hf performed in zircon grains

Twenty-eight laser spots were made for each sample. 
Sample RB-01 shows a concordant age of 65.47 ± 0.6 Ma 

MSWD: mean squared weighted deviation.

Figure 12. 40Ar-39Ar step-heating dating diagrams for nepheline syenite samples of Rio Bonito complex, State of Rio de 
Janeiro, Brazil: (A) biotite of the sample RIB01-B; (B) amphibole of the sample RIB01-A.

alkaline ultrabasic and basic rocks of Morro de São João 
body, 837 ppm in average. 

The Figure 11 shows primitive mantle normalised multi-
elements spider diagrams comparing LILE and high field-
strength elements (HFSE). The Sr, Ba, and P shows strong 
negative anomalies, being 10 to 100 times lower than the 
adjacent elements. The negative anomaly variation of Sr 
and Ba is of wide range. Some felsic rocks of Rio Bonito 
show notable negative anomaly of Sm and Y. 

Geochronology

40Ar/39Ar laser-spot dating

Two nepheline syenite samples (RIB01-B and RIB01-A) of 
Rio Bonito complex have been submitted to laser-spot step-
heating 40Ar/39Ar dating. The samples selected for the dating 
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with MSWD = 0.49 and probability 48% according to the 
Figure 13A. The selected spots have discordance of 0% and 
only one point that have 4% discordance (see Appendix 1). 
The sample RB-02 shows a concordant age of 65.18 ± 0.6 Ma 
with MSWD = 0.013 and probability of 91% according to 
the Figure 13B. The selected spots have discordance of 
between 0% (see Appendix 2).

Twenty-four and twenty Lu-Hf analyses were made for 
the samples RB-01 and RB-02 respectively. Sample RB-01 
exhibits variable initial 176Hf/177Hf ratios from 0.282102 to 
0.282586 (Figure 14A) and εHf values ranging from -5.6 to 
-25.7 (Figure 14B) with TDM values between 1.1 and 2.4 Ga 
(see Appendix 3). Sample RB-02 exhibits variable initial 
176Hf/177Hf ratios from 0.281816 to 0.282559 (Figure 14C) 
and εHf ranging from -6.5 to -33.2 (Figure 14D) with TDM 
values between 1.2 and 2.8 Ga (see Appendix 4).

DISCUSSION

Silica undersaturated magmas cannot evolve to silica over-
saturated ones by fractional crystallization, and crustal 
assimilation is evoked to explain this phenomenon (Sichel 
et al., 2012). The continental crust assimilation transforms 
SiO2-undersaturated original nepheline syenite magma into 
SiO2-oversaturated alkali feldspar syenite magma, cross-
ing over the thermal divide between nepheline and quartz. 
The SSI as originally proposed represents the grade of the 
crust assimilation (Motoki et al., 2010). The rocks with nega-
tive SSI are SiO2-undersaturated and have Norm nepheline. 

Almost all of the felsic rocks with positive SSI, especially 
alkali feldspar syenite, are SiO2-oversaturated.

In addition to the nepheline-quartz incompatibility, there 
is another thermodynamic incompatibility. It is based on 
alkali-alumina saturation. The rocks with Na + K > Al mol. 
are classified as peralkaline. They can crystallise alkaline 
clinopyroxene and alkaline amphibole, such as aegirine, 
aegirine-augite, riebeckite, and barkevikite. On the other hand, 
highly alumina-rich rocks with Na + K + 1/2Ca < Al mol. 
are classified as peraluminous. They can crystallise mus-
covite. Most of the igneous rocks have Al/Na + K > 1 and 
Na + K + 1/2Ca > Al, being classified as meta-aluminous. 
Peralkaline magmas cannot transform into peraluminous 
ones by fractional crystallisation (Motoki et al., 2010). It is 
similar to the relation between SiO2-undersaturated and 
oversaturated magmas.

The Figure 15A shows that the alkaline rocks of Rio Bonito 
constitute a continuous trend from SiO2-undersaturated to 
oversaturated compositions and from peralkaline to peralu-
minous one, crossing over the above-mentioned two ther-
modynamic incompatibilities. This phenomenon can be 
explained by the crustal assimilation. The fractional crys-
tallisation trend is of the same direction and the opposite 
sense. Figure 15B shows that fractional crystallisation of 
the felsic alkaline magmas decreases either SSI and K2O/
(K2O + Na2O), forming a positive correlation trend. On the 
other hand, the continental crust assimilation increases SSI, 
showing vertical trends.

Because of the continental crust assimilation effects, 
the trachytic rocks of Rio Bonito and Tanguá massifs have 

MSWD: mean squared weighted deviation.

Figure 13. U-Pb LA-ICP-MS dating diagrams for nepheline syenite samples of the Rio Bonito Complex. (A) Concordia 
diagram constructed with 13 analyses from the sample RB-01; (B) Concordia diagram constructed with 12 analyses from 
the sample RB-02.



Rio Bonito Alkaline Massif geochemical evolution

- 225 -Geol. USP, Sér. cient., São Paulo, v. 20, n. 4, p. ﻿21-234, Dezembro 2020

Figure 14. (A) Diagram 176Hf/177Hf vs age for 24 analyses from sample RB-01; (B) diagram εHf vs age for 24 analyses from 
sample RB-01; (C) diagram 176Hf/177Hf vs age for 20 analyses from sample RB-02; (D) diagram εHf vs age for 20 analyses 
from sample RB-02.

Figure 15. Variation diagrams related to the Silica Saturation Index (SSI). (A) (Na + K)/Al mol. vs. SSI; (B) K2O/(K2O + Na2O) 
vs. SSI.
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normative quartz of 8.28, 6.70, 5.58, and 4.48 wt%. The alkali 
feldspar syenites of Tanguá and Cabo Frio Island have minor 
amount of normative quartz, 0.23 and 0.83 wt%. The felsic 
rocks of Soarinho massif have normative quartz. They plot 
on the area of non-alkaline rocks due to strong effects of 
continental crust assimilation. Among them, trachytic rocks 
have normative corundum. 

Primary alkaline magmas are derived, in general, from 
water deficiency and Low-degree partial melting of an upper 
mantle source (McKenzie and Bickle, 1988). Bonin (1990) 
stated that during magma ascend and solidification, water 
content from wall rocks and/or after fractional crystalliza-
tion may play an important role in the melt changing its 
composition moving from under-saturated to over-saturated 
alkaline melts.

The continuous geochemical trends between incompat-
ible compositions can be formed by magma super-reheating 
(Motoki et al., 2010, 2013; Sichel et al., 2012). The super-
reheated nepheline syenite magma melts the country rock 
generating SiO2-oversaturated magma. Because of the 
hyper-liquidus temperature, the SiO2-undersaturated and 
oversaturated liquids can mix generating thermodynami-
cally unstable alkali feldspar syenite magma. If the coun-
try rock melting is only partial, the SiO2-oversaturated liq-
uid should be pegmatitic with peraluminous composition. 
The volatile components extracted from the country rocks 
decrease the liquidus temperature, which makes easier the 
mixture between the liquids with incompatible compositions.

The nepheline syenite aplite has low total REEs, concave 
REE pattern, and positive Eu anomaly. These observations 
indicate that the aplite magma is not derived directly form 
the nepheline syenite magma of the main intrusive body. 
In addition, this rock has no cumulative plagioclase, and 
therefore, pointing to a reducing environment.

The large range of negative epsilon Hf can elucidate a 
crustal provenance for this alkaline massif contrasting with 
previous work based on a mantle plume origin (Thompson 
et al., 1998 and references therein). Both analyzed sam-
ples (RB-01 and RB-02) of Rio Bonito massif have large 
variation in initial 176Hf/177Hf ratios (see figures above). 
Griffin et al. (2002) and Andersen et al. (2002) pointed 
that intra sample isotopic range more likely reflects Hf 
isotope variations in the magma during igneous zircon 
growth. According to Ketchum et al. (2008), such varia-
tion is due to one or more processes that can occur in the 
magma source region or magma chamber. Zircon crystal-
lization during magma mixing episodes can yield both 
inter- and intragrain variations in Hf isotope composition. 
Magma interaction with isotopically dissimilar wall rocks 
may also generate isotopic heterogeneity during zircon 
crystallization (Ketchum et al., 2008). A wide spread of 
εHf(t) within a single zircon crystal or among zircons from a 
single rock sample or thin section may result from magma 

mixing or contamination (Griffin et al., 2002; Kemp et al., 
2007; Shaw and Flood, 2009) or indicate preservation of 
source heterogeneity (Farina et al., 2014).

Published Sr and Nd initial isotopic ratios (Gibson et al., 
1995, 1997; Thompson et al., 1998; Ulbrich et al., 2003, 
2005) point to a lithospheric mantle source for the southeast-
ern Brazil alkaline rocks. On the other hand, our data show 
a set of strongly negative (-6 to -33) εHf, indicating a pos-
sible crustal source corroborated by the SSI. Thus, the SSI 
could indicate not only crustal assimilation but also crustal 
genesis. The large variations in 176Hf/177Hf ratio showed by 
the Rio Bonito samples indicate zircons crystallizing from 
a magma undergoing assimilation of older crust, which is 
corroborated by trace element ratios (Rb/Ba and Rb/Sr).

CONCLUSIONS

The geochemical, geochronological, and isotopic data of 
the alkaline rocks of Rio Bonito intrusive complex, State 
of Rio de Janeiro, Brazil, lead to the following conclusions:
•	 Most of the analysed rocks are SiO2-undersaturated and 

meta-alkaline with relatively low (Na + K)/Al and K2O/
(Na2O + K2O), being classified as potassic nepheline 
syenite. The magma fractionation decreases K2O/(Na2O 
+ K2O), increases (Na + K)/Al, Rb/K, and Zr/TiO2, and 
the residual magma becomes more SiO2-undersaturated.

•	 The variation diagrams related to TiO2, Fe2O3*, MgO, 
CaO, and P2O5 indicate in-situ crystallisation and frac-
tionation of titanite, ilmenite, apatite, and clinopyroxene 
or amphibole. The less fractionated nepheline syenite 
has unexpectedly low Zr/TiO2.

•	 The RRE pattern is linear with negative gradient. Nepheline 
syenite aplite has low total REEs and concave pattern 
with positive Eu anomaly.

•	 The ultrabasic and basic mela-nepheline syenite samples 
have total REEs and light REEs concentration higher 
than those of the felsic alkaline rocks. These observa-
tions indicate that the nepheline syenite magma is not 
derived directly from the alkaline ultramafic magma by 
fractional crystallisation.

•	 Normalized REE diagram indicate a strong amphibole 
fractionation signature based on concavity upward with 
retention of middle REE.

•	 The laser-spot step-heating 40Ar/39Ar age for biotite is 
65.03 ± 0.70 Ma and that for the amphibole is 65.03 
± 0.46 Ma. The U-Pb ages (65.49 ± 0.30 and 65.18 ± 
0.30 Ma) shows that the crystallization age is indistin-
guishable of the cooling age. Those ages are close to the 
whole rock Rb-Sr age of adjacent intrusive complex of 
Tanguá.

•	 Lu-Hf data from two samples of nepheline syenite shows 
average εHf values of -7 to -33, indicating that there is an 
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important crustal contribution to the formation of neph-
eline syenite magma.
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