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Abstract: Soarinho Alkaline Intrusion, southeastern Brazil, makes part of the Serra do Mar Igneous Province,
and it is composed of alkali feldspar syenite, alkali feldspar trachyte, quartz syenite, and monzonite.
Geochemical and geochronological analysis of the Soarinho were compared with data from its neighbors Rio
Bonito and Tangua. Zircon U-Pb Laser Ablation ages show that Soarinho is youngest than Rio Bonito and
Tangua. Ages obtained from the monzonite (60 + 2 Ma), alkali feldspar syenite (58 + 2 Ma), and quartz syenite
(58 £ 2 Ma) are indistinguishable within error. Petrographic and geochemical data show a clear contrast among
Soarinho, Rio Bonito, Tangud, and Lu-Hf isotopic data for the three alkaline intrusions (all negative), point to
some similarities in their sources. The data suggest an enriched mantle source for Soarinho; however, an older
continental crust contribution cannot be discarded.

Keywords: syenitic magma source; alkali feldspar syenite; quartz syenite; U-Pb dating; Lu-Hf
isotopes; soarinho alkaline massif

1. Introduction

Nowadays, it is estimated that alkaline magmatism represents about 2% of igneous rocks
mapped on the World. Despite rare, this kind of magmatism is well represented on Brazilian territory
[1-3]. The Serra do Mar Igneous Province (SMIP) (Figure 1), located in Southeastern Brazil, represents
a series of alkaline igneous complexes that developed between the Cretaceous and the Eocene [3]. In
SMIP, predominate stocks and plugs comprise silica-undersaturated rocks beyond mafic dyke
swarms (alkali basalts, basanites, mela nephelinites, and lamprophyres).

The geochronological data (K-Ar, Rb-Sr, and U-Pb) presented to the SMIP give intense
discussions about the geodynamical model that explain the emplacement of those alkaline rocks in
Southeastern Brazil [4-9]. The first model is based on the age decrease of the west to east (Figure 1)
and proposes that this decrease elapses in the passage of the lithosphere over a mantle plume
[3,10,11]. The second model proposed to SMIP magmatism points to an irregular decrease of ages
and suggests a structural control to the emplacement of those igneous bodies [12-14]. Finally, the
third model points to combinate evolution between a mantle plume and structural control [15].

Works based on Nd and Sr isotopes demonstrate isotopic signatures with mantle affinity for the
igneous bodies of SMIP. Despite the mantle signature being present on all igneous bodies of SMIP,
the same isotopic data demonstrated heterogeneity between different igneous bodies and individual
heterogeneities [2]. Sr isotopic data demonstrated that different potions of the mantle contributed to
the SMIP magmatism and different levels of mantle enrichment [3,16,17]. However, lithogeochemical
data from previous works demonstrate some level of crustal contribution to the SMIP magmatism,
even if it did not play a fundamental role in the genesis of these igneous bodies [17-20].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Map of the Serra do Mar Igneous Province.

After decades of study at SMIP, some igneous complexes are better understood than others, such
as the Pocos de Caldas and Itatiaia complexes, which have detailed mapping, in addition to
geochronological, geochemical, and isotopic data [21-26]. On the other hand, some complexes, such
as Soarinho (the focus of this work), received less attention. Therefore, the purpose of this work is to
present a geochemical, geochronological (U-Pb) and isotopic (Lu-Hf) study for the Soarinho intrusive
complex (Rio de Janeiro, Brazil). We present also U-Pb and Lu-Hf data from Tangua comparing them
with Rio Bonito published data [9].

2. Soarinho Intrusive Complex

The Soarinho Complex is intruded on rocks of Oriental domain (Ribeira belt), specifically on
Costeiro domain [27] (Figure 2). The country rocks of Soarinho Complex are the sin-sollisional
granties (Cassorotiba orthogneiss) and paragneiss of Sdo Fidélis group (Figura 2). Soarinho complex
forms an elongated stock in the NNW-SSE direction, with an area of 33 km2 and a maximum
elevation of 600m.
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Figure 2. Map of Soarinho alkaline massif including locals of sampling [8].

The Soarinho Complex is composed of alkali-feldspar syenite, alkali-feldspar trachyte,
monzonite, quartz syenite, magmatic breccias and lamprophyres [3]. The lack of nepheline is a
striking feature in Soarinho, with some rocks showing modal quartz. In the north segment, there are
quartz syenite, monzonite and silica-undersaturated syenite, and in south segment, predominate the
same silica-undersaturated syenite [29].

2.1. Tangud and Rio Bonito Massifs

Rio Bonito and Tangud are comprised mainly of nepheline syenite and syenite cut by phonolite
and trachyte dykes [29]. Both massifs have a concentric zoning characterized by increase of modal
nepheline content from the border to its core [29]. Magmatic breccia also occur in Rio Bonito and
Tangua having in the latter NE-SW trend concordant with phonolite and trachyte dykes. Such breccia
consist of millimetric to centimetric fragments of trachytes, phonolites and rarely syenites and gneiss.
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Locally, in the center of the intrusion, Tangua presents pseudo leucite syenites. Fluorite veins parallel
to the phonolite and trachyte dykes have been economically explored in Tangua for decades [43].

3. Analytical methods

16 samples were collected, which were prepared for the geochemical analyses in Laboratorio
Geoldgico de Preparagao de Amostras (LGPA) at Rio de Janeiro State University. The procedures for
extracting zircons for U-Pb dating were also realized in this laboratory.

The multielementary lithogeochemistry analysis was carried out at Activation Laboratories Ltd.
in Canada. The major elements (S5iOz, Al2Os, Fe20sT, MnO, MgO, CaO, Na:0, K:0O, TiO2 and P20:5)
have their concentrations measured in weight percentage. The mobile trace elements (Ba, Rb, Sr, U e
Th), immobile trace elements (Zr, Y, Nb e Hf), rare earth elements (La, Ce, Pr, Nd, Sm, Gd, Eu, Tb,
Dy e Ho) in addition to Ni, Cr, V and Co were measured in parts per million. In this analysis were
also obtained Loss on Ignition (LOI) information. Geochemical data was handled by GCDKit
program [30].

Zircon grains were separated using conventional heavy liquid and magnetic techniques and the
grains were handpicked under a binocular microscope. These zircon grains were mounted onto an
epoxy resin disc, polished to about half of the zircon modal grain thickness. Zircons were
documented with backscatter (BSE) and cathodoluminescence (CL) images obtained to reveal their
external and internal structures. BSE and CL imaging was performed at the Multilab from Rio de
Janeiro State University.

The U-Pb dating and Lu-Hf isotopes was carried out in MultiLab Laboratory from Rio de Janeiro
State University and Isotope Geochemistry Laboratory from Ouro Preto Federal University through
the technique of Laser ablation Inductively Coupled Plasma Mass Spectrometer (LA-ICP-MS). The
equipment used was Neptune of Thermo Scientific. The laser conditions applied in these analyzes
were diameter of the spots between 30 and 85 pm and frequency of 10 Hz. The data treatment
parameters were discordance equal or less than 5% and low common lead (maximum of 0.05%).
Isoplot software was used for constructing the Tera-Waserburg Concordia diagrams [31,32].

U-Pb data from Soarinho samples were carried out in MultiLab Laboratory from Rio de Janeiro
State University. The standard procedure used for the dating begins with analysis of blank, following
was used the GJ1 zircon standard and then nine shoots were made on the zircons of the analyzed
sample. Following, it was realized analysis of the 91500-zircon standard, another analysis of the GJ1
standard and finally another analysis of the blank. The unknown zircon analyses interleaved with
standards of zircons have the purpose to make corrections of isotopic fractionations besides the blank
corrections.

The U-Pb analysis of nepheline syenite from Tangua was carried out in Isotope Geochemistry
Laboratory from Ouro Preto Federal University. The equipment is a Photon-Machines Laser Ablation
system (G2 excimer laser 193 nm) coupled to a ThermoFisher Scientific Neptune Plus MC-ICP-MS.
The analyses are obtained in automated mode via a trigger cable between the laser and the MC-ICP-
MS. After the laser triggers the ICP-MS, a 15 second background is measured, followed by a signal +
background as the laser beam is activated for 40 seconds. It is applied a standard-sample-standard
bracketing technique, analyzing 5 points on primary and 5 points on secondary reference materials,
followed by 10 points on unknowns and back to 5 points on each reference material.

All Lu-Hf analyses were made in Isotope Geochemistry Laboratory from Ouro Preto Federal
University. Zircon Lu-Hf analyses were made in the same points dated by U-Pb. A Photon-Machines
Laser Ablation system (ArF excimer laser 193 nm) coupled to a Neptune MC-ICP-MS was used for
measure Lu, Yb and Hf isotopic signature of the zircons. BB (supplementary material A), Gjl
(supplementary material B), and Plesovice (supplementary material C) were the standards used in
the Hf analyses.

The following calculations were applied in Lu-Hf analyses. 176Yb/177Hf = (176Yb/173YDb) true x
(173Yb/177Hf) meas x (M173(Yb)/M177(Hf))b(Hf), b(Hf) = In(179H{/177Hf true/179Hf/177Hf
measured)/In (M179(Hf)/M177(Hf)), M = mass of respective isotope. The 176Lu/177Hf were
calculated in a similar way by using the 175Lu/177Hf and b(Yb). Mean Hf signal is in volt.
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Uncertainties are quadratic additions of the within-run precision and the daily reproducibility of the
40ppb-JMC475 solution. Uncertainties for the JMC475 quoted at 2SD (2 standard deviation).

176H{/177Hf initial ratios and €Hf were calculated using the 207Pb/206Pb apparent age
determined by LA-SF-ICP-MS. The CHUR parameters are 176Lu/177Hf = 0.0336 and 176Hf/177Hf =
0.282785 [33]. The 176Lu decay constant is 1.867 x 10-11 year-1 from [34]. The following constants
were used to calculate TDM values: Avg MORB [35], BLIC TDM [36] and NC TDM [37].

4. Soarinho rocks petrography

4.1. Quartz syenite

Syenite quartz has a porphyritic texture, with a fine to the medium-grained matrix and two types
of phenocrysts: rounded orthoclase phenocrysts and plagioclase laths (Figure 3). The matrix consists
of quartz, biotite, clinopyroxene, amphibole, opaque minerals (mainly magnetite), titanite, apatite
and zircon. Orthoclase is the main mineral, has inclusions of quartz, opaque minerals, and zircon,
and makes up about 68% of the modal composition. Plagioclase has compositional zoning as its main
characteristic and makes up about 11% of the modal. Quartz is xenomorphic and represents
approximately 6% of the modal composition. Biotite often occurs in tabular form and corresponds to
6% of the modal composition. Amphibole (5%) and clinopyroxene (1%) occur in anhedral granular
form. Magnetite is xenomorphic and often rounded.
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Figure 3. (A) and (B) Hand specimen of the quartz syenite. (C) to (F) Photomicrographs of the quartz
syenite. C and E cross-polarized light (xpl). D and F plane-polarized light (ppl). Or = orthoclase, Plg
= plagioclase, Qtz = quartz.

4.2. Monzonite

They are medium to coarse-grained rocks composed of plagioclase, orthoclase, quartz,
clinopyroxene, biotite, amphibole, apatite, opaque minerals (mainly magnetite), and zircon (Figure
4). Plagioclase is the main mineral of the rock; it comes in the form of laths and makes up about 45%
of the modal composition. Orthoclase is granular xenomorphic and corresponds to approximately
35% of the modal composition. The rock’s main mafic mineral is biotite, which is primarily
xenomorphic and corresponds to about 12% of the modal composition. Clinopyroxene (augite) is
round granular and makes up about 3% of the modal composition. Amphibole (hornblende) is
xenomorphic and is present in about 3% of the rock composition. Quartz has a granophyric texture
representing only 2% of the modal composition.

Figure 4. (A) and (B) Hand specimen of the monzonite. (C) to (F) Photomicrographs of the monzonite.
Bt = biotite, Px = pyroxene, P1 = plagioclase.

4.3. Alkali-feldspar syenite

They are equigranular rocks, medium to coarse-grained and light gray in color (Figure 5). The
main mineral is orthoclase, which makes up about 90% of the rock, and has a granular habit and
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perthitic texture. Amphibole has a granular habit. Opaque minerals are xenomorphic and are
associated with amphiboles.

Figure 5. (A) and (B) Hand specimen of the alkali feldspar syenite. (C) to (F) Photomicrographs of the
alkali feldspar syenite. Kf = K-feldspar.

4.4. Alkali-feldspar trachyte

Fine-grained, grey to greenish color (Figure 6) micro porphyritic rocks with phenocrysts of
perthitic sanidine occurring as simple twinning laths grains. The matrix presents typically trachytic
texture and consists mainly of feldspar. Biotite is sub millimetric xenomorphic or tabular grain also
occurring as clusters of micro grains. Amphiboles appear as micro grains or clumps of micro grains.
Opaque minerals have cubic to rounded shapes forming sub millimetric grains.
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Figure 6. (A) and (B) Hand specimen of the alkali feldspar trachyte. (C) to (F) Photomicrographs of
the alkali feldspar trachyte. Sn = sanidine.

5. Geochemistry

The geochemical data of the Soarinho complex are presented in Tables 1 and 2. Analysis was
carried out for the following lithotypes: alkali-feldspar syenite (4 samples), quartz syenite (4
samples), monzonite (2 samples) and trachyte (6 samples). Table 3 presents the summary
measurements for the main oxides, except for the monzonite samples. Figure 7 presents the linear
correlation matrices for the main oxides, except for the monzonite samples. The geochemical
classification of the samples is shown in Figure 8. The statistical treatment of the data and the database
are available at https://github.com/geoloriato/Complexo-Soarinho.
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Table 1. Lithogeochemical data of major and trace elements from the Soarinho Complex. Oxides are
expressed in % by weight and trace elements are expressed in parts per million.

Soa Soa Soa Soa Soa Soa Soa Soa Soa Soa Soa Soa Soa Soa Soa Soa
01A 01B 01D 011 03 05 06A 06B 02A 02B 04B 09A 09B 11 01F 12
qs sy mo tq

SiO2 63.53 6353 62.06 63.23 63.14 6491 63.74 63.78 53.63 54.17 6342 61.87 61.73 60.75 6292 613
ALOs 1729 174 1789 1757 18.03 17.02 1834 1858 18.82 1838 183 1861 1794 1797 18.18 17.89
Fe20s 3.9 3.89 405 381 401 255 219 211 777 793 354 378 424 545 418 4.12
MnO 013 014 015 015 0.2 0.13 0.08 0.9 0.13 014 007 022 024 053 021 04
MgO 05 052 059 046 056 028 013 013 267 272 036 042 035 03 046 032
CaO 15 1.56 1.83 112 041 123 032 032 571 5.6 015 015 013 042 0.82 0.63
Na:O 4.84 5 492 497 564 657 624 604 401 38 499 558 625 581 6.77 6.35
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KO 6.03 625 583 645 678 6.09 615 625 417 425 798 645 588 645 584 6.03
TiO2 056 052 056 048 06 015 049 049 196 1.9 0.48 0.6 049 049 045 054
P.0s 018 016 018 015 0.16 001 007 0.06 066 067 005 005 008 015 0.11 0.09
LOI 101 071 064 058 086 121 197 196 049 044 0.8 138 137 231 071 1.16
Total 99.46 99.66 98.7 98.96 100.4 100.2 99.7 99.79 100 100  100.1 99.1 98.72 100.6 99.65 98.83

Sc 3 3 3 3 4 3 3 3 3 3 3 3 3 2 10 10
Be 4 4 4 5 4 3 2 2 3 3 3 3 4 2 2 2
\% 13 15 14 13 9 <5 10 8 6 8 6 7 <5 <5 145 139

Ba 694 731 963 654 162 29 208 198 183 70 53 80 145 37 1636 1466
Sr 456 480 671 435 88 84 136 152 129 52 33 64 99 56 1175 1104
Zr 637 532 593 654 685 449 359 358 513 490 722 257 839 624 291 318
Cr <20 <20 20 <20 <20 <20 <20 <20 <20 20 <20 <20 <20 <20 30 30
Co 3 2 3 2 1 <1 3 3 1 <1 <1 1 1 <1 17 17
Ni <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 20 <20
Cu <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 10 <10 10
Zn 100 90 90 90 190 80 220 180 60 130 150 200 150 150 100 100
Ga 23 24 22 24 24 27 23 23 22 23 27 21 23 25 23 23
Ge 2 2 1 1 1 1 1 1 1 2 1 <1 1 1 1 1
As <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Rb 165 161 145 179 213 157 129 132 203 201 188 131 158 160 87 86
Nb 129 133 119 147 147 131 164 162 131 139 209 111 143 173 84 77
Mo 5 5 4 6 2 8 8 9 2 <2 <2 3 3 7 3 4
Ag 17 1.3 1.3 14 1.7 1.7 0.8 0.8 1.3 2.2 1.8 0.9 3 1.5 0.7 0.8
In <02 <02 <02 <02 <02 <02 <02 <02 <02 <02 <02 <02 <02 <02 <02 <02
Sn 4 3 4 5 7 3 4 4 4 3 4 2 4 4 2 2
Sb 0.5 <0.5 0.6 05 <05 <05 <05 <05 <05 <05 <05 <05 <05 <05 05 0.6
Cs 1.1 0.9 0.9 19 23 08 0.6 0.6 2.1 1.8 1.7 <05 1.1 1 0.9 1
Hf 136 116 119 139 13 122 8 8.1 10.1 119 148 6.9 175 121 6 6.5
Ta 9.2 9.1 8.3 105 9.7 116 11.1 11.7 8.7 7.3 13.7 103 13 115 5.7 5.1
W 3 2 2 2 3 <1 2 2 1 <1 1 <1 <1 2 2 2
Tl 04 04 04 0.6 1 0.8 1.1 1.3 1 0.7 0.7 0.2 0.9 0.8 0.2 0.2
Pb 17 17 30 27 21 30 20 77 37 21 35 14 41 25 12 13
Bi <04 <04 <04 <04 <04 <04 <04 0.8 <04 <04 0.8 <04 <04 <04 <04 <04
Th 194 189 19.1 227 162 20.6 137 15 15.1 145 207 113 177 171 91 116
U 3.9 3.6 3.3 49 29 3.8 3.1 34 3.3 4 4.6 1 3.7 3.6 1.8 2.2

Table 2. Lithogeochemical data of rare earth elements from the Soarinho Intrusive Complex,
expressed in parts per million.

Soa Soa Soa Soa Soa Soa Soa Soa Soa Soa Soa Soa Soa Soa Soa Soa
01A 01B 01D 011 03 05 06A 06B 02A 02B 04B 09A 09B 11 01F 12
qs sy mo tq
La 135 139 149 143 117 120 147 156 201 151 159 131 185 184 87.1 87
Ce 251 255 265 261 283 228 289 310 257 274 380 237 276 303 162 162
Pr 253 25.6 262 263 254 232 30.7 326 39.6 328 298 24.8 326 355 172 171
Nd 823 83.8 845 838 851 76.8 101 110 135 110 94.5 83.4 108 114 60.6 60.7
Sm 124 12.6 119 129 133 11.7 159 17 22.1 17 13.4 124 154 173 95 9.7
Eu 2.02 2.03 243 198 156 028 1.59 1.76 3.17 2.22 1.14 2.27 1.73 172 357 3.33
Gd 92 8.8 8.2 9.1 88 79 11 11.8 18.1 9 8.7 8.5 11.1 12 7.6 7.2
T 1.3 1.3 1.2 14 1.3 12 1.6 1.7 2.8 1.3 1.3 1.3 1.6 1.8 1 1
Dy 76 7.1 6.7 7.8 72 72 8.8 9.4 14.6 7.1 7.8 6.8 8.9 9.8 54 5.3
Ho 14 1.3 1.3 15 1.3 14 1.6 1.7 2.5 1.3 1.5 1.3 1.7 1.8 0.9 0.9
Er 4 3.8 3.6 43 3.6 4 4.2 4.6 6.5 3.7 4.6 3.6 4.6 4.8 2.5 24
Tm 0.61 0.55 053 0.66 054 058 0.62 0.65 0.86 054 0.68 0.52 0.65 071 034 033
Yb 4 3.7 3.6 43 35 38 3.7 4 5.1 34 4.6 3.4 4.3 4.5 22 2.1
Lu 0.64 0.54 058 0.67 053 054 0.53 0.58 0.71 055 0.68 0.51 0.66 065 033 0.33
Y 38 36 36 41 34 34 44 44 73 30 40 36 47 50 26 25

Table 3. Summary measurements for SIC principal oxides values.

Measure summary SiO: AlOs; Fe:0s MnO MgO CaO Na:O K:0 TiO: P:0s
Max 6353 1789 4.05 0.15 059 1.83 500 645 056 0.18

Qs Min 62.06 1729 381 0.13 052 112 484 583 048 0.15
Mean  63.09 1753 391 0.14 054 150 493 614 053 017
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std 0.70 0.26 0.10 0.01 0.05 0.29 0.07 027 0.04 0.02
Max 6491 1858 4.01 0.90 056 1.23 6.57 678 060 0.16
Min 63.14 17.02 211 0.08 013 0.32 564 6.09 015 0.01

SY Mean 63.89 1799 272 033 028 057 612 632 043 0.08
std 0.74 0.69 0.88  0.38 020 044 039 032 020 0.06

Max 6342 18.61 545 0.53 046  0.82 6.77 798 0.60 0.15

TQ Min 60.75 17.89 354  0.07 030 0.13 499 584 045 0.05

Mean 61.99 1815 422 0.28 037  0.38 596 643 051 0.09
std 1.00 0.28 0.66 0.16 0.06 0.29 063 0.80 0.05 0.04

The lithogeochemical data of the Soarinho complex were compared with neighboring intrusions
(and of similar ages) (Figure 2). The lithogeochemical data of the Rio Bonito and Tangua complexes
were compiled from previous works [9,19]. The rocks of the Soarinho complex belong to the potassic
series (Figure 9A), while the rocks of the complexes present a transitional character between the
potassic and ultrapotassic series (Figure 9A).
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Figure 9. Ultrapotassic, potassic, and sodic series diagram used to plot Soarinho, Rio Bonito, and
Tangua rocks (A). Al vs. SSI diagram with data from Soarinho, Rio Bonito, and Tangua rocks (B). SSI
vs. (N+K)/Al (mol) diagram with data from Soarinho, Rio Bonito, and Tangua rocks (C) [9,19,38,39].

Regarding the alkalinity index (AI) and the feldspathoid silica-saturation index (FSSI), the rocks
of the Soarinho complex are, for the most part, metaluminous to peraluminous with the presence of
normative quartz (Figure 9B). Regarding the silica saturation index, the rocks of the Soarinho complex
are plotted in the upper field of the diagram, corresponding to the basement of granites and gneisses
(Figure 9C).
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All rocks of the Soarinho complex show enrichment in LREE about HREE (Figure 10). Alkali-
feldspar syenites and alkali-feldspar trachytes show a strong negative Eu anomaly (Figure 10 A and
B). Samples of quartz syenite also show negative Eu anomalies; however, they are less pronounced
(Figure 10C). The monzonite samples show mild positive Eu anomalies (Figure 10D).
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Figure 10. Chondrite normalized REE diagrams for Soarinho rocks [40].

The multielement diagrams, normalized to the primitive mantle, demonstrate an enrichment
pattern for mismatched elements (Figure 11). Alkali feldspar syenite and alkali feldspar trachyte
samples show similar patterns in the multielement diagrams, showing strong depletions in Ba, Sr, P,
and Ti (Figures 11A and B). The quartz syenite samples only show significant P and Ti depletion
(Figure 11C). Finally, the monzonite samples show more “constant” patterns without significant
anomalies (positive or negative) (Figure 11D).
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Figure 11. Primitive mantle normalized multi-element diagrams for Soarinho rocks [41].

6. Zircon U-Pb geochronology

Zircon U-Pb ages were obtained for samples SOA-01A (Quartz syenite), SOA-02A (monzonite),
and SOA-05 (alkali-feldspar syenite) from Soarinho. We also dated one nepheline syenite sample
from Tangua. The analytical results are presented in Supplementary Material (SM) D. zircon grains
generally have a short prismatic habit and well-defined oscillatory zoning. The luminescence cathode
images of the analyzed zircon grains are presented in Supplementary Material D.

Five zircon grains were used to calculate the crystallization age of sample SOA-01A, and the age
obtained was 58+2 Ma (Figure 12A), with an MSWD of 0.15 and a probability of 68%. In sample SOA-
02A, 12 zircon grains were used to calculate the crystallization age, where 60+2 Ma was obtained
(Figure 12B), with MSWD = 0 and a probability of 99%. The age of 58+2 Ma was obtained for sample
SOA-05 from the analysis of 14 zircon grains (Figure 12C), with MSWD of 0.01 and a probability of
95%. Twelve zircon grains were used to calculate the crystallization age of nepheline syenite, and the
age obtained was 65+1 Ma (Figure 12D), with MSWD = 0 and probability of 94%.
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Figure 12. Zircon U-Pb concord diagrams from quartz syenite (A), monzonite (B) and alkali-feldspar

syenite (C).

7. Zircon Lu-Hf isotopes

Lu-Hf analyses on zircon were performed on the same samples that U-Pb dating was performed
(SOA-01A, SOA-02A, SOA-05, and nepheline syenite). The complete analytical results are presented
in the SM-E, and the data summary is presented in Table 4. Sample SOA-01A (syenite quartz) shows
€Hf (t) values ranging from -10.32 to -7.01 and model ages (TDM) varying between 1.2 and 1.4 Ga
(Figure 13). Sample SOA-02A (monzonite) shows €Hf(t) values ranging from -10.21 to -6.32 and
model ages (TDM) ranging from 1.2 to 1.3 Ga (Figure 13). Sample SOA-05 (alkali-feldspar syenite)
shows EHf(t) values ranging from -17.88 to -5.29 and model ages (TDM) ranging from 1.1 to 1.8 Ga
(Figure 13). Nepheline syenite sample shows EHf(t) values ranging from -6.4 to -32 and model ages

(TDM) ranging from 1.1 to 2.8 Ga.
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In the figure, the range of the epsilon Hf is demonstrated through histogram and boxplot diagrams.

Table 4. Summary for U-Pb and Lu-Hf data obtained for the SIC.

Sample U-Pb Age (Ma) TDM (Ga) (3 0)
Quartz syenite 58 +2 12to14 -10.32 to -7.01
Monzonite 60+2 12t01.3 -10.21 to -6.32
Alkali-feldspar syenite 58 +2 1.1to1.8 -17.88 to -5.29
Nepheline syenite 65+1 1.1t02.8 -32t0-6.4

8. Discussion

We chose to change the name Soarinho massif to Soarinho Intrusive Complex (SIC) due to the
compositional variability of the rocks present and the presence of plutonic and volcanic rocks.
Although the SIC is heterogeneous, attention is drawn to the compositional difference (geochemical
and mineralogical) of all its rocks with neighboring intrusions (Tangua and Rio Bonito) [9,19]. What
most calls attention is the absence of nepheline (normative/modal) in the rocks of the SIC, which is
present both in Tangua and Rio Bonito.

The SIC rocks belong to the potassic series (Figure 9A) and are metaluminous to peraluminous
with a predominance of normative quartz (Figure 9B). The presence of normative quartz
demonstrates the saturated to weakly supersaturated silica character of the SIC rocks. The SSI index
and the relationship between alkalis (Na and K) and aluminum (Figure 9C) demonstrate a strong
influence of the host rocks in the magmatic processes that gave rise to the SIC. Analyzing the three
diagrams in Figure 9, the chemical differences between the SIC and the neighboring massifs are
evident.

The U-Pb ages also show differences between the SIC and Tangua and Rio Bonito massifs. The
crystallization ages obtained in the SIC were 60+2 Ma and 58+2 Ma, while the crystallization age
obtained in Tangua and published data of Rio Bonito massif is the same 65+1 Ma [9]. The age
difference demonstrates that the SIC is younger than the Tangud and Rio Bonito by around 4 to 8 Ma.
All analyzed zircon grains have magmatic characteristics, such as well-defined oscillatory zoning,
indicating no xenocrysts assimilated from the host rocks.
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Some similarity between the SIC, Tangua, and Rio Bonito can be observed in the isotopic data of
Lu-Hf in zircon (Figure 14). The Lu-Hf data for the SIC point to an exclusively crustal component,
where all EHf(t) values are negative, ranging between -17.88 and -5.29 (Figure 13). The quartz syenite
and monzonite samples show less variation in the Lu-Hf data. In contrast, the alkali-feldspar syenite
sample has a broader range of variation in the Lu-Hf data (Figure 13). Tangud and Rio Bonito, in turn,
presents values of EHf(t) ranging between -32 and 5.6 and TDM model ages ranging between 1.1 and
2.8Ga [9]. This range of overlap between the SIC and its neighbors demonstrates that the magmas
that gave rise to these units present some connection, either by mixing different magmas or through
the contamination of the magmas by the same host rocks.
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Figure 14. Epsilon Hf evolution diagram with data from the Soarinho, Tangud, and Rio Bonito
massifs.

The SIC samples show similar patterns for rare earth elements, with relative enrichment of light
rare earth elements about heavy rare earth elements (Figure 10). Negative Eu anomalies are observed
in the four distinct lithologies of the SIC, which suggests plagioclase fractionation during the process
of magmatic evolution or plagioclase retention in the partially molten rock. The correlation matrices
(Figure 7) demonstrate distinct evolution processes for the different SIC lithologies. For quartz
syenite (QS), the highest correlation between P05 and TiO:z (0.99) suggests an essential fractionation
of titanite, which is very common in alkaline rocks. Other significant correlations for QS are Fe20s x
CaO, MgO x Fe20;, and CaO x MgO, which suggests the fractionation of mafic minerals. In alkali-
feldspar syenite (SY), the oxide pairs that show high correlations differ from the QS samples,
indicating high linear correlations for several major oxide compounds. Finally, for the alkali-trachyte
feldspar (TQ) samples, only two pairs of oxides show high linear correlations.

Magma mixing is suggested for the Soarinho intrusion with mixing between a monzonite
magma (36% to 44%) and an alkali feldspar syenite (56% to 64%) resulting in an overall quartz syenite
composition. This model use the mixing equation [42] - CH = (f*C1) + ((1-f)*C2) - where C1, C2 and
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CH are the concentrations of a trace element in magma 1, magma 2 and in the hybrid magma
produced, respectively and f is the proportion of magma 1 in the mixing. Figure 15 presents
comparisons of a real quartz syenite (SOA-01B) and samples modeled by mixing monzonite and
alkali feldspar syenite samples in different proportions. The diagrams show an overall good fit except
for a few elements (Th, U, P and Zr). This model is supported by binary diagrams and mantled
phenocrysts found in quartz syenites, but it needs field data to confirmation.
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Figure 15. Primitive mantle normalized [42] multi elementary diagrams comparing a sampled quartz
syenite (SOA-01B) with a model of mixing between monzonite and alkali feldspar syenite. All
diagrams use the sample SOA-02A (monzonite) as magma 1 mixing it with the four-alkali feldspar
syenites (SOA-05 (A), SOA-03 (B), SOA-06A (C) and SOA-06B (D)) as magma 2.

9. Conclusions

Our data show that Soarinho Intrusive Complex is chemically and geochronologically different
from Tangua and Rio Bonito, but presents some isotopic similarity with the latter. Zircon U-Pb ages
for three Soarinho samples (monzonite, alkali feldspar syenite and quartz syenite) show that Soarinho
is about 4 to 8 Ma younger than Tangua and Rio Bonito. Geochemical and zircon Lu-Hf isotopic data
point to an enriched mantle source for Soarinho, but due to the presence of modal quartz in some
samples, it is not discarded some crustal assimilation in this intrusion.
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