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The Morro Redondo Complex is composed of plutonic and volcanic alkaline rocks. This igneous complex
is part of the Pogos de Caldas - Cabo Frio Magmatic Alignment (PCCFA). This study aims to contribute to
the understanding of the petrogenesis of the rocks in the Morro Redondo complex and, thereby, contribute
to the debate on the genesis of the PCCFA. In this work, we conducted analyses of whole-rock geoche-
mistry, “°Ar/*°*Ar thermochronology, U-Pb geochronology on zircon grains, and Rb-Sr, Sm-Nd, and Lu-Hf
isotopic analyses. Four distinct lithotypes are present: nepheline syenites, alkali feldspar syenites, tra-
chytes, and phonolites. The rocks of the Morro Redondo complex are miaskitic, have intermediate values
of SiOz, and show significant crustal assimilation, mainly observed in the relationship between the SSI and
(Na+K)/Al indices, together with the Hf isotopic signature. A hornblende crystal obtained from a sample
of nepheline syenite provided a plateau age of 74.35 + 0.50 Ma. The initial ratios of ’Sr/%¢Sr range from
0.70565 to 0.71042, and the initial ratios of **Nd/'**Nd range from 0.51234 to 0.5124. Hf data suggest a
hybrid origin for the Morro Redondo complex, with sources from both crustal and mantle origins. The data
obtained indicate that at least three magmatic pulses contributed to the formation of the Morro Redondo
complex, with the participation of both crustal and mantle sources, generating magmas of miaskitic affinity.
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1. Introduction

According to Almeida (1971, 1972), the Brazilian platform
possesses dozens of alkaline bodies of Mesozoic and
Cenozoic age. Riccomini et al. (2005) proposed grouping
these alkaline bodies into 15 provinces based on petrographic,
geochronological, geochemical, and tectonic data. Among the
15 suites proposed by Riccomini et al. (2005), we highlight the
Pogos de Caldas — Cabo Frio Magmatic Alignment (PCCFA).
The PCCFA is a magmatic province oriented WNW-ESE,
which extends for approximately 1150 km (Melluso et al. 2017;
Gomes and Comin-Chiaramonti 2005; Riccomini et al. 2005).

Two models remain debated for the PCCFA genesis and

the Cretaceous alkaline magmatism. One model correlates
the emplacement of alkaline bodies with the reactivation of
sub-crustal faults, lithospheric fertilization, and magma ascent
through fracture zones (Almeida 1991; Ferrari 2001; Alves et
al. 2006; Riccomini et al. 2005; Zalan and Oliveira 2005). The
other model relates alkaline magmatism with Hotspot activity
and suggests that the alignment of intrusions results from the
relative movement between the South American plate and the
mantle plume (Sadowski and Dias Neto 1981; Thomaz Filho
et al. 2005; Thompson et al. 1998; VanDecar et al. 1995). The
second model is strongly supported by the decrease, although
not linear, from west to east of the ages of alkaline bodies
(Thomaz Filho et al. 2005).
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Given that the debate on the genesis of the PCCFA
remains open, we will present information on the Morro
Redondo Complex in this work. This alkaline body belongs
to the magmatic alignment. In this contribution, we constrain
the formation processes (petrogenesis) and sources of
alkaline magmatic rocks from the Cretaceous Morro Redondo
Complex, part of the PCCFA, using geochemistry and isotopic
data (U-Pb, Lu-Hf, Sm-Nd, Rb-Sr and “°Ar/*°Ar).

2. Geological Setting

The Pocos de Caldas — Cabo Frio Alignment (PCCFA)
was defined by Riccomini et al. (2005) as an alkaline province
trending WNW-ESE with a slightly curved shape (Figure
1). The alignment is characterized by a series of intrusive,
hypabyssal, and extrusive alkaline bodies, predominantly
comprising nepheline syenites, syenites, phonolites, and
trachytes (Almeida et al. 1996; Motoki et al. 2008; Riccomini
et al. 2005). From east to west (Figure 1), the main alkaline
bodies are Pogos de Caldas, Passa Quatro, Itatiaia, Morro
Redondo, Tingua, Mendanha, ltauna, Tanguda, Rio Bonito,
Soarinho, Morro dos Gatos, Morro de S&o Jo&o, and llha do
Cabo Frio.

Brotzu et al. (2005) considered that alkaline syenites and
nepheline syenites are the main constituents of the alkaline
bodies; however, in some intrusive complexes, quartz syenites
and granites occur, such as Soarinho and Itatiaia. Associated

with the igneous complexes are alkaline composition dikes
related to the ENE-EW fault system (Brotzu et al. 2005). The
ages of the Pogos de Caldas — Cabo Frio Alignment bodies
vary decreasingly from east to west between 84 and 39 Ma,
although not linearly (Santos and Hackspacher 2021). It is
worth mentioning that most alkaline bodies of the PCCFA tend
to intrude Neoproterozoic sin-, late- or post-collisional granites
and syenites from the Brasilia and Ribeira belts (Valeriano et
al. 2011; Tupinamba et al. 2012; Rosa and Ruberti 2018).

3. Materials and methods
3.1. Geochemistry

Samples selected for geochemical analysis were analyzed
at the ACTLABS laboratory in Canada. The analytical
techniques included atomic emission spectrometry (ICP-
AES) for oxides. X-ray fluorescence in fused pellets for
trace elements, S, Cl, Rb, Sr, Ba, and Zr, atomic absorption
spectrometry for determining Mn, Mg, Na, K, Cu, Mo, Sn, and
Pb elements. Optical spectrometry for trace elements Nb, Y,
Ni, and V, and rare earth elements (REE) were analyzed by
mass spectrometry (ICP-MS).

3.2. Rb-Sr and Sm-Nd isotopes

Samples for Sr and Nd isotopes were analyzed at the
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FIGURE 1. Distribution of alkaline bodies in southeastern Brazil, highlighting the Pocos de Caldas — Cabo Frio Magmatic Alignment
(highlighted by dashed red lines). The blue rectangle highlights the study area of this work. Legend: 1 — Sdo Francisco Craton;
2 — Brazilian mobile belts (Ribeira and Brasilia); 3 — Parana Basin; 4 — Alkaline occurrences of the Cretaceous and Tertiary; 5 —
Cenozoic sediments and Paleozoic coverings. Pogos De Caldas — Cabo Frio Alignment: PC — Pogos de Caldas; PQ — Passa Quatro;
It — Itatiaia; MR — Morro Redondo (study area); VR — Volta Redonda; ST — Serra dos Tomazes; Ti — Tingua; Me — Mendanha; Ma
— Marapicu; lu — Itatina; Pca — Porto das Caixas; Ta — Tangud; So — Soarinho; RB — Rio Bonito; MG — Morro dos Gatos; SJ — Morro
de S&o Joao; CF - Cabo Frio. Other alkaline bodies in southeastern Brazil: Pi — Piedade; PN — Ponte Nova; MT — Ilha Monte de
Trigo; SS — llha de Sao Sebastido; Bz — llha dos Buzios; Vi — llha de Vitéria. Adapted from Gomes and Comin-Chiaramonti (2005).
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Isotopic Geochronology Laboratory of the UNB Geosciences
Institute. For Sm-Nd and Rb-Sr analysis, pulverized rocks
were dissolved in hydrofluoric acid (HF). For Sm-Nd, the “*Nd
and '*Sm tracers were added to the solutions. No tracers
were added for Rb-Sr analyses and the natural isotopic
composition was analyzed.

The rare earth elements were separated by cation
exchange columns with resin. Isotopic concentrations of these
elements were measured by TIMS (thermo ionization mass
spectrometer) on the Finnigan multi-collector spectrometer.
The data obtained include absolute amounts of samarium
and neodymium, isotopic ratios #’Sm/'*Nd, 'Nd/"‘Nd,
and #Sr/%¢Sr, For the calculations of isotopic ratios, the €Nd
parameter, and the TDM model age, the following constants
were used: “6Nd/"“*Nd = 0.7219 and ASm = 0.654 x 10-11 year-
1, in addition to the average value of 0.512371 for “6Nd/'“*Nd
in the depleted mantle, with an average extraction age of 0.79
Ga (DePaolo 1988).

3.3. “ArP°Ar Thermochronology

We separated unaltered, optically transparent, 250-315
pm-size hornblende crystals from sample MRD-01. The
hornblende crystals were separated using a Frantz magnetic
separator, and then carefully hand-picked under a binocular
microscope. The selected hornblende minerals were further
leached in diluted HF for one minute and then thoroughly
rinsed with distilled water in an ultrasonic cleaner.

Samples were loaded into a large well of a 1.9 cm
diameter and 0.3 cm depth aluminum disc. These wells
were bracketed by small wells that included Fish Canyon
sanidine (FCs) used as a neutron fluence monitor for which
an age of 28.294 + 0.036 Ma (10) was adopted (Renne et al.
2011). The discs were Cd-shielded (to minimize undesirable
nuclear interference reactions) and irradiated for 25 hours in
the Hamilton McMaster University nuclear reactor (Canada)
in position 5C. The mean J-values computed from standard
grains within the small pits and determined as the average
and standard deviation of J-values of the small wells for each
irradiation disc is given along with the raw data.

Mass discrimination is given in Annex for each sample and
was monitored using an automated air pipette and calculated
relative to an air ratio of 298.56 + 0.31 (Lee et al. 2006). The
correction factors for interfering isotopes were (*°Ar/*’Ar)Ca
= 7.30x10-4 (£ 11%), (*®Ar/*’Ar)Ca = 2.82x10-4 (+ 1%) and
(“°Ar*°Ar)K = 6.76x10-4 (+ 32%).

The “°Ar/*°Ar analyses were performed at the Western
Australian Argon Isotope Facility at Curtin University. The
sample was step-heated in a double vacuum high frequency
Pond Engineering® furnace. The gas was purified in a
stainless-steel extraction line using two AP10 and one GP50
SAES getters and a liquid nitrogen condensation trap. Ar
isotopes were measured in static mode using a MAP 215-50
mass spectrometer (resolution of ~400; sensitivity of 4x10-14
mol/V) with a Balzers SEV 217 electron multiplier mostly using
9 to 10 cycles of peak-hopping.

The data acquisition was performed with the Argus
program written by M.O. McWilliams and ran under a LabView
environment. The raw data were processed using the
ArArCALC software (Koppers 2002) and the ages have been
measured using the decay constant of Renne et al. (2010) and
later re-calculated using the decay constants recommended by

Renne et al. (2011). Blanks were monitored every 3 to 4 steps
and typical 40Ar blanks range from 1 x 10-16 to 2 x 10-16 mol.
Our criteria for the determination of plateau are as follows:
plateaus must include at least 70% of 3°Ar. The plateau should
be distributed over a minimum of 3 consecutive steps agreeing
at 95% confidence level and satisfying a probability of fit (P)
of at least 0.05. Plateau ages are given at the 2c level and
are calculated using the mean of all the plateau steps, each
weighted by the inverse variance of their individual analytical
error. Inverse isochrons include the maximum number of
steps with a probability of fit > 0.05. “°Ar/*®Ar intercept values
are provided. All sources of uncertainties are included in the
calculation and have been calculated using a Monte Carlo
approach following Renne et al. (2010).

3.4. U-Pb Ages

U-Pb analyses were performed at the UERJ MultiLab
laboratory using laser-induced plasma mass spectrometry
(LA-ICP-MS), and the apparatus used was Thermo Scientific's
Neptune. The results are presented in Concordia Tera and
Wasserburg (1972) diagrams built with the ISOPLOT program
(Ludwig 2003).

The laser spot diameter used in the analysis of Morro
Redondo samples were between 30 and 50um and it was set
at a frequency of 10Hz. Four Soarinho intrusion samples were
selected for U-Pb dating. The larger-than-usual spot diameter
and higher laser power are justified by the low Pb concentration
of some zircon grains (<20 ppm), and this procedure improved
readability and data quality.

The standard U-Pb analysis procedure performed on the
MultiLab in each analysis block was as follows: it started with
the blank analysis, then the GJ1 standard was analyzed, and
then nine analyzes were performed on the sample zircons,
followed by one analysis of the 91500-reference material,
another analysis of the GJ1 reference material, ending each
battery with another analysis.

3.5. Lu-Hf isotopes

The systematics of Lu-Hf in zircon grains is of particular
interest as Hf is present in the chemical composition of zircon
characterized by high Hf contents and low Lu values so that Hf
radioactive decay corrections are negligible. This particularity
makes the Lu-Hf system ideal for isotopic investigations of
rocks over 3Ga (Vervoort and Patchett 1996).

The ""8Hf/"""Hf ratio of the chondritic reservoir (CHUR) is
said to represent the undifferentiated material of the early solar
system (solar nebula) and was established through the isotopic
Lu-Hf ratio of the chondrites (Blichert-Toft and Albaréde 1997).
The temporal variation of the CHUR "7¢Hf/'""Hf ratio is given by
the ratios of "76Lu/""Hf (0.0332 + 2) and "Hf/"""Hf (0.282772
+ 29) ratios (Machado and Simonetti 2001). This corresponds
to an initial ""SHf/""Hf ratio of 0.279742 + 29 for a 4.56 Ga
solar system. Samples derived from the depleted mantle will
have, relative to CHUR at time (t), eHf with positive values or
negative if derived from the crust. The recent introduction of
MC-ICPMS (a multi-collector ICP-MS) has allowed the routine
use of Lu-Hf, requiring little sample for its isotopic analysis and
with high precision and efficiency. The plasma source (from
ICP) allows for more efficient ionization for analysis than other
spectrometric equipment.
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4. Results
4.1. Local geology

The Morro Redondo Alkaline Complex has an
approximately elliptical shape and an area of approximately
9 km2 The complex is intruded in orthogneisses and
paragneisses, with contacts that could not be defined due
to the density of the local vegetation. The distribution of
field points for outcrop description and sample collection is
presented on the geological map (Appendix 1). The complex
is mainly composed of plutonic rocks (Figure 2) of syenitic
composition, with variation in grain size and nepheline content.
In addition to plutonic rocks, occasional trachyte and phonolite
were observed (Figure 2). The plutonic lithotypes observed
were nepheline syenite and alkali feldspar syenite. Given the
scarcity of outcrops and the advanced degree of weathering,
it was impossible to determine the contact relationships
between the observed lithologies.

Nepheline syenites show inequigranular texture, with
grain size ranging from medium to coarse and an abrupt
transition between different grain sizes (Figure 2). They are
composed of approximately 55% K-feldspar, 30% nepheline,
8% hornblende, 4% biotite, 3% plagioclase, and, in modal
proportions less than 1%, zircon, titanite, apatite, and
opaque minerals. K-feldspar crystals are generally euhedral,

occasionally exhibiting perthitic texture. Some hornblende
grains display biotite reaction on borders (Figure 3). Nepheline
is anhedral and exhibits alteration rims to cancrinite, sericite,
and carbonate.

Alkali feldspar syenites have a medium grain size and light
gray color (Figure 2), predominating in the southern portion
of the igneous complex. The composition of these rocks is
approximately 75% alkali feldspar, 20% hornblende, 3%
titanite, and the remaining 2% corresponds to plagioclase,
biotite, nepheline, opaque minerals, apatite, and zircon.
K-feldspar crystals are anhedral to subhedral and rarely exhibit
perthitic texture. Hornblende and titanite occur as euhedral to
subhedral crystals (Figure 3).

Trachytes are light gray to gray with a porphyritic texture,
with about 5 to 10% K-feldspar phenocrystals. In addition to
the phenocrystals, it is possible to observe the presence of
approximately 3 mm diameter (Figure 2) vesicles filled with
iron oxide. The matrix comprises K-feldspar microliths with
disseminated clay, iron oxides, opaque minerals, and apatite.
Iron oxide pseudomorphs primary K-feldspar, which is also in
the process of kaolinization. K-feldspar microlites are covered
by hydrothermal sericite. The presence of polygonal and
millimeter-sized xenoliths of granitic and syenitic composition
rocks with rounded corners was observed. Phonolite blocks
were observed at only one point (MRD-11). The rocks are
gray and have a texture characterized by the intertwined

FIGURE 2. Samples of rocks found in the Morro Redondo complex. A presents a sample of nepheline syenite, where it is possible
to observe the variation in the rock’s grain size [there is also a finer grained right hand part]. B presents a sample of alkali feldspar
syenite with medium grain size. In C, we present a sample of trachyte, where it is possible to observe feldspar phenocrysts and
fragments of rocks with granitic composition. In Figure D, we present a sample of phonolite.
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arrangement of very fine-grained crystals (phonolitic texture)
(Figure 3).

4.2. Major and trace elements

Lithogeochemical data and CIPW norms for the Morro
Redondo are presented in the Electronic Supplementary
Material A (ESM-A). The data presented in this work were
separated into plutonic and volcanic groups. The two groups
are intermediate in terms of SiO2 concentration. In the group

of plutonic rocks, the SiO2 concentration varies between
54.98 and 58.88% by weight, with a standard deviation of
1.27. In the group of volcanic rocks, the SiO2 concentration
varies between 54.93 and 59.31% by weight, with a standard
deviation of 1.27.

Figure 4 demonstrate the behavior of the oxides in the
two groups of rocks. Like volcanic rocks, plutonic rocks are
enriched in Fe203, CaO, MgO, TiO2, P20s, and MnO (Figures
4). Volcanic rocks are enriched, about plutonic rocks, in
Al20s and Naz20 (Figures 4). The behavior of K20 is similar

FIGURE 3. Photomicrographs of the rocks of the Morro Redondo complex. Figures A and B show photomicrographs
(plane-polarized light) of nepheline syenites, where the change of hornblende crystals to biotite is observed. In Figure
C (natural light) and D (plane-polarized light), euhedral/subhedral crystals of titanite and hornblende are observed.
Figure E presents a photomicrograph of a trachyte sample. Figure F presents a photomicrograph of a phonolite sample.
Legend: Kf - K-feldspar; Hbl - Hornblende; Ti - Titanite; Ne — Nepheline.
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FIGURE 4. Harker diagrams demonstrating the variation of oxides in plutonic (green markers) and volcanic (purple markers) rock
groups. The dotted lines indicate the linear trend of the oxides about SiO2. The dotted ellipse in the K20 vs SiO2 diagram highlights
three samples of phonolites whose behavior stands out from other rocks (volcanic and plutonic).

in both groups, demonstrating enrichment to SiO-, except for
three phonolite samples, which present lower values in K20
concentration (Figure 4).

The volcanic rocks were classified into phonolites and
trachytes according to the chemical classification of Le Bas
et al. (1986) (Figure 5-A). The A/NK vs A/CNK diagram
demonstrates the metaluminous character of plutonic rocks,
the peraluminous character of trachytes, and the transition
between the peralkaline and metaluminous fields for
phonolites (Figure 5-B). The difference between phonolites
and trachytes is also observed in the normative composition,
where trachytes stand out due to the presence of normative
quartz and corundum ((ESM-A)).

Both volcanic and plutonic rocks present a similar pattern
in the multi-element diagram (normalized by the primitive
mantle (Figures 6-A and B). In both groups of rocks, negative
anomalies of Ba, P, and Ti and concentrations close to those
of the primitive mantle are observed for Lu, Yb, Y, Dy, and P.
Trachytes. Phonolites present a subtle difference in relative
enrichment, with phonolites slightly more enriched about
the primitive mantle (Figure 6-A). Among volcanic rocks,
the same pattern of relative enrichment is observed in rare
earth elements (Figure 6-C). Phonolites are slightly more
enriched than trachytes; however, both sets of rocks present
enrichment of light rare earth about heavy ones. Plutonic
rocks enrich light rare earths with heavy ones and positive
Eu anomalies (Figure 6-D).

4.3. “Ar/P°Ar Thermochronology

The data from the diagrams presented in this section are
provided in the Electronic Supplementary Material B. This
section presents the plateau and isochrone ages obtained from
a hornblende grain in sample MRD-01 (nepheline syenite).
The plateau age obtained for the sample was 74.35 + 0.5 Ma
(MSWD = 0.74), including 100% of the released *°Ar (Figure
7-A). The corresponding K/Ca ratios for each fusion step show
that the values indicate a higher relative concentration of K in
the first 2% of the sample (Figure 7-B). The inverse isochrone
diagram is presented in Figure 8 and yielded an age of 74.23 +
0.56 Ma (MSWD = 0.35) and an initial trapped “°Ar/*°Ar ratio of
318 + 45, indistinguishable from the atmospheric value.

4.4. U-Pb Geochronology

To obtain U-Pb ages in zircon grains, two samples of
syenite (MRD-34B and MRD-35) and two samples of trachyte
(MRD-33 and MRD-34A) were analyzed. No zircon grains
were found in the phonolite samples. The results of the U-Pb
analyses are shown in the Electronic Supplementary Material
C. Figure 9 presents the cathodoluminescence images of the
zircon grains analyzed in each sample, as well as the ages,
Th/U ratios, and, when available, eHf values for each grain.

Sample MRD-33 (trachyte) yielded eight zircon grains,
where 10 U-Pb analyses were conducted (Figure9-A). The
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grains show zoned growth, apparently without modifications
in growth directions, except for grain MRD 33 — 04, which
exhibits homogeneous texture. Th/U ratios vary between
0.19 and 1.90. The ten analyses provided a lower intercept
age of 77 + 5 Ma (MSWD = 0.71) (Figure 10 — A). In sample
MRD-34A (trachyte), only three zircon grains were obtained,
where 7 U-Pb analyses were conducted (Figure 9-B). Zircon
grains are homogeneous in this sample, and Th/U ratios vary
between 1.63 and 2.68. The seven analyses yielded a lower

intercept age of 76 £+ 9 Ma (MSWD = 0.23) (Figure 10 — B).
Sample MRD-34B (syenite) yielded eight zircon grains,
where 8 U-Pb analyses were conducted (Figure 9-C). The
zircon grains from this sample exhibit compositional zoning
and show no modifications in growth directions. Th/U ratios
vary between 0.47 and 2.36. The eight analyses provided
a lower intercept age of 74 £+ 4 Ma (MSWD = 1.12) (Figure
10 — C). In sample MRD-35 (syenite), 12 zircon grains were
obtained, where 15 U-Pb analyses were conducted (Figure
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FIGURE 9. Cathodoluminescence images of the zircon grains analyzed in samples MRD-33 (A), MRD-34A
(B), MRD-34B (C), and MRD-35 (D). The red (U-Pb) and green (Lu-Hf) circles indicate the position where the
analyses were performed on each grain.

9-D). The zircon grains from this sample exhibit compositional  in Table 1. The initial ratios of *Nd/"#4Nd and ®Sr/%¢Sr were
zoning and show no modifications in growth directions. Th/U  calculated based on the plateau age of 74.35 + 0.50 Ma. The
ratios vary between 0.60 and 2.60. The 15 analyses yielded initial ratios of 8Sr/%¢Sr range from 0.70565 to 0.71042, and
a lower intercept age of 71 + 4 Ma (MSWD = 0.46) (Figure the initial ratios of *Nd/'*Nd range from 0.51234 to 0.5124,

10 - D). with eNd values ranging from -5.74 to -4.64.
4.5. Rb-Sr and Sm-Nd isotopes 4.6. Lu-Hf isotopes
Isotopic analyses of Sr and Nd were performed on seven
nepheline syenite samples, one phonolite sample, and one Lu-Hf analyses were conducted on two samples (MRD-33

trachyte sample. The Sr and Nd isotopic data are presented and MRD-35), both sienite samples. In each sample, analyses
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FIGURE 10. Tera-Wasserburg diagram showing the lower intercept ages for samples MRD-33 (A), MRD-34A (B), MRD-
34B (C), and MRD-35 (D). The ellipses mark the errors on the x and y axes for each grain analyzed.

of 7 grains were utilized, with the remaining ones discarded
due to being outside the quality standards adopted in this
study. The analytical results are presented in the Electronic
Supplementary Material D. The analyzed zircon grains are
shown in Figure 9 (A and D).

Sample MRD-33 exhibits ""8Hf/"’"Hf ratios ranging from
0.282376 to 0.283054, with the ¢Hf parameter ranging from
-12.75 to 11.21 (figure 11) and TDM ages ranging from 0.36
to 1.72 Ga. Sample MRD-35 shows "®Hf/""Hf ratios ranging
from 0.282372 to 0.282636, with the eHf parameter ranging
from -12.85 to -3.70 (figure 11) and TDM ages ranging from
1.20 to 1.72 Ga. The €Hf values in range of -13 to 1, with only
one positive value obtained in sample MRD-33.

5. Discussions

Despite the few observed contact relationships, the
presence of plutonic and volcanic (sub-volcanic) rocks
suggests that at least two magmatic pulses occurred to form
the Morro Redondo complex. The syenites (nepheline- and
alkali-feldspar) would represent the older pulse, and the
trachytes and phonolites would represent the more recent
pulse. The same pattern (plutonic rocks + volcanic rocks) is
also observed in other alkaline bodies of the PCCFA, such as
Pogos de Caldas, Passa Quatro, Itatiaia, Tingua, Mendanha,
Tangua, Rio Bonito, and llha de Cabo Frio (Amaral et al. 1967;

Araujo 1995; Brotzu et al. 1992; Brotzu et al. 1997; Brotzu
et al. 2007; Chiessi 2004; Enrich et al. 2005; Geraldes et al.
2013; Guarino et al. 2019; Montes-Lauar 1988; Mota et al.
2012; Motoki et al. 2012; Motoki et al. 2013; Sichel et al. 2008;
Sigolo et al. 1992; Silva 2019; Silva et al. 2020; Vlach et al.
2018).

The presence of microxenoliths of syenitic composition
in the trachytes reinforces the suggestion of at least two
magmatic pulses. The presence of syenite microxenoliths
demonstrates that rocks of syenitic composition had already
crystallized at the time of the magmatic pulse that originated
the trachytes. In addition, the presence of xenoliths of
granitic composition demonstrates that fragments of country
rocks were also incorporated into the magma of trachytic
composition. The rocks classified in this study as trachytes
may be related to the magmatic breccias reported by Brotzu et
al. (1989). Another fact that corroborates at least two magma
pulses is the coronas of biotite in hornblende crystals, which
may have been formed by hydration reactions induced by fluids
released by a new magmatic pulse after the crystallization of
the syenites.

The mineralogical assemblage described in the syenites
of the Morro Redondo complex is compatible with miaskitic
rocks. Andersen et al. (2017) describe that in miaskitic rocks,
Ti, Zr, and other HFSE elements are hosted in common
minerals, such as ilmenite, titanite, and zircon, which is the
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Table 1: Sr and Nd isotopic data from the Morro Redondo alkaline intrusion rocks.

SAMPLE oM e WSmMNd  “Nd/Ndt20 g = T.(Ga)  'SrPSri20
(ppm)  (ppm) Nd(i) oM
MRD-01 7.657 51.200 0.0904 0.512369 + 15 -5.25 0.84 0.70757 £ 5
MRD-03 14.640 98.424 0.0899 0.512366 + 16 -5.30 0.84 0.70628 + 2
MRD-09 16.573 119.560 0.0838 0.512353 £ 15 -5.55 0.81 0.70624 £ 2
MRD-11D 17.048 131.868 0.0781 0.512399 + 14 -4.66 0.73 0.70569 + 3
MRD-12 9.634 66.050 0.0882 0.512356 + 11 -5.49 0.84 0.70629 + 3
MRD-20D 5.748 47.757 0.0728 0.512382 + 12 -4.99 0.72 0.70603 + 3
MRD-26 11.468 77.551 0.0894 0.512400 £ 11 -4.64 0.79 0.70592 + 2
MRD-27 4.766 40.399 0.0713 0.512344 + 15 -5.74 0.75 0.71042 + 4
MRD-34B 8.851 60.609 0.0883 0.512379 £ 17 -5.04 0.81 0.70565 + 2

case of the syenites of the Morro Redondo complex. According
to Gomes and Comin-Chiaramonti (2005), miaskitic rocks are
predominant in the continental alkaline magmatism of the
southern region of the Brazilian platform.

Both plutonic and volcanic rocks have SiO: contents
ranging from 54.93% to 59.31% (intermediate), demonstrating
the absence of an expanded series in the Morro Redondo
complex. The behavior of the oxides for the plutonic rocks
shows low dispersion and moderately linear correlations
concerning SiO2 (see Harker diagrams), suggesting

that fractional crystallization may have been the primary
mechanism of magmatic differentiation. For the volcanic rocks,
the data dispersion is high, making it difficult to define any
magmatic process from the behavior of the oxides. However,
in the parallel coordinate diagram, it is possible to observe that
phonolites and trachytes exhibit distinct behavior regarding
the main oxides.

The distinction between trachytes and phonolites is even
more evident through the saturation of alkalis and alumina. The
phonolites are at the transition between the peralkaline and
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metaluminous fields (See Figure 6) and, in this sense, exhibit
behavior like plutonic rocks. In contrast, the trachytes are
essentially peraluminous (Figure 6). The distinction between
trachytes and phonolites is also evident in the diagram of rare
earth elements normalized by chondrite, where the phonolites
are slightly more enriched than the trachytes.

Applying the silica saturation index (SSI) vs (Na/K)/Al(mol)
diagram proposed by Motoki et al. (2010), the differentiation
between trachytes and phonolites becomes even more
evident (Figure 13). The trachyte samples plot close to the
field of granites and gneisses, while the phonolites plot in the
field of alkaline rocks or close to it. The plutonic rocks plot in
the transition field between granites/gneisses and nepheline
syenites, lying between the trachyte and phonolite samples.
Analyzing the set of samples (plutonic + volcanic), they form
a trend suggesting increased crustal contamination of an
alkaline magma of origin. According to Motoki et al. (2010), the
SSlvs. (Na/K)/Al(mol) diagram displays the assimilation of the
continental crust through two thermodynamic incompatibilities:
on the vertical axis, silica saturation; on the horizontal axis,
alkali-alumina saturation.

According to Motoki et al. (2010), granites, gneisses,

granodiorites (and other similar rocks) are subalkaline and
supersaturated in silica, therefore plotting in the upper left
quadrant (Figure 12). On the other hand, rocks such as
nepheline syenites are typically peralkaline and undersaturated
in silica, projecting in the lower right quadrant. A mixture of
these components would form a negative correlation trend, as
seen in Figure 12.

The absence of outcropping mafic rocks has complicated
the understanding of possible sources and evolutionary
processes of magmatism in the Morro Redondo complex.
However, petrographic and geochemical information suggests
that the differentiation process of plutonic rocks occurred
through fractional crystallization with assimilation (AFC).
Phonolites show a geochemical signature closer to the parental
alkaline magma, while trachytes demonstrate significant
crustal assimilation. Therefore, three distinct magmatic events
are suggested: the emplacement of an alkaline magma in a
magma chamber, which assimilates part of the country rocks
and gives rise to plutonic rocks; the intrusion of phonolitic
composition magmas; and the formation of trachytes, which
may be related to the formation of the polymictic breccias
described by Brotzu et al. (1989).
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FIGURE 12. Plot of SSI vs. (NK)/AI (mol), with the proposed trend of crustal assimilation in the magmatism that gave rise to the

Morro Redondo complex. Modified from Motoki et al. (2010).
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The “°Ar/**Ar thermochronology results demonstrate
relatively higher K concentrations in the first 2% of the
sample. This may be related to the possibility of the edges of
hornblende crystals being altered to biotite since biotite has
more K in its composition/structure. The alteration process of
hornblende is visible in the reaction coronas observed in thin
sections.

We consider the age of 74.35 + 0.5 Ma (plateau) as the best
estimate for the crystallization of hornblende. The precision of
U-Pb ages is lower than the plateau age (“°Ar/*°Ar); however,
the absolute values are close to 74.35 £ 0.5 Ma. Despite the
more significant margin of error, the U-Pb ages do not show
evidence of a distinct magmatic event recorded by zircon
grains; therefore, these grains possibly do not represent
zircons that were incorporated during magma emplacement; a
similar behavior was reported by Paquette and Mergoil-Daniel
(2009) for the Central Massif of France.

The "Nd/'*Nd and 8’Sr/%¢Sr ratios demonstrate that a
group of samples presents isotopic signatures close to the
composition of enriched mantle 1, with a tendency to deviate
from this field (Figure 13). However, the signature of the young

lower continental crust predominates in the set of samples.
The Hf data corroborate the significant participation of the
crust as the source of the magmas that originated the Morro
Redondo complex; however, one zircon grain presented
a typically mantle-like ""8Hf/"’Hf ratio, with a model age
indicating juvenile mantle melting.

When correlated with other alkaline bodies of the PCCFA,
the similarity between lithological units, the geochemical
signature of some complexes, and even the variation in ages
suggesting the passage of a mantle plume is noted. However,
the different models related to the genesis of igneous bodies
of the PCCFA consider that these were the product of the
evolution of purely mantle magmas. What is currently being
discussed is what type of mantle is involved; for example,
Ulbrich et al. (2003), Riccomini et al. (2005), and Guarino et al.
(2021) consider that the bodies of the PCCFA originated from
the partial melting of the lithospheric mantle, while Gordon et al.
(2023) consider a strong association with the enriched mantle.
What has not been considered is the significant participation
of components of the lower crust as a source of magmatism,
which was also observed by Silva et al. (2023) in the Soarinho
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complex. Therefore, it can be suggested that, at least for the
Morro Redondo complex, the genesis of magmatism involved
mantle origin and significant crustal contribution.

6. Conclusions

Based on the investigations presented, our study of the
Morro Redondo complex indicates that:

* The association of rocks present in this magmatic
complex is like other bodies of the PCCFA, with both plutonic
and volcanic rocks present. There is also a predominance of
nepheline syenites and alkali feldspar syenites.

» The mineral paragenesis and geochemical signature of
the rocks from Morro Redondo demonstrate that these rocks
are essentially miaskitic. Geochemical data also indicate
a significant crustal contribution to the development of this
magmatism.

* The ages obtained using the “°Ar/*°Ar and U-Pb
methodologies are discordant with the regional pattern of
decreasing ages of alkaline bodies from west to east.

» The isotopic data point to at least two distinct sources
associated with magmatism in the Morro Redondo complex.
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