https://doi.org/10.11606/issn.2316-9095.v23-206926

[ ]
G e O].Ogl a Revista do Instituto de Geociéncias - USP

Série Cientifica ' ‘ SP Geol. USP, Sér. cient., Sao Paulo, v. 23, n. 4, p. 65-85, Dezembro 2023

Geochemical modeling of basic pegmatites from

Foz do Iguacu in the Itaipu region, western Parang, Brazil
Modelagem geoquimica de pegmatitos basicos em Foz do Iguacgu,
regido de Itaipu, oeste do Parana, Brasil

Bruno Titon' @, Eleonora Maria Gouvéa Vasconcellos' ®, Otavio Augusto Boni Licht' ©®, Andrea Marzoli?

'Universidade Federal do Parana, Departamento de Geologia, Avenida Cel. Francisco H. dos Santos, 210, Jardim das
Américas, CEP: 81530-900, Curitiba, PR, BR (titon@ufpr.br; eleonora@ufpr.br; otavio.licht@gmail.com)
2Universita degli Studi di Padova, Dipartimento TESAF, Legnaro, Padova, IT (andrea.marzoli@unipd.it)

Received on January 16, 2023; accepted on August 30, 2023.

Abstract

In the westernmost portion of the state of Parana, in the city of Foz do Iguagu, basic pegmatites occur within inflated
pahoehoe basaltic flows of the Parana Igneous Province. Both rock groups are composed of similar mineral assemblages
which include labradorite, augite, ilmenite and titano-magnetite, but pegmatites are medium to coarse grained, whereas
basalts are fine grained. Host rocks are geochemically classified as basalts (s.s.), while pegmatitic segregations are basaltic
andesite and basaltic trachy-andesite, according to the TAS [(Na,O + K,0) x SiO,] diagram. Based on the AFM [(Na,O +
K,0) - (FeO,) — (MgO)] diagram, all rocks are included in the tholeiitic series, classified as high-Fe tholeiite basalts in the
cation plot [Al x (Fe_, + Ti) x Mg]. Variation diagrams indicate enrichment of SiO,, TiO,, FeO, Na, O, K,0 ¢ P,0, coupled
with depletion of ALO,, MgO e CaO from basalts to pegmatites. La/Lu, ratios range between 5.4 to 6.5 for basalts and 6.3
to 7.9 for pegmatites reflecting a greater degree of fractionation in the pegmatitic segregations and, therefore, their more
evolved character. Plagioclase crystals in pegmatites have higher sodic contents when compared to those found in host
basalts, while CaO content in basaltic pyroxenes is higher than those from pegmatitic segregations. Trace element geoche-
mical modeling results show that it is possible to generate basic pegmatites from basalts comprised of 55 wt.% plagioclase,
35 wt.% clinopyroxene and 10 wt.% titanium and iron oxides. The process occurs as fractional crystallization with 50%
residual melt.

Keywords: Parana Igneous Province; Basaltic flows; Lithogeochemistry; Fractional crystallization; Trace elements.

Resumo

No municipio de Foz do Iguagu, Parana, na regido da barragem de Itaipu, ocorrem pegmatitos basicos hospedados em
derrames basalticos do tipo pahoehoe inflados, da Provincia Ignea do Parana. Ambos os grupos de rochas sio constituidos
principalmente por labradorita, augita, ilmenita, titano-magnetita; os pegmatitos t€ém granulacdo média a grossa, enquanto
os basaltos sdo de granulagdo fina. As rochas hospedeiras sdo classificadas geoquimicamente como basaltos e segregagdes
pegmatiticas sdo andesi-basaltos e traquibasaltos, segundo o diagrama TAS [(Na,0+K,0) x SiO,]. As rochas agrupam-se
no campo da série toleitica, de acordo com o diagrama AFM [(Na,0+K,0) — (FeO, ) — (MgO)], sendo classificadas como
basaltos toleiticos de alto-Fe em diagrama cationico [Al x (Fe_, + Ti) x Mg]. Os diagramas de variagdo mostram enriqueci-
mento em SiO,, TiO,, FeO, Na,0, K,0 e P,0, e empobrecimento em Al,O,, MgO e CaO dos basaltos até os pegmatitos.
Razdes La/Lu variam entre 5,4 a 6,5 nos basaltos € 6,3 a 7,9 nos pegmatitos, mostrando que as segregagdes pegmatiticas
sdo geoquimicamente evoluidas em relagdo as suas rochas hospedeiras. Os cristais de plagioclasio nos pegmatitos sdo mais
sodicos que aqueles encontrados nos basaltos hospedeiros; teores de CaO dos piroxénios nos basaltos sdo maiores quando
comparados aqueles dos pegmatitos. Os resultados da modelagem geoquimica de elementos trago mostram que € possivel
que ocorra o fracionamento dos pegmatitos basicos a partir de basaltos com assembleia mineral composta por: 55 % em
peso de plagioclésio, 35 % em peso de clinopiroxénio, 10,0 % em peso de 6xidos de ferro e titanio. O processo ocorre como
cristalizagdo fracionada com 50% de fusdo residual.

Palavras-chave: Provincia fgnea do Parand; Derrames basalticos; Litogeoquimica; Cristalizagdo fracionada;
Elementos trago.
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INTRODUCTION

Over the last three decades, the Parana Igneous Province
(PIP) has been the central focus of numerous geochemi-
cal, geochronological, and/or isotopic characterizations
(Piccirillo and Melfi, 1988; Peate et al., 1992; Marques and
Ernesto, 2004; Licht, 2018). Recent studies have sought to
clarify the chemical classification, architectural framework,
morphology of the basaltic flows and their relationship with
volcaniclastic, volcanogenic, and sedimentary deposits
interspersed with them (Arioli and Licht, 2006; Waichel
et al., 2006; Rossetti et al., 2014; Licht and Arioli, 2018).

The PIP has more than 40 recorded occurrences of basic
pegmatites hosted in basaltic flows (Szubert et al., 1979;
Licht and Arioli, 2000; Wildner et al., 2006; Licht and
Arioli, 2018; Oliveira et al., 2020), described in the state
of Parana. Magmatic segregation processes are responsible
for the formation of a variety of structures within basaltic
rocks, which can be present in both flows and intrusions
(Hartley and Thordarson, 2009). Typical features related
to magmatic segregation are spherical vesicles, vertical
vesicle pipes, and differentiated pegmatitic or horizontal
vesicle sheets (Philpotts et al., 1996; Merle et al., 2005;
Hartley and Thordarson, 2009). For the magmatic segrega-
tion process to take place, a degree of magma crystallization
around 35% is estimated to be necessary (Philpotts et al.,
1996; Merle et al., 2005). At this stage, a crystalline frame-
work is formed in magma or lava that is strong enough to
allow the extraction of interstitial liquid without the mobi-
lization of crystalline phases (Philpotts et al., 1996; Merle
et al., 2005; Hartley and Thordarson, 2009).

By studying the processes that govern the crystalliza-
tion of pegmatitic structures formed in basaltic lavas, it is
possible to understand how these structures are generated
and to comprehend the evolution of inflated pahoehoe flows
from a chemical perspective. The pegmatites that are the sub-
ject of study of this work were sampled by borehole cores
obtained at the Itaipu Hydroelectric Power Plant. The study
area is in the city of Foz do Iguagu, in the western portion
of the state of Parand, which is approximately 650 kilome-
ters from the state capital, Curitiba (Figure 1). The Itaipu
Hydroelectric Power Plant (Itaipu Dam), the largest of its
kind in the Americas, was built on the border between Brazil
and Paraguay, on top of basaltic flows from the PIP.

MATERIALS AND METHODS

The analyzed samples belong to core sections of two bore-
holes from the Itaipu Dam collection. Petrographic thin sec-
tions were described from the host basalt and from the basic
pegmatites. Description and textural interpretations were car-
ried out in transmitted light with a Zeiss petrographic optical

microscope, in the microscopy laboratory of the Geology
Department (LAPEM-UFPR) and in the Mineral and Rock
Analysis Laboratory (Laboratorio de Andlise de Minerais e
Rochas — iLAMIR); the software AxioVision — Zeiss was
used for imaging. Textural and mineralogical aspects were
observed, such as mineral assemblages, crystal interfaces, crys-
tal sizes, and modal percentage of mineral species, in order to
investigate the crystallization processes of the studied rocks.

Geochemical data used in this work were obtained in
the mass spectrometer with inductively coupled plasma
(ICP-MS) laboratory at the Instituto de Geociéncias da
Universidade de Sdo Paulo (1Gc-USP), and at AcmeLabs
(Acme Analytical Labs Ltd). Major oxides were analyzed
by X-ray fluorescence (glass beads and lithium tetraborate).
Trace and rare earth elements (REE) were analyzed in an
ICP-MS (acid digestion of 0.2 g of sample). Unanalyzed ele-
ments are identified as non-determined (n.d.) in samples of
both pegmatites and host basalts. The analytical conditions
for data acquisition as well as detailed methodology are
described in Costa (2015) and Titon (2016).

Mineral chemistry analyses were carried out using a
Cameca SX50 electronic microprobe (equipped with 4 wave-
length dispersive spectrometer (WDS) and one energy dis-
persive spectrometer (EDS)) in the Microanalysis Laboratory
of'the Institute of Geosciences and Georesources (Istituto di
Geoscienze e Georisorse — IGQG) of the National Research
Council (Consiglio Nazionale delle Ricerche — CNR),
Padova, Italy. Analytical conditions for data acquisiton were
as follows: 15kV for chemical determination with a current
of 15 nA for plagioclase crystals and 20 nA for clinopyrox-
enes and oxides and a beam diameter of 1 um. Samples were
previously carbon coated. Natural and synthetic standards
were used for calibration. Uncertainties are less than 1% and
less than 5% for major and minor elements, respectively.

Interpretation of the analytical data and construction of
geochemical diagrams were carried out using the GeoChemical
Data Tool-Kit (GCDkit) software. Fe,O,  was separated
using the ratios defined according to the diagram Total
Alkali - Silica (TAS - [(Na,0+K,0) x SiO,]) by Middlemost
(1989): FeO/Fe,0, of 0.2 and 0.3 for basalts and pegma-
tites, respectively. Trace element geochemical modeling
was performed using fractionation equations by Cox et al.
(1979), considering the host basalts as primitive rocks and
the basic pegmatites as evolved rocks. Calculations were
carried out based on a mineral assemblage composed by
plagioclase, pyroxene, and oxides (Fe and Ti). The compo-
sitions used were those of samples L34-b2 (host basalt) and
L24-a2 (pegmatite) (Table 1), on a hydrated basis. The par-
tition coefficients used in the calculations were based on
Arth (1976), for basaltic magmas (Supplementary Material
1). Normalization factors used in the C/O ratios (calculated
value/observed value) followed Wood et al. (1979) for the
primordial mantle.
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Figure 1. Map of Parana showing Foz do Iguagu in the westernmost portion of the state and the location of Itaipu
Hydroelectric Power Plant, ca. 650 km from the state capital, Curitiba.

GEOLOGICAL CONTEXT
The Parana Igneous Province

During the Early Cretaceous, the South and Southeast
regions of Brazil experienced a massive magmatic event that
preceded the opening of the South Atlantic Ocean, result-
ing in one of the largest continental basaltic provinces in
the world (Marques and Ernesto, 2004; Janasi et al., 2011).
The rocks of the PIP are mainly represented by basaltic
flows and, subordinately, by acid volcanic rocks, charac-
terizing a bimodal-type volcanism, in which intermediate
volcanics are restricted (Marques and Ernesto, 2004; Licht,

2018). PIP basaltic magmatism is mainly composed of
inflated pahoehoe-type flows formed by continuous lava
injection, resulting in a process of basaltic flow inflation
(Self et al., 1998).

One of the earliest descriptions of basic pegmatites in
basaltic flows from the Serra Geral Group (Parana Igneous
Province — PIP) was given by Szubert et al. (1979) (Projeto
Cobre in Itapiranga, Santa Catarina). Later, Vasconcellos
et al. (2001) described the basic pegmatites as pegmatoid
gabbros as part of characterization studies of Serra Geral
Group basaltic flows. Basic pegmatites are observed within
inflated pahoehoe flows in the Guarapuava region, in which
top and bottom breccias also occur (Arioli et al., 2008).
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In Salto do Lontra (Parand), Ferreira (2011) describes mag-
netically susceptible basic pegmatites inside a 50-meter-
thick inflated pahoehoe flow. More recently, working in
the southwestern portion of Parana, Oliveira et al. (2020)
systematically describe the occurrence of pegmatite seg-
regations in multiple geochemically distinguished basaltic

flows, divided according to the classification proposed by
Licht (2018).

The rocks that make up the PIP have a bimodal charac-
teristic (Piccirillo and Melfi, 1988; Licht, 2018), approxi-
mately 90% of the rocks are mafic, classified as basalts and
andesi-basalts, and the remaining 10% are felsic, classified

Table 1. Chemical composition of host basalts and basic pegmatites from ltaipu Dam, western Parana. Total Fe is

expressed as FeO.

Sample L24-a1 L24-a2 L24-k1 L24-k2 L34-b1 L34-b2 L118-b1 L118-b2
Lithology Basalt Pegmatite Pegmatite Basalt Pegmatite Basalt Basalt Pegmatite

SiO, 49.8 52.9 49.0 52.4 51.7 49.8 49.4 50.1
TiO, 2.45 2.48 2.56 2.73 2.83 2.28 2.27 2.98
AlLO, 12.7 11.6 12.7 1.9 1.7 12.9 13.0 11.8
FeO 161 16.9 14.7 161 16.9 14.8 12.9 16.9
) MnO 0.23 0.20 0.18 0.16 0.21 0.20 0.21 0.22
g/'x?(ljoers MgO 4.77 3.24 5.59 3.82 3.51 5.53 5.46 410
(Wt. %) Ca0 9.78 6.76 9.74 6.31 6.55 9.41 9.58 7.76
Na,O 2.47 2.67 2.52 2.83 3.49 2.47 2.41 2.47
K,O 1.04 1.83 1.10 1.93 1.76 1.01 0.99 1.42
PO, 0.27 0.48 0.37 0.65 0.49 0.24 0.24 0.31
LOI 0.60 0.80 0.64 0.87 1.40 0.90 1.10 1.60
Sum 99.3 98.9 99.2 98.7 99.7 99.7 99.6 99.6
qz 3.59 9.48 1.61 8.11 4.41 2.71 2.58 5.93
pl 42.5 38.1 42.7 39.5 42.0 43.1 43.2 39.1
or 6.32 11.2 6.68 11.8 10.7 6.15 6.03 8.69
di 22.3 14.1 21.8 1.2 15.7 20.2 20.7 17.1
CIPW (%) hyp 15.3 16.4 17.0 18.0 15.7 18.3 18.1 17.6
im 4.77 4.86 4.99 5.36 5.55 4.44 4.43 5.85
mag 4.51 4.77 4.38 4.54 4.77 4.44 4.47 5.07
ap 0.65 1.16 0.88 1.55 1.18 0.58 0.58 0.74
mg# 0.25 0.18 0.21 0.29 0.19 0.28 0.28 0.21
Ba 322 556 333 571 438 314 313 440
Rb 21.7 41.8 25.2 48.0 41.6 20.4 20.6 30.2
Sr 365 343 363 373 334 367 378 351
zr 155 281 164 303 267 156 149 218
Nb 13.9 28.8 16.9 42.9 241 13.1 13.1 18.4
Ni n.d. n.d. n.d. n.d. 7.80 24.9 26.4 1.7
Co n.d. n.d. n.d. n.d. 35.8 43.2 45.8 38.6
Zn 101 101 109 126 94.0 63.0 68.0 93.0
Trace Cr n.d. n.d. n.d. n.d. 30.0 150 130 20.0
elements Y 29.9 44 1 31.0 44.9 42.7 26.0 27.4 34.4
(Ppm) Ta n.d. n.d. n.d. n.d. 1.50 0.80 0.90 1.10
Hf 3.90 7.30 4.20 7.80 6.70 4.30 4.20 6.10
Ga n.d. n.d. n.d. n.d. 21.3 17.7 19.1 18.9
Th 2.50 4.80 2.50 5.10 5.30 2.60 2.40 3.80
U 0.50 0.90 0.50 1.00 0.90 0.40 0.50 0.80
\ n.d. n.d. n.d. n.d. 498 485 493 556
Mo n.d. n.d. n.d. n.d. 0.40 0.30 0.40 0.70
Cu n.d. n.d. n.d. n.d. 341 206 324 312
Pb 3.60 6.50 3.70 6.20 2.30 0.70 0.80 0.80

Continue...
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Table 1. Continuation.

Sample L24-a1 L24-a2 L24-k1 L24-k2 L34-b1 L34-b2 L118-b1 L118-b2
Lithology Basalt Pegmatite Pegmatite Basalt Pegmatite Basalt Basalt Pegmatite
La 221 39.7 24.6 44.9 39.4 221 20.5 30.0
Ce 47.4 85.5 53.3 94.6 85.7 46.2 44 1 62.7
Pr 6.30 10.7 7.30 12.1 10.4 5.90 5.70 7.60
Nd 24.8 42.7 27.6 48.5 43.1 24.6 25.5 30.3
Sm 5.90 9.70 6.60 10.6 8.90 5.30 5.40 6.50
Eu 1.90 2.90 2.10 3.20 2.50 1.80 1.80 2.00
Gd 5.40 8.80 6.10 9.70 9.40 5.40 5.60 7.20
REE Tb 0.90 1.40 1.00 1.50 1.40 0.90 0.90 1.20
(ppm) Dy 5.20 8.30 5.70 8.80 8.00 5.20 5.20 6.60
Ho 1.20 1.80 1.20 1.80 1.60 1.10 1.10 1.30
Er 2.90 4.50 3.00 4.60 4.80 3.00 2.90 3.50
Tm 0.40 0.70 0.50 0.70 0.70 0.40 0.40 0.50
Yb 2.60 4.10 2.60 4.20 4.40 2.50 2.70 3.60
Lu 0.40 0.60 0.40 0.60 0.60 0.40 0.40 0.50
SumETR 128 221 142 246 221 125 122 164
Lan/Luy 5.80 6.90 7.90 6.50 6.90 5.80 5.40 6.30
Licht (2018) Type 1S Type 2 Type 2 Type 1S Type 4 Type1S Typel1S Type 3

LOI: Loss on ignition; S: South; n.d.: non-determined.

mainly as rhyolites and rhyodacites (Marques and Ernesto,
2004). The PIP has been the subject of numerous geochemi-
cal studies (Bellieni et al., 1984; Piccirillo and Melfi, 1988;
Peate etal., 1992; Gomes et al., 2018; Licht, 2018) seeking
to understand the evolution of its basaltic flows. Bellieni
etal. (1984) and Mantovani et al. (1985) proposed to divide
the PIP into distinct compartments, mainly using the con-
tent of TiO,. The low TiO, tholeiitic suite, in the north-
ern regions (Low titanium basalts: 1.4 + 0.1 wt.% TiO,;
0.04 wt.% P,O,; < 300 ppm Sr; < 30 ppm La; < 60 ppm
Ce; < 500 ppm Ba; #Sr/*Sr 0.707 — 0.710) and the high
TiO, tholeiitic suite in the southern regions (High titanium
basalts: 3.4+ 0.1 wt.% TiO,; ¥Sr/*Sr 0.704 —0.706 and high
levels in Rb, Th, and U). Subsequently, using SiO, content,
trace elements and incompatible elements concentrations
such as Sr, Zr and Y, Peate et al. (1992) and Peate (1997)
further subdivided the PIP into six distinct units or “magma-
types”. The high TiO, basalts (HTiB) were divided into 3
types, called Urubici, Pitanga, and Paranapanema, while
the low TiO, basalts (LTiB) were divided into Gramado,
Esmeralda, and Ribeira.

Using a database of more than 5,600 chemical analyses
of outcrops and borehole samples, Licht (2018) proposes
a new statistical division of basaltic flows from the PIP.
Statistical analysis of the geochemical data revealed gaps
of Si0, (62.02 wt.%), Ti (2.8499 wt.%), Zr (522.15 ppm),
and P (0.4127 wt.%), which result in high level (H) and low
level (L) groups that allow the subdivision of PIP volcanics
into 16 different groups. Basic rocks (SiO, < 62.02 wt.%)
form 8 groups and acid rocks (SiO, > 62.02 wt.%) another

8 groups. According to this new division, the most abun-
dant rocks in the PIP are classified into types 1 (LSi, LZr,
LTi, LP) and 4 (LSi, LZr, HTi, HP). Additionally, type 1
rocks are subdivided according to geographical criteria and
stratigraphic position into Type 1 Center-North and Type 1
South (Licht, 2018).

In the 1970s, during the construction of the Itaipu Dam,
numerous boreholes were drilled, which allowed the study
and more detailed characterization of the province’s stra-
tigraphy in the region. Costa et al. (2014) separated basalts
from the Itaipu Dam region into 10 different morphological
units based on geochemical analyses and facies description
of core samples. Geochemical and textural characteristics
adopted for this division reflect different processes during
the eruption episodes that generated these units. Overall, the
PIP lava sequence in the Itaipu region is composed of two
interspersed types of high TiO, magmas that occur as flows
with varied morphologies (pahoehoe, rubbly pahoehoe and
a’a’), which were conditioned by different effusion rates
(Costa et al., 2014).

Basic pegmatites

Pegmatites are very coarse-grained rocks, usually related
to late crystallization of acid magmas. This term is used in
two different senses: sometimes to designate the textural
aspect, sometimes to name a unit of rock. Jahns (1955)
defined pegmatites as: “holocrystalline rocks that possess,
at least in part, a very coarse fabric, having as major mineral
constituents those typically found in igneous rocks, but with
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the characteristic of presenting extreme textural variations,
especially with regard to the size of the crystals”.
Pegmatitic features are also described in the literature
associated with basaltic flows and, more restrictively, with
plutonic bodies of mafic composition (Walker, 1953; Puffer
and Horter, 1993; Hartley and Thordarson, 2009; Oliveira
et al., 2020). Basic pegmatites are somewhat frequent in
pahoehoe-type lava flows that have undergone inflation,
which increases their thickness and extent, as defined by Self
etal. (1998). Inflation occurs as the top and bottom portions
of the flow are transformed into rigid crusts by rapid cool-
ing (quenching), while the core remains thermally isolated
and liquid and rich in upward migrating volatile bubbles.
High temperatures in the flowing core are maintained by the
continuous injection of lava (Figure 2). After lava injections
cease, inflation is terminated and the temperature inside the
system decreases and, as a result, processes that lead to the

Source: adapted from Self et al. (1997).

concentration of differentiated liquids occur — which are
genetically associated with the host rock. Consequently, ver-
tical bodies (cylinders) are formed resulting from bubble
coalescence; when they encounter an upper rigid barrier,
they become horizontal (sheets), classified as basic pegma-
tites (Figure 2). Therefore, the main characteristics of these
pegmatitic segregations are: coarser granulation than the
host rock, abrupt contact between the pegmatites and the
host rock and mineral assemblage similar to that of basalts.
Although composed of the same minerals, pegmatites are
geochemically more evolved and occur in thick basaltic flows
or, less commonly, in intrusions (Walker, 1953).
Pegmatites have remarkably contrasting textures and
structures. Greenough and Dostal (1992) describe coarse-
grained pegmatitic layers made up of pyroxene, plagioclase,
subordinate skeletal Fe-Ti oxides and a quartz-feldspathic
matrix forming sharp contacts with the surrounding host

Figure 2. Schematic cross section of emplacement of a generic inflating pahoehoe sheet flow. Vertical scale is 5-50
meters. (A) Flow starts as a small, slow-moving, lobe of molten lava held inside a stretchable, chilled viscoelastic skin with
brittle crust on top. Bubbles are initially trapped in both the upper and basal crusts. (B) Continued injection of lava into the
lobe results in inflation (lifting of the upper crust) and new breakouts. During inflation, bubbles rising from the fluid core
become trapped in the viscoelastic mush at the base of the upper crust, forming horizontal vesicular zones. The growth
of the lower crust, in which pipe vesicles develop, is much slower. Relatively rapid cooling and motion during inflation
results in irregular jointing in the upper crust. (C) After stagnation, diapirs of vesicular residuum form vertical cylinders and
horizontal sheets within the crystallizing lava core. Slow cooling of the stationary liquid core forms more regular joints. (D)
Emplacement history of flow is preserved in vesicle distribution and jointing pattern of frozen lava.
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basalt. The layers show intersertal texture in a matrix of
devitrified glass. Within basalt flows from the Columbia
River Group (USA), pegmatitic segregations occur with dik-
tytaxitic texture and containing up to 15% inter-crystalline
voids. The mineral assemblage is comprised of plagioclase,
clinopyroxene, olivine, and opaque minerals all encom-
passed by a glassy mesostasis (Hartley and Thordarson,
2009). Although pegmatites have a coarser grainsize than
their host lava, they are largely aphyric. Pyroxene crystals
within the segregations often show a more well-developed
ophitic texture than those of the host lava and they may
display skeletal textures or graphic intergrowth textures
(Walker, 1953; Puffer and Horter, 1993; Philpotts et al.,
1996). The occurrences of basic pegmatites in the PIP are
similar to those described elsewhere. They present a sharp
contact with the host basalt and, mineralogically, both lithot-
ypes are very similar. The most distinguishing feature is
that crystals can be 5 to 20 times larger in pegmatites than
host basalts, reaching up to 60 mm in length (Oliveira et al.,
2020). In the southwestern region of the state of Parana, two
occurrences of pegmatites are described by Soares (2016).
They are medium- to coarse-grained porphyritic in a fine
to very fine brownish to reddish matrix. Submillimetric
microvesicles and, less frequently, centimeter-sized vesi-
cles filled with clay minerals and celadonite are common.

The definition for pegmatitic segregations has been
modified in the literature as new studies have been carried
out. The terms seek to reflect processes of formation along
with textural and compositional aspects. Several terms have
been used in the past to refer to basic pegmatites. Among the
most widely used are: pegmatitoids (an obsolete term used
by Lacroix, 1929; Dunham, 1933; Santin, 1969); differen-
tiated pegmatites by Walker (1953); mafic pegmatites by
Greenough and Dostal (1992) and Kontak et al. (2002); peg-
matitic segregations by Puffer and Horter (1993); pegma-
toidal gabbro-dolerite by Jefferson et al. (1994); pegmatitic
magmatic segregations by Philpotts et al. (1996); gabbros
by Vasconcellos et al. (2001); pegmatoid gabbros by Arioli
(2008); and basic pegmatites by Oliveira et al. (2020) and
Titon et al. (2021).

Of the more than 40 recorded occurrences of basic peg-
matites in the PIP, around 16 occurrences of basic pegma-
tites are described in southwestern Parand by Licht (2001)
and Oliveira et al. (2020), and yet another 14 occurrences
described by Arioli and Licht (2006). In the Guarapuava
region, 8 new occurrences are also described in the litera-
ture (Arioli et al., 2008). Basic pegmatites are identified
and described in only 2 of the basaltic flow units previously
studied in the Itaipu Dam region. They are named units 5
and 10, according to the nomenclature given by Costa et al.
(2015). Unit 5 has a maximum thickness of 49 meters and
is composed of massive aphanitic basalt with a vesicular/
amygdaloidal upper portion. The sub-horizontal pegmatitic

segregations are in the intermediate portion of the flow and
have interspersed contact with the host basalt and a medium
equigranular phaneritic texture. Unit 10 has a maximum
thickness of 40 meters and is composed of aphanitic basalt
with massive core and less pronounced vesicular/amygda-
loidal upper portion. Pegmatites of 5 to 50 centimeters thick
are described, with textural characteristics like those found
in unit 5 (Costa et al., 2015).

RESULTS

Petrographic aspects of
host basalts and pegmatites

Basalts display a microporphyritic texture in a fine, equi-
granular, and phaneritic matrix. They are holocrystalline to
hypocrystalline, intergranular to subophytic or interstitial,
(due to the restricted occurrence of devitrified interstitial
glass in the matrix) and massive. They are essentially com-
posed of 50 wt.% labradorite, 30 to 35 wt.% augite, and 5 to
10 wt.% metallic oxides, chemically identified as magnetite
and Ti-magnetite. Subordinately, the occurrence of iron
hydroxides gives the matrix a reddish color; clay miner-
als appear as filling diktytaxitic cavities or resulting from
devitrification processes (up to 5 wt.%). Labradorite occurs
as fine-grained compositionally zoned microphenocrystals
(up to 1.2 mm) and as very fine-grained crystals in the
matrix (0.2 — 0.5 mm) with subhedral habit (Figure 3A).
Crystals are sericitized and fractured with fine plagioclase
aggregate crystals displaying bifurcated end features (also
observed in pegmatite plagioclase crystals). This textural
feature, known as swallow-tail, frequently noticed in small-
sized plagioclase phenocrysts, is characterized by hollow,
H-shaped crystal margins (Renjith, 2014). It is interpreted
as a suddenly quenched skeletal texture associated to a rap-
idly increased growth rate in the final crystallization stages,
dependent on a high degree of undercooling (Shelley, 1992;
Viccaro et al., 2010). Augite is found in the matrix and as
microphenocrystals with anhedral granular habit (Figure 3A).
It is fine to very fine-grained with a grain size up to 0.8 mm
and is locally altered to opaque minerals (Figures 3B and
3C). Metallic oxides occur as very fine to fine-grained micro-
phenocrystals (up to 2.0 mm). They display anhedral habit
and irregular boundaries, with elongated or tabular shape;
skeletal and poikilitic textures are common, with plagioclase
and clinopyroxene inclusions. Opaque crystals in the matrix
are associated with iron hydroxides and augite alteration
products. Restricted interstitial glass is intensely oxidized
and reddish to orange in color (Figure 3C). It forms very
fine aggregates (between 0.1 to 0.4 mm) associated with
secondary minerals originated from devitrification processes.
This secondary material represents up to 5 wt.% of the rock,
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Aug: augite; Cel: celadonite; Lab: labradorite; Opq: metallic oxides (opaques); PPL: plane polarized light; XPL: cross polarized light.

Figure 3. Photomicrographic images of samples studied. (A) Different crystallization phases of labradorite in host basalts:
1- microphenocrystals; 2- fibrous and needle-like crystals in the matrix (L24-a in XPL). (B) Skeletal texture in metallic
oxides in host basalt. Note diktytaxitic cavities filled by celadonite (L24-k2 in PPL). (C) Diktytaxitic cavities filled by clay
minerals (yellow arrow) and augite crystals altered to metallic oxides (L24-k2 in PPL). (D) Medium-grained, equigranular
and phaneritic basic pegmatite. Skeletal texture in metallic oxides and microvesicles filled by celadonite are present
(L24-k1 in PPL). (E) Metallic oxide crystals encompassing labradorite crystals in basic pegmatite matrix (L24-k1 in PPL).
(F) Interface between host basalt and basic pegmatite are abrupt with no discernible transition (L24-a in XPL).
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mainly occurring in the interstices between crystals in the
matrix. Diktytaxitic cavities correspond to about 2 wt.% of
the rock; they have very irregular shapes and boundaries
and are filled with clay minerals and celadonite; sizes vary
between 0.2 to 0.4 mm.

Pegmatites are fine- to coarse-grained, inequigranular and
phaneritic, holocrystalline to hypocrystalline, and subophitic
to intergranular, with variolitic structure (Supplementary
Material 2). Phenocrystals reach up to 5.0 mm and crys-
tals in the matrix range between 0.4 to 1.0 mm (Figures 3B
and 3D). Pegmatites are composed of 30 wt.% labradorite,
40 wt.% augite, and up to 10 wt.% of metallic oxides (also
magnetite and Ti-magnetite). Subordinately, traces of apa-
tite occur (< 0.1 mm); up to 15 wt.% of diktytaxitic cavi-
ties and microvesicles and 5 wt.% of devitrified aggregates.
Labradorite occurs as subhedral phenocrystals, ranging from
3.0 to 5.0 mm (Figure 3D); crystals are clear and without
compositional zoning. Amidst the phenocrystals and associ-
ated with the microvesicles, aggregates formed exclusively
by very thin acicular plagioclase occur, with an axiolitic tex-
ture. Augite occurs as phenocrystals and in the matrix, with
sizes ranging from 0.8 to 4.0 mm. They are light brownish
anhedral granular to subhedral crystals and associated with
skeletal metallic oxides (Figures 3B and 3D). Metallic oxides
display acicular and square-like shapes (Figure 3E) and
are fine to coarse-grained (up to 5.0 mm). They occur as
inclusions in augite and labradorite crystals, as alteration
product (of augite), in the matrix an also as phenocrystals
with skeletal or poikilitic texture. Diktytaxitic cavities and
microvesicles are filled by clay minerals and celadonite
(Figures 3B and 3D). The boundary between basalt and
pegmatite is abrupt and undulating (Figure 3F), with no
discerning variation in mineral assemblages. This transi-
tion is evidenced by the sudden and marked change in the
grain size between the lithologies.

Lithogeochemistry

Eight samples were analyzed to determine major oxides,
trace and REE, 4 of which were from pegmatites and 4 from
host basalts. Table 1 contains major oxide data and Lost on
Ignition (LOI) in weight percentage as well as values and
trace and REE data expressed in ppm.

Major oxides

All four pegmatite samples are supersaturated in SiO,, with
normative quartz varying between 1.6 wt.% (L24-k1) and
9.5 wt.% (L24-a2). Other normative minerals are plagioclase
(38.1t0 43.2 wt.%), orthoclase (6.0 to 11.8 wt.%), diopside
(11.2 t0 22.3 wt.%), hypersthene (15.4 to 18.3 wt.%), ilmenite
(4.4 to 5.9 wt.%), magnetite (4.4 to 5.1 wt.%) and apatite
(0.6 to 1.6 wt.%). The magnesium number (Mg/ (Mg+Fe*")

ranges between 0.18 to 0.22 in pegmatites and 0.26 to 0.28
in basalts. TiO, content varies between 2.48 to 2.98 wt.%
in pegmatites and 2.27 to 2.73 wt.% in basalts (Table 1).
There is a direct correlation between the evolutionary degree
of the rocks and the aforementioned chemical contents, in
which basalts have generally lower TiO, values than peg-
matites and the opposite occurs with the magnesium number
(mg#). This indicates a slightly more evolved character of
pegmatites in relation to basalts.

In the TAS diagram, of Le Maitre et al. (2002), host rocks
are classified as basalts and pegmatitic segregations are clas-
sified as basalt, andesi-basalts, and basaltic trachy-andesite,
showcasing an enrichment of silica and alkalis from host
rocks to pegmatites (Figure 4). High K, O contents, evidenced
by the occurrence of normative orthoclase, reflect the pres-
ence of celadonite in microvesicles and diktytaxitic cavities.
In the AFM diagram [A = (Na,0+K,0); F = (FeO+Fe,0,);
M = (MgO)], by Irvine and Baragar (1971), the samples are
concentrated in the field of the tholeiitic series (Figure 5A),
with host basalts having higher MgO contents, and pegma-
tites grouped closer to the vertex that represents the sum of
alkalis. The higher evolutionary degree of pegmatites when
compared to basalts is further marked by this trend. In the
cation diagram, by Jensen and Pyke (1983), samples are clas-
sified as high-Fe tholeiitic basalts, consistent with its conti-
nental character (Figure 5B). Pegmatites are more enriched
in Fe _ + Ti and host basalts present higher levels of MgO,
which indicates the more primitive character of these rocks.

Geochemical variation diagrams (Figure 6), show an
enrichment of SiO, and TiO, and mild enrichment of FeO,
Na,O, and P,0,, from basalts to pegmatites. Conversely,
there is a depletion in ALO,, MgO, and CaO in pegmatites
when compared to basalts. Depletion in Al,O,, MgO, and
CaO is probably related to crystal fractionation of augite and
labradorite from basalts in relation to pegmatites (Cox et al.,
1979; Oliveira et al., 2020). The decrease in TiO, contents
in both basalts and pegmatites is linked with the crystalli-
zation of ilmenite and Ti-magnetite along with FeO, which,
in turn, can also be incorporated in augite. Pegmatites have
higher SiO, contents and, in general, are richer in TiO, when
compared to basalts. Depletion in AL,O,, along with the con-
sumption of CaO in basalts reflects more calcic plagioclase
members and higher Na,O contents in pegmatites reflect
more sodic plagioclase members which, again, attests for
the higher degree of differentiation for pegmatites.

Trace and rare Earth elements

Zirconium is an important petrogenetic element due to its
incompatible character in basic magmas (Rollinson and Pease,
2021). Therefore, during fractional crystallization processes, it
tends to be concentrated in the residual melt. Thus, Zr was used
as a fractioning element for trace element diagrams (Figure 7).
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Figure 4. TAS diagram (Total alkalis versus silica -
[(Na,0+K,0) x SiO,]) from Le Maitre et al. (2002). Dotted
line separates the subalkaline/tholeiitic and alkaline series,
as defined by Irvine and Baragar (1971).

Figure 5. (A) AFM diagram [A= (Na,0+K,0); F=(FeO+Fe,0,);
M= (MgO)] from Irvine and Baragar (1971). (B) Cation plot
[Al x (Fe,+Ti) x Mg] from Jensen and Pyke (1983).

Zr contents range from 148 to 156 ppm in basalts and from
164 to 303 ppm in pegmatites (Table 1). Nickel, a compatible
element during differentiation of basic magmas (Oliveira
et al., 2020; Rollinson and Pease, 2021), tends to be con-
centrated in the host basalts, being incorporated in the first
crystallization phases (i.e., metallic oxides, pyroxenes). On
the other hand, incompatible elements (e.g. large ion litho-
phile elements — LILE or REE), such as Rb and La, tend
to concentrate in residual melts (Cox et al., 1979; Rollinson
and Pease, 2021). Consequently, such elements are found
in greater amount in the pegmatites, which are crystallized
from late, residual liquids. Thus, when compared to host
basalts, pegmatites are enriched in Rb, La, and Ce.

The trace element diagram normalized to the pri-
mordial mantle of Wood et al. (1979) indicates that

pegmatites are overall enriched in trace elements when
compared to host basalts (Figure 8). The negative anom-
aly in Sr for both rock groups suggests that plagioclase
was an early fractionating mineral. The higher content
of P,O, in most pegmatite samples (Figure 6) reflects
the incompatibility of this element during the crystal-
lization process of mafic liquids. Scarce apatite crys-
tals are then crystallized in the final stages of pegma-
tite formation, depleting P,O, and other incompatible
elements in the segregated liquid (e.g. Y and La). The
low Uranium concentration indicates that the source of
these rocks was mantle-derived, possibly without sig-
nificant crustal contamination (Oliveira et al., 2020).
There is an enrichment of LILE-type elements, such as
Ba, Rb, and K in relation to high field strength elements
(HFSE ), such as Nb, Zr, Ti, and Y. Relative trace ele-
ment concentrations for pegmatites gradually contrast
those from host basalts, indicating different degrees of
fractionation for the pegmatitic segregations.

REE chemical signatures show parallel patterns for all
samples (Figure 9), suggesting that the two distinct groups
of rocks are co-magmatic. In addition, there is enrichment
in light rare earth elements (LREE) in relation to heavy rare
earth elements (HREE) for both groups of rocks. Pegmatites
are more differentiated in LREE than host basalts, however
HREE signatures are similar for pegmatites and basalts.
All samples are enriched in REE when compared to the
chondrite of McDonough and Sun (1995); although host
basalts REE signatures are closer to those of the chondrite,
showcasing its more primitive character. La/Lu, ratios vary
between 5.4 to 6.5 in basalts and 6.3 to 7.9 in pegmatites,
indicating that the latter group is more differentiated. Total
amount of REE in pegmatites (3 REE) is greater than that
of host basalts (Table 1). Apatite has a high partition coef-
ficient for HREE (Prowatke and Klemme, 2006; Rollinson
and Pease, 2021), therefore it is suggested that, although in
minor amounts in the rock, such elements are largely con-
centrated in this mineral. The absence of a Europium (Eu)
anomaly in pegmatites, expected in cases where the source
rock has retained this element due to distinct melt rates
associated with melt/solid compatibility, can be explained
by the fact that the two rock lithotypes are very similar
in geochemical and mineralogical terms. Both the source
rock (host basalt) and the segregated phase (pegmatites)
have significant amounts of plagioclase in their mineral-
ogical compositions. Similar amounts of plagioclase in
both rocks and subtle changes in plagioclase composition
(bytownite to labradorite) would not be expressive enough
to characterize a negative anomaly of Eu in pegmatites.
The observed geochemical and mineralogical changes from
a basalt to a basic pegmatite are of a more subtle charac-
ter, therefore both systems would have similar intakes of
Eu, rendering a negative Eu anomaly difficult to observe.
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Figure 6. Fenner-type variation diagrams for major oxides for host basalts and basic pegmatites. Dotted gray lines
represent the limits of elements according to the geochemical classification of Licht (2018) for the PIP, that is: LSi < 62.02%
< HSi; LZr < 522 ppm < HZr; LTi < 2.85% < HTi and LP < 0.413% < HP.

Figure 7. Variation diagrams for trace elements for host basalts and basic pegmatites. Dotted gray lines represent the
limits of elements according to the geochemical classification of Licht (2018) for the PIP, that is: LSi < 62.02% < HSi;
LZr < 522 ppm < HZr; LTi < 2.85% < HTi and LP < 0.413% < HP.

Mineral chemistry

Electron microprobe analyses (EMPA) were carried out on pla-
gioclase, pyroxene, and metallic oxide crystals in four samples
(Table 2): two from pegmatites and two from host basalts.
In total, ten plagioclase crystals from basalts and peg-
matites were analyzed, amounting to 55 points analyzed.

The Or-Ab-An (Deer et al., 2000) diagram was used to
classify the mineral species. Representative EMPA chemi-
cal analyses are shown in Table 2. Chemical compositions
for all the analyzed points can be found in Supplementary
Material 3, of this article. In host basalts, plagioclase chemi-
cal compositions range from labradorite to bytownite (An,,
to An,,). The lowest An value (An,,) corresponds to the rim
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Figure 8. Trace element diagram normalized by the
primordial mantle of Wood et al. (1979) for host basalts
and basic pegmatites.

Figure 9. Rare Earth Elements diagram normalized by the
chondrite of McDonough and Sun (1995) for host basalts
and basic pegmatites.

of one of the plagioclase crystals. In pegmatites, plagioclase
chemical compositions also vary from labradorite to bytown-
ite (An,, to An_,), but display a narrower range, with gener-
ally higher sodium/calcium ratios in the analyzed crystals
from the pegmatites compared to the basalts (Figure 10).
In general, plagioclase crystals that occur in pegmatites are
more sodium-rich than those in host basalts.

A total of nine clinopyroxene crystals were analyzed,
six of them from the host basalts and 3 from pegmatites,
amounting to a total of 47 analyzed points. The Wo-En-Fs
(Morimoto, 1988) diagram was used to classify the mineral
species. Representative EMPA chemical analyses are shown
in Table 2 and full chemical compositions for all the points
analyzed can be found in Supplementary Material 3 of this
article. Almost all clinopyroxene crystals are classified as
augite, apart from rare pigeonite crystals in the matrix of
host basalt L24-al (Figure 11). Wollastonite (Wo) content in
host basalts ranges from 36.4 to 44.0% in augite and 10.0 to
10.3% in pigeonite. In pegmatites, these contents are lower,
ranging from 34.6 to 42.2% and clinopyroxene crystals are
exclusively classified as augite. With respect to the silica

content, the composition of augite crystals is very similar:
48.7 to 51.2 wt.% in host basalts and 49.3 to 51.2 wt.% in
pegmatites (Supplementary Material 3).

MgO contents are also similar, ranging from 11.1 to
16.9 wt.% in host basalts and 13.5 to 15.0 wt.% in pegma-
tites, however, magnesium contents are less dispersed in
the latter group. Calcium content is comparable for both
groups of rocks: 16.8 to 19.7 wt.% in host basalts and 15.5
to 18.9 wt.% in pegmatites, but with a slight depletion of
calcium in pegmatites.

Overall, clinopyroxene and plagioclase crystals found in
host basalts are richer in CaO. In pegmatites, clinopyroxene
is more enriched in FeO (12.3 to 14.4 wt.%); MgO contents
are similar for both groups of rocks (Table 2). The composi-
tional variations in clinopyroxenes are not as evident as the
changes in the anorthite content observed in plagioclases.

The structural formula for metallic oxides was calcu-
lated on a basis of 6 or 32 oxygens, depending on the min-
eral species (ilmenite and Ti magnetite, respectively). 15
points analyzed (> 98%) in 8 crystals distributed between
host basalts and pegmatites indicates a composition com-
patible with ilmenite. TiO, contents vary between 47.6 to
53.4 wt.% and FeO from 43.1 to 48.2 wt.%. Cr,O, contents
reach up to 0.073 wt.% and MgO content is between 0.9 to
1.7 wt.%. Ilmenite crystals of pegmatites are richer in TiO,
(up to 53.4 wt.%) when compared to those of host basalts.
Approximately 13 analyses carried out in metallic oxides
of both pegmatites and host basalts define the occurrence
of Ti-magnetite. TiO, ranges from 0.37 to 29.4 wt.% and
FeO (total iron) ranges from 57.6 to 92.0 wt.%, with low
Cr,O, contents (< 0.10 wt.%). There is no significant differ-
ence between Ti-magnetite from host basalts and pegmatites
regarding chemical composition.

DISCUSSION

Co-geneticity and petrogenetic
aspects of pegmatites and host basalts

During fractional crystallization processes, the ratio
between an incompatible element and a very incompat-
ible one remains constant (Cox et al., 1979; Rollinson and
Pease, 2021). In Figure 12, ratios between Zr and Y are
constant for host basalts and pegmatites. However, there
is Zr enrichment in pegmatites when compared to basalts.
Zr and Y chemical behavior indicates that pegmatitic
segregations are generated from basalts, by a fractional
crystallization process.

In the trace element diagram (Figure 13A), pegma-
tite samples were normalized by host basalt L24-k2, the
sample with the highest mg# value (i.e., the least differ-
entiated one). It is clear that pegmatites are enriched in all
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Table 2. Representative EMPA chemical analyses of plagioclase, pyroxene and metallic oxides from host basalts and
basic pegmatites of the PIP, in ltaipu. Total Fe is expressed as FeO.

Basalt Pegmatite Basalt Pegmatite
Sample (n=5) (n=22) (n=18) (n=10)
L24a-1 L24a-2 L24k-2 L24k-1

SiO, 51.6 57.3 48.6 53.8 56.4 51.6 55.4 541
TiO, 0.09 0.07 0.04 0.09 0.08 0.09 0.08 0.11
AlLQ, 29.4 25.9 31.4 28.0 26.4 29.3 27.3 28.0
FeO 0.77 0.66 0.85 0.76 0.50 1.03 0.67 0.73
MnO 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.01
MgO 0.11 0.02 0.09 0.12 0.06 0.16 0.09 0.15
Ca0 13.0 8.17 15.3 114 9.14 12.8 10.1 11.2
Na,O 39.3 6.70 2.79 4.90 5.98 4.00 5.68 4.88
Cr,0O, 0.00 0.00 0.0 0.00 0.00 0.00 0.00 0.00
Sum 98.9 98.9 99.2 99.1 98.5 99.1 994 99.2
Si 9.50 104 9.00 9.83 10.3 9.49 10.1 9.85
Al 6.37 5.54 6.85 6.04 5.66 6.35 5.84 6.02
Ti 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01
Fe 0.11 0.10 0.13 0.11 0.07 0.15 0.10 0.10
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.08 0.00 0.02 0.08 0.01 0.04 0.02 0.08
Ca 2.56 1.58 3.08 2.22 1.78 2.52 1.97 2.18
Na 1.40 2.35 1.00 1.73 2.09 1.42 2.00 1.72
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum 20.0 20.0 20.1 20.0 19.9 20.0 20.0 20.0
Mlner_a I . Labradorite Andesine Bytownite Labradorite Andesine Labradorite Andesine Labradorite
Classification

Ab 23.2 451 154 30.2 39.4 23.8 35.9 30.3
An 76.8 54.9 84.6 69.9 60.6 76.2 64.1 69.7
Or 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Basalt Pegmatite Basalt Pegmatite
Sample n=7) (n=1) (n=14) (n=6)
L24a-1 L24a-2 L24k-2 L24k-1

SiO, 0.02 0.11 0.05 0.03 1.73 0.01 0.84

TiO, 51.9 26.2 51.4 50.6 20.9 53.4 15.7

AlLQ, 0.02 1.61 0.02 0.06 1.82 0.04 0.72

FeO 45.2 65.2 46.1 46.3 60.2 43.4 70.8

MnO 0.51 0.87 0.66 0.48 1.00 0.93 0.36

MgO 1.46 0.73 1.07 1.24 0.39 1.37 0.45

Ca0o 0.00 0.00 0.00 0.01 0.22 0.01 0.10

Na,O 0.00 0.00 0.00 0.00 0.25 0.00 0.02

Cr,0, 0.01 0.038 0.02 0.02 0.04 0.01 0.04

Sum 99.2 94.8 99.4 98.8 92.6 99.2 89.1

Si 0.00 0.03 0.00 0.00 0.54 0.00 0.32

Al 0.00 0.61 0.00 0.00 0.70 0.00 0.32

Ti 1.97 6.30 1.96 1.94 5.29 2.01 3.76

Fe 19.1 17.6 19.6 1.98 18.6 1.82 22.9

Mn 0.02 0.24 0.02 0.02 0.28 0.03 0.10

Mg 0.11 0.35 0.81 0.07 0.19 0.10 0.23

Ca 0.00 0.00 0.00 0.00 0.07 0.00 0.05

Na 0.00 0.00 0.00 0.00 0.15 0.00 0.01

Cr 0.00 0.00 0.00 0.00 0.01 0.00 0.01

Sum 4.01 25.3 4.03 4.05 25.9 3.97 27.7

Continue...
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Table 2. Continuation.

Mineral . Ti- . . Ti- . Ti-
A limenite . limenite limenite . limenite .
Classification magnetite magnetite magnetite
Basalt Pegmatite Basalt Pegmatite
Sample (n=13) n=9) (n=14) (n=11)
L24a-1 L24a-2 L24k-2 L24Kk-1
SiO, 49.9 50.5 49.9 50.2 50.0
TiO, 0.80 0.91 112 0.98 1.21
AlLQ, 0.60 2.21 2.32 1.77 2.11
FeO 28.1 11.0 141 135 13.3
MnO 0.63 0.24 0.34 0.32 0.33
MgO 141 15.1 14.7 135 14.2
Ca0 4.78 18.8 16.2 18.2 17.7
Na,O 0.02 0.22 0.23 0.22 0.21
Cr,0, 0.00 0.12 0.08 0.09 0.08
Sum 99.0 99.1 99.0 98.9 99.2
Si 1.96 1.90 1.90 1.92 1.90
Al 0.02 0.09 0.10 0.08 0.09
Ti 0.02 0.02 0.08 0.02 0.038
Fe 0.92 0.34 0.44 0.43 0.42
Mn 0.02 0.00 0.01 0.00 0.01
Mg 0.82 0.85 0.83 0.77 0.81
Ca 0.20 0.76 0.66 0.74 0.72
Na 0.00 0.01 0.01 0.01 0.01
Cr 0.00 0.00 0.00 0.00 0.00
Sum 3.99 4.02 4.01 4.01 4.01
C“glarlse;i?:cation Pigeonite Augite Augite Augite Augite
En 30.0 33.7 32.7 29.9 31.4
Fs 59.8 24.4 31.3 29.8 29.4
Wo 10.2 41.8 36.0 40.2 39.2
#mg 0.90 0.98 0.98 0.98 0.98

Figure 10. Or-Ab-An ternary classification diagram (Deer
et al., 2000) for analyzed plagioclases.

incompatible trace elements, with the exception of Sr and Ti,
whose values are very close to the values for the primitive
host basalt. This enrichment further demonstrates the more
evolved character of pegmatitic segregations. The similar

Figure 11. En-Wo-Fs ternary classification diagram
(Morimoto, 1988) for analyzed pyroxenes.

contents in Ti are attributed to the occurrence of ilmenite
and Ti-magnetite in both groups of rocks. The crystalliza-
tion of plagioclase in basalts can reduce the Sr content (Deer
et al., 2000; Rollinson and Pease, 2021).
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The REE diagram normalized by the most primitive host
basalt (Figure 13B) exhibits high REE concentrations for peg-
matitic segregations and a parallel trend between geochemical
signatures of host basalts and pegmatites. It further confirms
the hypothesis that pegmatites are fractionated from basaltic
melts by fractional crystallization of more evolved, segregated
liquids (Puffer and Horter, 1993; Hartley and Thordarson,
2009; Oliveira et al., 2020). Sample L118-b2 represents the
most primitive pegmatitic phase when compared to the host
basalts while L24-k1, the most differentiated pegmatite.

Fractional crystallization

Major oxides and trace element variation diagrams reveal
a linear trend between the groups of studied rocks, which
suggests a fractional crystallization model with melt segrega-
tion from more primitive, higher mg# rocks (host basalts),
resulting in more differentiated, lower mg# rocks such as
the basic pegmatites. Trace element geochemical modeling
was carried out using the fractionation equations of Cox
et al. (1979), with host basalts as primitive rocks (source
rock) and basic pegmatites as evolved rocks (residual melt).
The exact geochemical compositions of the samples can
be found in Supplementary Material 4. Calculations were
based on a mineral assemblage composed of plagioclase,
clinopyroxene, and Fe and Ti oxides. In order to develop a
geochemical model using trace element data and correlate
calculated trace element contents (C) to observed trace ele-
ment contents (O) (C/O), the Rayleigh fractionation equation
(Cox et al., 1979) was used.

Trace element comparative calculations demonstrate
that it is possible to derive pegmatites from the host basalts.
The basaltic liquid commences crystallization shortly after
being injected into an inflated pahoehoe-type lava flow.

During the cooling process, after lava flow stagnation, vol-
atiles exsolve from the liquid and tend to concentrate at
the lower crystallization front. They subsequently ascend
toward the upper parts of the flow, ultimately carrying the
melts that formed the pegmatitic segregations (Gomes
et al., 2022). As the crystallization process advances, it
leads to the formation of a firm crystal mesh (Philpotts
et al., 1996; Hartley and Thordarson, 2009) within the
basaltic liquid comprised mostly of plagioclase, augite, and
metallics. Simultaneously, the remaining liquid becomes
progressively enriched with incompatible trace elements
such as Y, La, and Ce, which display lower partition coef-
ficients with the solids being precipitated as illustrated in
Figure 14. As a result, these elements concentrate in the
more evolved liquid and will only be consumed in the

Figure 12. Zr vs. Zr/Y diagram for host basalts and
basic pegmatites. Note linear trend between both groups
of lithotypes.

Figure 13. (A) Trace element diagram for basic pegmatites normalized by primitive host basalt (L24-k2). (B) REE diagram
for basic pegmatites normalized by primitive host basalt (L24-k2).
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final stages of crystallization, after segregation, when the
pegmatites are generated. Both the host basalt and the
pegmatites contain expressive amounts of plagioclase in
their mineral assemblage. As observed in the chemical
classification diagram (Figure 10), there is fractionation
of a more calcium-rich plagioclase (bytownite) to a less
calcium-rich phase (labradorite), which would not generate
an anomaly in Eu, as both lithotypes contain plagioclase
in a significant percentage. This suggests that Eu is con-
sumed equally during the initial stages of the host basalt
crystallization and later, when the pegmatites are formed.
The behavior of trace elements during fractional crystal-
lization, based on their compatibility with solids, depicted
in Figure 14, demonstrates that the most incompatible ele-
ments will remain in the melt, leading to the enrichment
of the subsequently segregated liquid.

According to the geochemical modeling of trace ele-
ments, the formation of basic pegmatite L.24-a2 from host
basalt L34-b2 occurs when the basaltic crystal mesh reaches
approximately 55 wt.% plagioclase, 35 wt.% pyroxene, and
10 wt.% oxide (ilmenite and/or Ti-magnetite). At this point,
Al, Ca, and Mg would have been largely consumed in det-
riment to K, P, and Na (Figure 6). Additionally, compat-
ible trace elements such as Co and Ni will have been con-
sumed and concentrated mainly in the host basalt (Figure 7).

The melt extraction takes place in direct passage when 50%
of the original liquid crystallized, leaving the remaining
50% as residual melt. There is no formation of rocks with
intermediate chemical characteristics to these end members.
Careful consideration of the crystallization process and the
proportion of residual melt is crucial in understanding the
formation and geochemical characteristics of basic pegma-
tites arising from the fractional crystallization of basaltic
melts. Thermodynamic modeling of whole-rock composi-
tional data obtained from mafic pegmatites within pahoehoe-
type lava flows located in Capanema (Parana) has revealed
that the pegmatites were most likely the product of highly
fractionated melts that were formed after ~38 — 43% of
fractional crystallization of their host basalts (Gomes et al.,
2022). Trace element C/O ratios for F = 0.50 are shown in
Table 3. Results are near 1.00, showcasing the close cor-
relation between calculated values and measured values.
With these results, it is possible to determine that the for-
mation of basic pegmatites is compatible with a fractional
crystallization model with host basalts most likely being
the source rock (Figure 15A).

The subtle discrepancies in La, Ce, and Sm values
(Table 3) are related to the occurrence of residual apatite in
the pegmatites. REE partition coefficients for this mineral
are very high (D, =2.8; D, =3.2; D, =4.99), therefore the

Figure 14. Trace element mineral-melt partition coefficients for the major mineral phases and basaltic melt used in this

study. Data from Arth (1976) and Rollinson and Pease (2021).

-80 -

Geol. USP, Sér. cient., S&o Paulo, v. 23, n. 4, p. 65-85, Dezembro 2023



Geochemical modeling of basic pegmatites in Parana

presence of apatite greatly influences the concentration of
these elements in the liquid (Prowatke and Klemme, 2006).
Consequently, these elements would be progressively con-
centrated in the liquid during basalt crystallization (Figure 7)
but readily consumed during late-stage apatite crystalliza-
tion in the pegmatites. The optical identification of apatite in
basic pegmatites is not common and therefore, it is possible
that its occurrence is in a modal percentage below 1.00 wt.%
in these rocks. Hence, LREE would not be consumed dur-
ing the fractional crystallization of the mineral assemblage
observed in host basalts, remaining in the residual melt.

Tentatively, a different melt residual rate was applied
to test the consistency of the geochemical model proposed.
Initial and final liquid compositions and host basalt mineral
assemblage remained the same. For F = 0.40, the residual
melt, which would represent pegmatites, would be exces-
sively differentiated and, in this model, would result in the
crystallization of pegmatites with a different trace element
composition. For this scenario, trace element C/O ratios
are shown in Table 3; these values are not compatible with
this model of closed-system fractional crystallization.
Rocks generated from a residual melt rate of 0.40 would
be greatly enriched in LILE-type elements such as Ba, Rb,
and K (Figure 15B). Therefore, less differentiation of the
initial liquid would be necessary to allow the crystalliza-
tion of basic pegmatites with trace element concentrations
closer to those measured in reality.

CONCLUSIONS

In the western region of Parana State, in Foz do Iguagu, basic
pegmatites occur within inflated pahoehoe-type basaltic
flows from the Parana Igneous Province. Both pegmatitic
segregations and the basaltic flows that host them present
very similar mineral assemblage, however their textures
are remarkably different, attesting to their distinct devel-
opment. Host basalts are predominantly microporphyritic
in a very fine- to fine-grained, equigranular and phaneritic
matrix, whereas pegmatites are medium to coarse-grained
equigranular phaneritic. Additionally, specific textures
traditionally associated with rapid cooling occur in both
pegmatites and host basalts, such as plagioclase bifurcated
end features (swallowtail) and very fine, acicular crystals in
the matrix. Metallic oxides with skeletal habit and a mesos-
tasis comprised of devitrified microliths are also observed.

The geochemical aspects observed in the studied lithot-
ypes point out to their similar origin, albeit different evolu-
tion trends. Host basalts were originated from more primi-
tive melts, giving their higher mg# and lower TiO, contents,
in stark contrast to pegmatites. Moreover, it is possible to
visualize the melt evolution trend from basalts to pegmatites
in the Fenner-type variation diagrams that show enrichment
in Si0,, FeO, Na, 0, K,0, and P,O,, opposite to a deple-
tion in AL,O,, MgO, and CaO. These trends are in confor-

273
mity with the geochemical classification of Licht (2018), in

Table 3. Trace element C/O ratios calculated for fractional crystallization of basic pegmatites from residual melts of

host basalts.

F=050 Ba Rb Th K Nb La Ce Sr

Nd Sm Zr Hf Ti Tb Y

Tm Yb Ga

C/O 1.03 0.94 1.07 1.03 0.88 0.96 0.92 1.08 0.97 0.87

1.06 0.94 098 1.04 0.92 1.07 0.96 1.03

F=040 Ba Rb Th K Nb La Ce Sr

Nd Sm Zr Hf Ti Tb Y

Tm Yb Ga

C/O 1.25 117 133 1.256 1.09 1.13 1.08 1.08 1.14 1.02

1.30 1.10 1.00 1.22 1.07 1.30 1.11 1.22

Figure 15. (A) C/O (calculated vs. observed) trace element ratios for a geochemical fractional crystallization model based
on residual melt of F = 0.50, for host basalts and basic pegmatites of Itaipu. (B) C/O trace element ratios for a geochemical
fractional crystallization model based on residual melt of F = 0.40, for host basalts and basic pegmatites of Itaipu.
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which the basalts are classified as type 1 (low titanium and
phosphorous contents), while pegmatites (mainly andesi-
basalts and trachy-basalts) are classified as types 2, 3 or 4
(displaying varied contents in titanium and phosphorous).
The same deportment can also be seen in LILE-type ele-
ments, where pegmatites show an enrichment in Ba, Rb, Th,
and K in relation to basalts, which is expected in incompat-
ible elements that tend to concentrate in residual (i.e. more
evolved) melts. Similarly, La/Lu, ratios range between 5.4
to 6.5 in host basalts and 6.3 to 7.9 in pegmatites, indicating
a higher degree of REE fractionation in the former, dem-
onstrating that they are more differentiated and, therefore,
more evolved. Although they present different evolutionary
paths, the REE signature of all the studied rocks points to
a single source rock generating a melt that originated both
sets of lithotypes due to the strong parallel trend between
them. These characteristics are in agreement with a crys-
tallization model in which pegmatites were generated from
more evolved segregated liquids than those responsible for
the formation of the basaltic flows.

Finally, the geochemical signatures obtained, such as
the ratio between incompatible elements (Z1/Y), indicate
that the pegmatitic segregations were generated from host
basalts through fractional crystallization and with no inter-
mediate end members. According to the results of trace
element geochemical modeling, the fractionation of basic
pegmatites initiated with the crystallization of an originally
more primitive liquid, generating the host basalts and, at
50% magma crystallization, a residual and more differen-
tiated liquid was segregated, generating basic pegmatites.
Melt segregation occurred after a basaltic crystalline frame-
work had formed with a mineral assemblage composed of
55 wt.% plagioclase, 35 wt.% pyroxene, and around 10 wt.%
oxides (ilmenite and/or Ti-magnetite).
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