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The origin of granitoids has fascinated geologists since the famous meeting of the
Geological Society of France in 1847 [1]. This interest stems from the fact that granitic
rocks are the most abundant rock type in the upper continental crust, with their source
rocks located in the lower crust and/or upper mantle. Moreover, they are important to
geologic evolution, as their diversity has been interpreted to result from tectonic processes
and the compositional variability of the crust. Granitic rocks are primarily composed of
quartz, alkali feldspar, and plagioclase, which together define their fundamental felsic
mineralogical framework. Additionally, these rocks may contain smaller and variable
amounts of biotite, amphibole, and/or pyroxenes, which contribute to their mineralogical
diversity and reflect variations in their magmatic and tectonic histories. Granitoids can
include a large number of accessory phases such as tourmaline, garnet, apatite, zircon,
apatite, titanite, epidote, topaz, monazite, and metal ore minerals. Deposits of precious
and rare metals, such as Au, Mo, Sn, and many others, are directly or indirectly associated
with granites.

The mineral chemistry of the major mineral phases constitutes an important tool for
assessing the geochemical affinities and magma sources of the host granitoid and estimat-
ing the crystallization conditions of the magma from which they originated [2-8]. The
chemical composition of accessory minerals also contributes to the understanding of the
crystallization conditions of granitic magmas. The titanite composition is used to estimate
pressure and temperature [9]; Fe-Ti oxide compositions are dependent on the redox con-
ditions and magma nature [10] and were used in the process of granite classification [11];
epidote has been used to estimate the crystallization pressure, fO,, and ascension rate of
epidote-bearing magmas [12,13]. It is important to highlight zircon because, in addition
to its important geochronologic and isotopic tracer (U-Pb/Lu-HY), its trace elements com-
position has been the subject of numerous studies to infer the physicochemical conditions
of magma, the components involved in the source, and hydrothermal alterations [14-17],
among other factors.

This Special Issue “Mineral Chemistry of Granitoids: Constraints on Crystallization
Condition and Petrological Evolution” includes ten contributions on mineral chemistry,
whole-rock geochemistry, isotopic chemistry, tectonic setting, and mineral deposits associ-
ated with granitic rocks.

The paper by El-Fatah et al. (Contribution 1) presents a detailed study of the Neopro-
terozoic post-collisional El Bakriyah granitic ring complex, syenogranite core, and alkali
feldspar granite rim, intruded into monzogranites, from the Central Eastern Desert in
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Egypt. The studied granites are peraluminous, ferroan, and A-type, and they have E, B, Nb,
and Ta in considerable concentrations, either in the form of rare metal dissemination or as
veins of fluorite and barite. The authors concluded that the granitic magma was generated
by high-T dehydration melting of a mixed crust-mantle source, primarily composed of
metasediments and amphibolite. The formed magma underwent high fractionation, pro-
ducing felsic magma emplaced in a within-plate setting. The monzogranitic country rock
was emplaced in the transition between the arc and anorogenic settings.

The paper by Zhao et al. (Contribution 2) deals with the study of a highly differen-
tiated I-type composite granitic pluton from Southern Jiangxi Province in China and its
relationship with mineralization. Whole-rock geochemistry and the chemistry of biotite
and zircon were used to analyze the rock-forming physiochemical and the genetic type of
granite. The achieved temperatures (774-777 °C) were lower than those of A-type granites
but were close to those reported for highly differentiated I-type granites. The three zircon
U-PDb crystallization ages of the two granites were similar: 152 = 1 Ma, 151 &+ 1 Ma, and
149 + 1 Ma. The authors concluded that the studied granites were formed during Late
Jurassic large-scale magmatic activity in an extensional tectonic setting, following the sub-
duction of the Pacific Plate into the Nanling hinterland during the post-orogenic stage.
They also found that the high differentiation, high F content, and low oxygen fugacity
recorded in the studied granites are conducive to the large-scale mineralization of Sn, Mo,
and fluorite.

The paper by Li et al. (Contribution 3) analyzes LA-ICP-MS zircon U-Pb ages and
whole-rock geochemistry data from Mo-associated granitoids of the Aolunhua intrusion
in Inner Mongolia, NE China, and discusses the Mo-associated granitoids with granite
porphyry and the source of the ore-forming rocks of the deposit. The zircon data reveals the
crystallization age of the studied granite at 135 + 1 Ma, correlating it with the widespread
Yanshanian intermediate—felsic magmatic activity. Based on the crystallization age, zircon
trace element data, and whole-rock geochemistry, the authors concluded that the granite
porphyry was formed by the crystallization of crust-derived magmas during a transitional
tectonic setting, from compression orogeny to back-arc extension. The Aolunhua ore
deposit is within the Cu-Mo metallogenic belt at the northern flank of the Xilamulun River
deep fracture. Based on a comparison with other Mo deposits along the banks of the
Xilamulun River, the authors proposed that the Tianshan-Linxi constitutes an important
Mo metallogenic belt.

Cathelineau et al. (Contribution 4) present a study on two aplite and associated
pegmatite dyke swarms from Segura, Portugal. The studied granitoids have high con-
centrations of fluxing elements (Li, P, F), ranging from 1.5 to 5.0 compared to highly
differentiated peraluminous granites, and present a wide variety of Li, Na, Fe-Mn, and
Ca-Sr phosphates. Micro-X-ray fluorescence chemical imaging was used to establish the
phosphate crystallization sequence. The magmatic differentiation resulted in a P- and
Li-rich melt, with the primary crystallization of the amblygonite-montebrasite series and
Fe-Mn phosphates. The primary phosphates were replaced by lacroixite during a stage
of high Na activity, and external Ca- and Sr-rich hydrothermal fluids replaced the pri-
mary Li-Na phosphates with phosphates from the goyazite—crandallite series, followed by
apatite formation.

The paper by Jiang et al. (Contribution 5) presents the mineral chemistry of K-feldspar,
plagioclase, and biotite, along with Hf zircon isotopic data, Sr-Nd isotopes of the whole
rock, and zircon trace element data to discuss the source and physicochemical conditions
during the formation of Neoproterozoic Bure adakitic rock in the Western Ethiopian Shield.
Based on the results, the authors concluded that the magma was emplaced at a depth of
approximately 6.39~10.2 km (1.75~2.81 kbar), under relatively high oxygen fugacity (logfO,
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varying from —18.5 to —4.9), with a crystallization temperature ranging from 659 to 814 °C.
They also concluded that the magma was generated by the melting of a Neoproterozoic
juvenile crust, coeval with early magmatic stages in the Arabian Nubian Shield.

Ghoneim et al. (Contribution 6) present a systematic study of Neoproterozoic alkali
feldspar granite from the Arabian Nubian Shield. This study involved petrography, mineral
chemistry, and whole-rock geochemistry. These granites contain significant rare metal
mineralization, including thorite, uranothorite, columbite, zircon, monazite, xenotime,
pyrite, rutile, and ilmenite. The studied granites are highly fractionated peraluminous,
with calc-alkaline affinity and A-type characteristics post-collision, emplaced under an
extensional regime of within-plate environments. The authors concluded that the granitic
magma evolved through a significant degree of fractionation and that coeval basaltic
magmas supplied the necessary heat to melt the crust and provided volatile substances that
seeped into the lower crust, resulting in the formation of A-type granite through partial
melting of the crust.

Liu et al. (Contribution 7) present a systematic study of A-type Mesoproterozoic
porphyritic granites on the northern margin of the North China Craton, including whole-
rock geochemistry, zircon Hf isotopes, and zircon U-Pb geochronological data. Two of the
studied granites have similar crystallization ages of 1285 &+ 3 Ma and 1279 4+ 6 Ma. The
whole-rock geochemistry classified the studied granites as weakly peraluminous A;-type
granites. The Hf isotopic data suggest that the magmas were derived by partial melting of
ancient crustal material. They concluded that the studied granites formed in an intraplate
tectonic setting during continental extension and rifting of the north margin of the North
China Craton, associated with the late break-up stage of the Columbia supercontinent.

The paper by Cathelineau and Kahou (Contribution 8) used a Modified Quartz-
Feldspar Diagram to discriminate muscovitisation processes in the Beauvoir Greisen and
compared them to representative series of greisen data from the literature: Cligga Head,
Cinovec, Panasqueira, Zhengchong, and Hoggar. Whole-rock geochemical data were
obtained by ICP-OES and ICP-MS in unaltered and altered Beauvoir granites from the
French Central Massif. Composite and elemental maps using micro-X-ray fluorescence
were used to quantitatively determine the relative mineral proportions. They concluded
that whole-rock geochemistry provides important information on the main trends of water—
rock information, and that substantial muscovite formation, as recorded in the studied
area, is explained by a fracture network that channelized fluids in disequilibrium with the
mineral assemblage of the granites, particularly albite.

The paper by Engevik et al. (Contribution 9) presents bulk-rock geochemical data,
including O-, H-, Sr-, and Nd-isotopic data and zircon and titanite U-Pb geochronolog-
ical data for Proterozoic and Early Palaeozoic dry gneisses and granitoids in Dronning
Maud Land, Antarctica. The granitoid crystallization ages were defined by zircon U-Pb at
520 £ 1.0 Ma, while the U-Pb titanite age of 485 & 1.4 Ma was interpreted as the alteration
age. The gneiss samples were dated by whole-rock Rb-Sr at 517 + 6 Ma and Sm-Nd at
536 4+ 23 Ma. The Sr and Nd isotopic data suggest that the gneiss was derived from a
relatively juvenile source but underwent a significant metasomatic effect that introduced
radiogenic Sr into the system. The granitoid isotopic data indicate a derivation from Mid-
Proterozoic crust, with some additions of mantle components. This paper also highlights
the importance of fluids intruding into the studied rocks, causing changes to the rock’s
appearance, mineralogy, and chemistry.

The paper by Lima et al. (Contribution 10) presents a review of mineral chemistry
and crystallization conditions of Ediacaran-Cambrian (580-525 Ma) A,-type granites from
the central sub-province of Borborema Province, Northeastern Brazil. This study reviews
published whole-rock and mineral chemistry data from thirteen Ediacaran-Cambrian A-
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type intrusions and a related dike swarm, presenting new zircon trace element data for five

of the intrusions. The studied granitoids are ferroan, predominantly metaluminous, and

mostly alkalic-calcic, crystallized under low fO, conditions, with temperatures ranging
from 990 to 680 °C and pressures of 4 to 7 kbar (crustal depths of 12 to 21 km). The zircon
trace elements data suggest post-magmatic hydrothermal processes, which the authors

interpreted as being associated with shear zones reactivation.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Ediacaran-Cambrian magmatism in the Central Subprovince (Borborema Province, NE
Brazil) generated abundant A-type granites. This study reviews published whole-rock and mineral
chemistry data from thirteen Ediacaran-Cambrian A-type intrusions and a related dike swarm. It
also presents new mineral chemistry and whole-rock data for one of these intrusions, along with
zircon trace element data for five of the intrusions. Geochronological data from the literature indicate
the formation of these A-type intrusions during a 55 Myr interval (580-525 Ma), succeeding the
post-collisional high-K magmatism in the region at c. 590-580 Ma. The studied plutons intruded
Paleoproterozoic basement gneisses or Neoproterozoic supracrustal rocks. They are ferroan, metalu-
minous to peraluminous and mostly alkalic—calcic. The crystallization parameters show pressure
estimates mainly from 4 to 7 kbar, corresponding to crustal depths of 12 to 21 km, and temperatures
ranging from 1160 to 650 °C in granitoids containing mafic enclaves, and from 990 to 680 °C in
those lacking or containing only rare mafic enclaves. The presence of Fe-rich mineral assemblages
including ilmenite indicates that the A-type granites crystallized under low fO, conditions. Zircon
trace element analyses suggest post-magmatic hydrothermal processes, interpreted to be associated
with shear zone reactivation. Whole-rock geochemical characteristics, the chemistry of the Fe-rich
mafic mineral assemblages, and zircon trace elements in the studied granitoids share important
similarities with Aj-type granites worldwide.

Keywords: A-type granite; post-collisional; Borborema Province

1. Introduction

Granitic magmatism is essential for continental crust differentiation [1-4]. The origin
of granitic magmas is either explained by fractionation of mantle-derived magmas, partial
melting of different crustal lithologies induced by mantle heat flow, or the mixing of
mantle- and crust-derived melts [5-9]. Heat transfer, as hot magmas ascend through the
continental crust, may result in additional partial melting processes and the incorporation
of the surrounding rocks, increasing the chemical and petrological complexity of granitic
rocks [10-13]. Granites are widespread worldwide and have intruded into the Earth’s
crust throughout all geologic periods, in a manner associated with several geodynamic
processes [14-17]. Despite their relatively simple mineralogy, granites commonly show a

Minerals 2024, 14, 1022. https:/ /doi.org/10.3390/min14101022 6

https:/ /www.mdpi.com/journal /minerals



Minerals 2024, 14, 1022

wide array of modal and chemical compositions, reflecting the different processes associated
with their emplacement and genesis [18-20].

The term A-type granite was introduced to define a specific group of iron-enriched
granites with alkaline affinities, characterized by an anhydrous mineral assemblage, formed
under low oxygen fugacity (fO,) conditions, interpreted as intruded in an anorogenic
tectonic setting [21]. However, since this definition, studies have shown that A-type
plutons have a broader compositional range and may form in many tectonic settings, which
has sparked a long-standing debate about their genesis and tectonic significance [22-33].

Overall, the mineral assemblage of A-type granites is composed of iron-rich (e.g., annite,
siderophyllite, Fe-hedenbergite, Fe-hastingsite, fayalite) and/or alkali-rich (e.g., aegirine,
arfvedsonite, and riebeckite) mafic silicates, associated with perthitic feldspars [18,23,28].
Geochemically, A-type rocks have high total alkalis (K,O + NayO); high field strength (HFS)
and rare earth element (REE) contents; high Fe# [FeOt/(FeOt + MgO)] values; and low MgO,
CaO, Eu, and Sr contents [22,23,31].

In contrast with the initially proposed anorogenic origin [21], most studies indicate
that A-type granites are emplaced in a variety of environments, both in post-collisional
(e.g., orogenic collapse, strike-slip shear zones) and extensional settings (e.g., within-
plate, rift, back-arc) [23,32,34]. Although it is generally accepted that A-type granites
crystallize at higher temperatures and under more reducing conditions than other types
of granite, the sources and crystallization conditions for A-type granite formation are
also debatable [22,27,29]. Three main processes have been proposed to produce most
A-type compositions, as summarized by Frost and Frost [22]: extreme differentiation from
a basaltic source (with incremental degrees of crustal assimilation), partial melting of
tonalitic—granitic crust, or a combination of the previous two processes.

In the Borborema Province of NE Brazil, abundant Ediacaran—-Cambrian A-type gran-
ites have been reported in the Central Subprovince [35-40]. These granites are essential for
understanding the multiple episodes of post-collisional deformation during the final stages
of the Brasiliano Orogeny and its Pan-African counterparts [35,37,40]. Furthermore, the
expressive A-type magmatism in the region provides valuable insights into the processes
and conditions associated with A-type granites.

In this study, we review the mineral chemistry and whole-rock data of 13 A-type
granitic plutons and a related dike swarm in the Central Subprovince of the Borborema
Province, NE Brazil. Most of the data were compiled from scientific articles, but unpub-
lished data, including those obtained from academic works (dissertations and theses), were
also included. Additionally, we present new zircon trace element data for five of these
granitic intrusions. The aim is to contribute to the discussion and enhance knowledge of the
magmatic processes involved in the genesis of A-type granites and provide new insights
into the geodynamic evolution of the later stages of the Brasiliano-Pan-African Orogeny in
the Borborema Province.

2. The Borborema Province Geological Background

The Borborema Province (BP), located in northeastern Brazil, is limited to the north, the
east, and the west by Phanerozoic sedimentary basins, and to the south by the Sao Francisco
Craton. The BP (Figure 1A) is an orogenic belt formerly located in the northwestern—central
part of West Gondwana, formed via the convergence and collision of the West Africa, Congo-
Sao Francisco, and Amazonia Cratons during the Cryogenian-Ediacaran (c. 600-630 Ma),
in an event known as the Brasiliano—-Pan-African Orogeny [41-44].

The BP is divided by the large E-trending Patos and Pernambuco shear zones into
three subprovinces (Figure 1B), i.e., North, Central, and South, and each subprovince is
subdivided into tectonic domains [43,45]. The studied intrusions are located in the Central
Subprovince (Figure 1B).

Opverall, the geology of the Borborema Province can be summarized into Paleoproterozoic
gneiss—-migmatite basement complexes (c. 1.98-2.20 Ga) with Archean nuclei [45—48]; partly
overlain by Neoproterozoic metasedimentary-metavolcanic supracrustal sequences [49-53];



Minerals 2024, 14, 1022

intruded by widespread Neoproterozoic predominantly granitic magmatism [54-60]; and
cut or bounded by large transcurrent shear zones trending NE or E, with possible continua-
tion into the African continent [61-65].

The first stages of the Neoproterozoic tectonic evolution of the Borborema Province
have been the subject of continuous debate (e.g., [42,50]). Some authors propose an accre-
tionary model involving terrane accretion episodes throughout the Neoproterozoic [66-70].
In contrast, Neves [50,71] proposed an intracontinental model with the closure of small
basins with limited oceanic crust, in agreement with proposals of a contiguous basement be-
neath the proposed terranes since the Paleoproterozoic [72-75]. Alternatively, a model con-
sisting of a complete Wilson cycle with continental rifting, followed by subduction of large
oceanic realms and a subsequent collision has also been proposed [42,52,56,64]. Diverging
interpretations regarding the tectonic setting and evolution of the Tonian tectonothermal
event (c. 1.0 Ga, Cariris Velhos Event), and a lack of agreement regarding the interpretation
and significance of potential Neoproterozoic suture zones and magmatic arcs, make it
difficult to achieve a consensus regarding the tectonic evolution of the BP and are beyond
the scope of this review.

|:| Phanerozoic cover D Alto Moxotod Domain
Ediacaran—Cambrian - ) __ ;
A-type granites Rio Capibaribe Domain
Cryogenian/Ediacaran Midle to High-K Northern subprovince
calc-alkaline and shoshonitic granitoids Rio Grande do Norte

Southern subprovince Domain

I:I Sergipano Domain D Ceara Central Domain

I:I Pernambuco-Alagoas Domain |:| Médio Coreall Domain

I:l Riacho do Pontal Domain —— Dextral shear zone

Central subprovince e .1t
P — Sinistral shear zone

- Pianco Alto Brigida Domain e Thrust ~N

D Alto Pajeu Domain

Figure 1. Geological maps illustrating the regional context and the location of the studied plutons [73].
(A) Major domains and shear zones of the Borborema Province [73]. Abbreviations—PaSZ: Patos
Shear Zone; WPSZ and EPSZ: West and East Pernambuco Shear Zones; SSZ: Sobral Shear Zone; SPSZ:
Senador Pompeu Shear Zone; JSZ: Jaguaribe Shear Zone; JCSZ: Joao Camara Shear Zone; PASZ:
Portoalegre Shear Zone; RSZ: Riachao Shear Zone; TSZ: Taua Shear Zone; (B) Central Subprovince of
the Borborema Province with studied plutons highlighted in orange (adapted from Lima et al. [73]).
Abbreviations—CoSZ: Coxixola Shear Zone; CSZ: Congo Shear Zone; AISZ: Afogados da Ingazeira
Shear Zone; SCSZ: Serra do Caboclo Shear Zone. Studied plutons: 1—Aroeiras Pluton; 2—Bravo
Pluton; 3—Piléezinhos Pluton; 4—Serra Branca Pluton; 5—Serra Branca dike swarms; 6—Queimadas
Pluton; 7—Marinho Pluton; 8—Prata Complex; 9—Serra da Engabelada Pluton; 10—Serrote Santo
Antonio Pluton; 11—Pereiro Pluton; 12—Serra do Velho Zuza Pluton; 13—Ac¢ude do Carod Pluton;
14—Boqueirao Pluton.
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During the post-collisional stages, the evolution of the BP was primarily controlled
by strike-slip tectonics, with a network of fault zones that favored the formation of local
extensional zones. During this period, the BP was affected by the widespread intrusion of
high-K post-collisional, “A-type’ plutons and dike swarms, mineralizing events associated
with pegmatites, and the influx of hydrothermal fluids during shear zone reactivation, as
well as the development of sag basins with the collapse of orogenic chains and rupture of
the continental crust [35,40,76-78]. The different groups of A-type granites that intruded
the Central Subprovince at c. 580-525 Ma, mark episodes of tectonic shift and provide
insights into the post-collisional evolution of the Borborema Province and are the subject of
this review [35,37,73].

3. Geological Context of the Studied A-Type Granites
3.1. Introduction

The studied granitoids are primarily intruded within the Alto Moxoté6 Domain, often
near the boundaries with the Alto Pajet and Rio Capibaribe Domains, whereas the Serrote
Santo Antonio and Pil6ezinhos plutons are intruded in the Alto Pajeti domain (Figure 1B).
The Alto Moxoté Domain comprises Paleoproterozoic units enclosing some Archean nuclei,
overlain by Neoproterozoic supracrustal rocks [47,75,79]. The A-type granitic intrusions are
associated with E-trending (Aroeiras, Queimadas, Serra Branca, and Marinho e Pil6ezinhos)
and NE-trending (Boqueirao, Pereiro, A¢ude do Caroa, Serra do Velho Zuza, Bravo, and
Prata Complex) strike-slip shear zones. The Serra da Engabelada intrusion forms an isolated
pluton proximal to the Prata Complex (Figure 1B).

3.2. Aroeiras Complex

The Aroeiras Complex intrudes Paleoproterozoic orthogneisses and migmatites, and
Cryogenian—-Ediacaran metasedimentary rocks and older granitic plutons (Figure 1B).
It comprises a 100 km? sigmoidal-shaped igneous complex that was emplaced during
the development of an extensional site associated with the synchronous activity of the
E-trending dextral Timbauba-Coxixola and NE-trending sinistral Batista shear zones. It
comprises felsic sheets dated at 585 &= 6 Ma (U-Pb zircon LA-ICPMS) and small intermediate
bodies cut by late felsic dikes dated at 545 &= 4 Ma [35] (U-Pb zircon SHIRIMP).

The Aroeiras Complex comprises porphyritic to equigranular biotite-hornblende
monzogranite to biotite syenogranite (Figure 2A), with prismatic allanite and zircon, acicu-
lar apatite, and ilmenite mantled by titanite as the main accessory phases. Intermediate
lithotypes comprise hornblende-biotite diorite and quartz diorite. Ovoid microgranular
mafic enclaves with crenulated borders, double-enclave relations, and hybrid rocks with
a rapakivi-like texture are interpreted as evidence for mingling (Figure 2B,C) and mixing
processes in the complex [35].

3.3. Bravo Pluton

The Bravo Pluton is a ~40 km? intrusion emplaced at 581 + 2 Ma (U-Pb zircon LA-
ICPMS) between the NE-trending sinistral Cabaceiras and E-trending dextral Sao José dos
Cordeiro shear zones [39]. It comprises leucocratic, coarse-grained to porphyritic biotite
syenogranite to monzogranite, with K-feldspar phenocrysts surrounded by a medium-
grained matrix composed of quartz, feldspars, and mafic minerals (biotite and amphibole),
with titanite, apatite, allanite, Fe-Ti oxides, and zircon as the main accessory phases [39].
Oval-shaped microgranular enclaves with a granodiorite to diorite composition and typical
features of hybridization are commonly found along the margin of the pluton. Fine-grained
monzogranitic rocks and aplite dikes locally cut the coarse-grained lithotypes.
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Figure 2. Field aspects of the studied granitoids. (A) Porphyritic syenogranite from the principal
facies of the Aroeiras Complex; (B,C) the mingling of diorite with the syenogranite in the Aroeiras
Complex; (D) the porphyritic syenogranite of the Piléezinhos Pluton enclosing the dioritic enclave;
(E) a general view of the other facies of the Piléezinhos Pluton, characterized by fine-grained granitic
rocks enclosing an intermediate-composition enclave; (F) typical leucocratic granitic rock from the
Serra Branca Pluton; (G) a leucocratic dike from the Serra Branca Suite; (H) the mega-dike field
aspects of the Queimadas Pluton. (Red line—contact zone with the basement orthogneiss/migmatite;
green line—shear zone; (I) Diorite as enclaves enclosed by felsic granite of the Marinho Pluton. The
felsic granite also encloses pockets of mesocratic granite, interpreted as a hybrid rock, which in turn
encloses elongated oriented enclaves of mafic diorite (red circles); (J) the dike of rapakivi granite
(Marinho Pluton), cut by narrow dikes (up to 20 cm wide) of leucogranite (LD). Red arrows—K-
feldspar surrounded by plagioclase of oligoclase composition; (K) the typical features of magmatic
interaction between mafic and felsic magma of the Prata Complex; (L) porphyritic granite of the
Pereiro Pluton, cut by veins of leucogranites. K-feldspar (red arrows) occurs as euhedral crystals
oriented by magmatic flux processes.

3.4. Piléezinhos Pluton

The c. 566 £ 3 Ma (U-Pb zircon LA-ICPMS) Pil6ezinhos Pluton comprises an ENE-
elongated intrusion of c¢. 100 km?, located south of the Remigio-Pocinhos shear zone
along the boundary between the Northern and Central subprovinces of the Borborema
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Province [38]. The Piloezinhos granitoids consist of equigranular to porphyritic, fine- to
coarse-grained syenogranite to monzogranite (Figure 2D,E), intruded into the late Neopro-
terozoic metasedimentary rocks and Tonian orthogneisses of the Alto Pajeu Domain, in
extensional sites created by the synchronous movement of the E-trending dextral Remigio-
Pocinhos shear zone (ZCRP) and the NE-trending sinistral Matinhas shear zone, which
allowed for the accommodation of the granitic magmas [38].

These granitoids contain quartz as anhedral crystals, recrystallized or subgrain aggre-
gates, microcline phenocrysts, and subhedral and often zoned plagioclase crystals. The
main mafic phases are large biotite lamellae and amphiboles. The accessory minerals com-
prise titanite as the primary crystals or forming coronas around opaque minerals, zoned
allanite, and opaque minerals, mainly euhedral ilmenite.

3.5. Serra Branca Suite

The Serra Branca Suite consists of a primary body of ~300 km? (Serra Branca Pluton)
and a swarm of granitic dikes (Serra Branca-Coxixola dike swarm) intruded into Paleopro-
terozoic to Archean gneiss migmatites [35,80]. These granitic intrusions are located north
of the E-trending dextral Timbauba-Coxixola Shear Zone and west of the NE-trending
sinistral Cabaceiras Shear Zone. U-Pb dating of the Serra Branca Pluton gave a 560 + 5 Ma
crystallization age (U-Pb zircon SHIRIMP) [80].

The Serra Branca Pluton comprises small intrusive bodies and sheets of leucocratic,
equigranular, medium- to fine-grained biotite syenogranites to monzogranites (Figure 2F),
locally containing the xenoliths of surrounding rocks and biotite clots. Quartz, alkali
feldspar (perthitic orthoclase and microcline), and plagioclase constitute the mineral frame-
work of these granitoids, along with biotite, the predominant mafic mineral. Apatite,
allanite, and zircon are accessory minerals, forming the euhedral to subhedral crystals
included within the main mineral phases. Ilmenite is the main Fe-Ti oxide present in these
granitoids. The magmatic fabric developed parallel to the NE-trending shear zone foliation
is interpreted as evidence that the Serra Branca Pluton is a syn-tectonic intrusion [80].
Magmatic layering with cross-bedding-like features has also been reported in the pluton.

The Serra Branca dikes (Figure 2G) intruded primarily as a NE-trending felsic dike
swarm cross-cutting the earlier flat-lying foliation of the basement rocks and the Neo-
proterozoic metamorphosed supracrustal rocks [35]. Near the Timbauba-Coxixola Shear
Zone, the dikes intrude parallel to the steeply dipping mylonitic foliation but show only
incipient deformation. The dike swarm comprises porphyritic hornblende-biotite gran-
ite to equigranular biotite granite. A Concordia age of 545 &= 3 Ma is interpreted as the
crystallization age of these dikes [35].

3.6. Queimadas Pluton

The Queimadas Pluton forms a ~50 km? intrusion dated at c¢. 550 + 6 Ma (U-Pb
Zircon SHRIMP). It intrudes basement gneisses and migmatites parallel to the E-trending
foliation associated with the Campina Grande shear zone (Figure 2H), near the boundary
between the Alto Pajet and Alto Moxoté domains [35,36]. A NE-trending dextral shear
zone disrupts the pluton into a mega-boudin-like shape.

The pluton comprises biotite &= amphibole porphyritic monzogranites and granodi-
orites as the main lithotypes, typically enclosing microgranular mafic enclaves (MMEs)
and cut by late fine-grained leucogranite dikes [36]. Biotite and amphibole make up less
than 10% of the mode. Allanite and apatite form the euhedral crystals included in the main
ferromagnesian minerals, and zircon forms prismatic euhedral or round crystals. Biotite-
and amphibole-hosted subhedral crystals of ilmenite, and rare monazite are accessory
phases. Mafic microgranular enclaves (MMEs) range in composition from porphyritic
quartz-monzonitic to quartz-monzodioritic and are mainly located close to the contact with
basement rocks. The Queimadas granitoids show S-C dextral foliation, with the C-foliation
plan aligned with the E-trending branch of the Campina Grande dextral shear zone. Biotite
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kinks, sigmoidal plagioclase porphyroclasts, quartz ribbons, mosaic texture, boudins, and
necking indicate that the pluton was deformed under brittle-ductile conditions [36].

3.7. Marinho Pluton

The Marinho Pluton is an ENE-trending elongated intrusion of ~18 km?, composed of
syenogranites and monzogranites, intruded into Neoproterozoic metasedimentary rocks
and Tonian orthogneisses of granodioritic composition. The Marinho Pluton consists of a
granitic intrusion, comprising a small stock and associated dikes, intruded in an extensional
site, related to the synchronous activity of the dextral E-trending Coxixola shear zone and
sinistral NE-trending Carnoio shear zone [81,82].

It comprises two main petrographic facies of a monzogranite to syenogranite composi-
tion. The main lithotype, dated at c. 550 £ 3 Ma (U-Pb zircon SHRIMP), is porphyritic and
medium-grained and exhibits dioritic enclaves and flow structures [81]. Syn-plutonic dikes
and enclaves of a dioritic composition indicate mingling processes. Fine-grained, slightly
oriented dikes (~25 m width) of porphyritic rapakivi-like biotite syenogranites dated at c.
527 + 6 Ma (U-Pb zircon SHRIMP) intrude the main facies of the Marinho Pluton and are
cut by fine-grained leucocratic syenogranites (Figure 21,]) [82].

Petrographically, these granitoids are characterized by perthitic orthoclase and micro-
cline phenocrysts surrounded by a fine-grained matrix comprising subgrain aggregates or
ribbon-shaped quartz, feldspars, amphibole, and biotite. Especially in the biotite syenogran-
ite dikes, microcline crystals surrounded by plagioclase rims particularly highlight the
rapakivi-like texture. The main mafic phase is biotite partially altered to chlorite. Amphi-
bole locally forms green prisms with bluish-green rims. Titanite, allanite, apatite, and zircon
are the main accessory minerals; titanite and allanite often occur as euhedral inclusions in
biotite and amphibole, and apatite as acicular crystals.

3.8. Prata Complex

The Prata Complex comprises a boomerang-like pluton separated in two parts by a
mafic body, intruded into the Archean—Paleoproterozoic migmatite basement [37]. Hol-
landa et al. [40] divided the Prata Complex into two distinct intrusions: a northern intrusion
with a U-Pb crystallization age of c. 534 £ 3 Ma (U-Pb zircon SHIRIMP) (Sumé Pluton) and
a southern intrusion with a crystallization age of c. 533 &= 4 Ma (U-Pb zircon SHIRIMP)
(Santa Catarina Pluton).

The Sumé Pluton, about 250 km? in size, comprises medium- to coarse-grained
hornblende-biotite monzo- to syenogranites, with abundant hybrid rocks resulting from
mixing with dioritic magma (Figure 2K). The granitoids contain plagioclase, perthitic
microcline locally showing plagioclase mantling, amphiboles, and biotite. Subordinate
minerals include allanite rimmed by epidote, titanite, apatite, and zircon. Round to angu-
lar, sometimes elongated mafic enclaves are frequent and have a dioritic-quartz dioritic
composition.

The Santa Catarina Pluton, covering approximately 170 km?, primarily consists of
coarse-grained porphyritic biotite syenogranite, which is the dominant lithotype and
frequently encloses mafic enclaves. This lithotype is characterized by alkali-feldspar phe-
nocrysts exhibiting rapakivi texture. Weak foliation is observed along the southeastern
and southern margins of the pluton. In its southern region, a swarm of N-S-trending
rhyolite and diabase dikes has intruded into the surrounding gneisses and migmatites,
extending into the pluton itself, where the dikes cut the granitoids. Dioritic enclaves in the
central-eastern part of the pluton exhibit crenulated contacts, indicating magma mingling
and mixing processes between felsic and mafic magmas. These diorites contain rounded
and acicular hypersthene crystals, up to 10 mm long and 0.8 mm wide, which are sur-
rounded by augite and hornblende. Additionally, they feature quartz phenocrysts mantled
by hornblende and biotite, acicular apatite, small clusters of hornblende and biotite, and
poikilitic K-feldspar, all of which indicate magma mixing processes. Allanite is the most
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abundant accessory mineral in the syenogranites, occurring in modal amounts of up to 5%
and reaching lengths of up to 5 mm.

3.9. Serra da Engabelada Pluton

Near the Prata Complex, there is one small granitic pluton (Serra da Engabelada), along
with a gabbro stock and swarms of rhyolite to gabbro-norite dikes [37]. The Serra da Enga-
belada Pluton comprises a rounded intrusion of approximately 50 km?, intruded into the
Paleoproterozoic migmatized orthogneisses, located east of the Prata Complex. It consists
mainly of coarse-grained, equigranular biotite syenogranites with rare mafic enclaves.

3.10. Serrote Santo Antonio Pluton

The Serrote Santo Anténio Pluton is a 75 km? igneous intrusion, primarily composed
of leucocratic, medium- to coarse-grained biotite syenogranite. This pluton is located to the
north of the Serra Branca Pluton and is one of the few A-type plutons discussed in this study
that is emplaced within the Alto Pajed Domain, where it intrudes Early Neoproterozoic
metamorphosed supracrustal rocks.

3.11. Serra do Pereiro, Serra do Velho Zuza, Agude do Carod, and Boqueirdo Plutons

These plutons were emplaced along the NE-SW sinistral Afogados da Ingazeira Shear
Zone, which makes contact between the Alto Pajeti and Alto Moxoté domains of the Central
Subprovince in the Borborema Province [83].

The Serra do Velho Zuza (538 £ 23 Ma; U-Pb zircon TIMS), Serra do Pereiro (543 + 7 Ma;
U-Pb zircon TIMS), Acude do Carod, and Boqueirao plutons show roughly rounded shapes,
with the Pereiro and Boqueirao plutons being more elongated, with their major axes
parallel to the Afogados da Ingazeira Shear Zone [58]. These plutons are intruded into
orthogneisses of the basement and Neoproterozoic supracrustal rocks of the Sertania and
Sao Caetano complexes [84]. The Serra do Velho Zuza and Boqueirao plutons mainly
comprise gray, medium to coarse-grained porphyritic hornblende-biotite monzogranite to
syenogranite, while the Serra do Pereiro Pluton comprises hornblende-biotite monzogranite
to quartz syenite (Figure 2L). They are composed of K-feldspar phenocrysts in an interstitial
matrix composed of quartz, plagioclase, and K-feldspar. Yellow to dark brown biotite and
amphibole are the main mafic mineral phases. Epidote, titanite, and opaque minerals are
accessory phases.

All plutons contain a small volume of microgranular mafic enclaves. The MMEs are
fine-grained and range from diorite to granodiorite. In the Pereiro Pluton, elongated mafic
enclaves parallel to the oriented K-feldspar tabular megacrysts define a magmatic fabric.

The Agude do Caroa Pluton stands out from the others by being composed of more mafic
rocks, sharing macroscopic and microscopic characteristics with the enclaves found in the
other plutons. It comprises mesocratic, fine- to medium-grained biotite quartz-diorite, quartz
monzodiorite, and granodiorite, and often contains amphibole- and biotite-rich clots.

4. Whole-Rock Geochemistry

To highlight the chemical characteristics of the studied granitoids, we compiled whole-
rock chemical data available in the scientific literature (Aroerias Pluton [35]; Bravo Plu-
ton [39]; Piloezinhos Pluton [38]; Serra Branca Suite [35,80]; Queimadas Pluton [36]; Prata
Complex, Serra da Engabelada Pluton, and Serrote Santo Anténio Pluton [37]. In addition,
we included unpublished data (Marinho Pluton) and data obtained from a doctoral thesis
(Pereiro, Velho Zuza, Agude do Caroa, and Boqueirao plutons [84]). All data are shown in
Supplementary Table SI.

The studied granitoids exhibit a wide range of silica contents, with the less evolved rocks
(MME and the Ac¢ude do Caroa Pluton) showing SiO; ranging from 51.3 to 64.8 wt%, while
the more acidic granitoids, which are predominant among the studied rocks, have SiO, up to
75 wt%. According to the geochemical classification by Frost et al. [19], these granitoids are
metaluminous to slightly peraluminous (Figure 3A), with Alumina Saturation Index (ASI)
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values ranging from 0.78 to 1.17, and essentially belong to the ferroan series (Figure 3B), with
Fe# (FeO¢/FeO; + MgO) values ranging from 0.78 to 0.98, which are commonly associated
with magmas that evolved under reducing conditions (ilmenite-series granites [85]). Only
five samples show discrepant Fe# values (0.59-0.78); these correspond to samples from
enclaves within the Pil6ezinhos and Serra Branca plutons, as well as the less evolved facies
of the Prata Complex. The granitoids show high total alkali (KO + NayO) contents (6—
10 wt%,) and K,O/NayO ratios ranging from 0.7 to 2.4 (typically > 1), with compositions
ranging from alkali-calcic to alkalic in the MALI (modified alkali-lime index) versus the SiO,
diagram (Figure 3C), with only a few plotting in the calc-alkalic field. This set of geochemical
characteristics indicates that the studied plutons are A-type granites. They plot primarily
within the field of granites originating in post-collisional settings (post-COLG) in the Rb vs.
(Y + Nb) diagram [86] and show (Zr + Nb + Ce + Y) values up to 1700, typical of A-type
granites [87] (Figure 4). Additionally, the studied granitoids dominantly plot within the
A2-type granite field on the diagram of Eby [34] or straddling the A1-A2 boundary (Figure 5),
distinguishing them from pure Al-type granites, which are typically associated with mantle
plume activity or hotspots. A2-type granites, on the other hand, have a crustal origin and are
generally linked to post-collisional settings. This set of geochemical characteristics indicates
that the studied plutons are composed of A,-type granites.
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Figure 3. Geochemical characteristics of studied granitoids. (A) Alumina saturation index diagram;
(B) FeO1/(FeOr + MgO) versus SiO, diagram; (C) SiO, versus Mali (modified alkali lime index) diagram.
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ridge granites; VAG: volcanic arc granite; (B) diagram from Whalen et al. [87]: FG: fractionated
granite field; OTG: unfractionated granite field; A: A-type granites.
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Figure 5. Trace elements of the studied granitoids in the tectonic discriminant diagrams of Eby [34].
Al: Non-orogenic granite; A2: Post-collisional /post-orogenic granite.

5. Mineral Chemistry

The chemical characterization of the mineral phases in the studied granitoids was
primarily based on a compilation of data from the scientific literature (Aroerias Pluton [35];
Bravo Pluton [39]; Pildezinhos Pluton [88]; Serra Branca Suite [35,89]; Queimadas Plu-
ton [36]; and Prata Complex [37]) and a doctoral thesis (A¢ude do Caroa, Boqueirao, Velho
Zuza, and Pereiro Plutons [84]). Additionally, we included unpublished chemical data
for amphibole, biotite, and plagioclase from the Marinho Pluton granitoids, along with
new trace element data for zircon from the Queimadas, Marinho, Pereiro, Velho Zuza, and
Serrote Santo Antonio plutons. All data are shown in Supplementary Table SII.

5.1. Amphibole

The amphibole structural formulas for the studied samples were calculated based on
23 oxygen atoms and the data are available in the Supplementary Table SII. Amphibole
data from the Serra da Engabelaba, Santo Antonio, and Pereiro plutons were absent.
Amphiboles were classified using Locock’s [90] Excel spreadsheet, which follows the
guidelines from the International Mineralogical Association for the Nomenclature of the
Amphibole Supergroup [91]. Amphibole analyses show Na + K + Ca values between
1.81 and 3.10 a.p.fu. and Si'V between 5.95 and 7.10 a.p.f.u. (Figure 6A), which are
typically reported in magmatic amphiboles [92]. Ca?* is the dominant constituent in the
B site, with concentrations much higher than other ions occupying the B site, displaying
B(Ca + ZM?*)/BY. between 0.85 and 1.00, BCa/ZB = 0.64-1.00 and BXM?* /%B = 0.00-0.21.
The calculated values show that the studied amphiboles have B(Ca + XM?*)/ZB > 0.75 and
BCa/LB > BLM?* /B, indicating that they belong to the calcium subgroup. The analyses
show that in the A site, A (Na + K + 2Ca) values are typically higher than 0.5 and in the
Csite, C (Al + Fe>* + 2Ti) mostly ranges between 0.5 and 1.5. Therefore, most amphiboles
plot in the pargasite-hastingsite field (Figure 6B). In the C site, Fe?* and Fe®* are more
abundant than other cations, with the Fe# (Fet/Fet + Mg) ranging from 0.50 to 0.93, also
highlighting the high iron concentrations in these minerals. Additionally, K is typically
the most abundant constituent in the A site. Therefore, the studied amphiboles are mostly
classified as hastingsite and potassic-hastingsite, although, ferro-pargasite and potassic-
ferro-pargasite (Boqueirao, Acude do Carod, Bravo, Piloezinhos, Prata, and Queimadas
plutons), ferro-hornblende and ferro-ferri-hornblende (A¢ude do Carod, Marinho, Prata,
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32

and Queimadas plutons), and potassic-ferro-ferri-sadanagaite (Marinho pluton) are also
recognized in the studied samples. It is noteworthy that four analyses each of amphibole
from the Prata Complex and Queimadas Pluton, as well as two analyses from the Agude
do Caroa diorite, show Mg-hornblende compositions.
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Figure 6. (A) Composition of amphibole crystals plotted in the Si'V x (Na + K + Ca) diagram [92]
indicating a magmatic origin for the studied amphiboles; (B) studied amphiboles in the A* sum:
A(Li + Na + K + 2Ca + 2Pb) versus C* sum: €(Al + Fe* + Mn®* + Cr + V + Sc + 2Ti + 2Zr)-WO-CLi
calcium amphiboles classification diagram [91], revealing compositions mainly within the pargasite—
hastingsite range.

5.2. Biotite

The structural formula was calculated on the basis of 22 oxygen atoms (Supplementary
Table SIT) and it was assumed that all iron is in the Fe?* state. The compiled analyses of
biotite crystals from the studied plutons are consistent with those observed in primary to
re-equilibrated primary biotites; no analyses fall in the secondary biotite field (Figure 7A).
In the classification diagram by Foster [93], most of the studied biotites are classified as
Fe-biotite to siderophyllite. However, five analyses of biotites from the less evolved facies
of the Prata Complex show a more magnesian composition (Figure 7B).
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Figure 7. Chemical characteristics of the studied biotite crystals; ternary diagrams produced from
Giuindiiz and Asan [94]. (A) MgO x 10TiO, x FeO¢ + MnO ternary diagram [95], showing the studied bi-
otites straddling between the primary and re-quilibrated fields; (B) Classification of biotite crystals in the
AV + Fe®* +Ti x Fe?* + Mn x Mg ternary diagram [93], showing predominantly Fe-rich compositions.
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The Fe# [Fe/(Fe + Mg)] versus SI (solidification index) diagram (Figure 8A) has proven
effective in studies involving several plutons, as the chemical trend in biotite is directly
linked to the evolutionary character of the host granitoids. The SI is calculated using
the formula [SI = 100 x MgO/(MgO + FeO + Fe;O3 + NayO + Ky0)], where higher SI
values indicate less evolved rocks, while lower SI values indicate more evolved rocks. This
correlation between SI values and the degree of evolution in biotite-bearing granites under-
scores the utility of the SI metric in petrological studies. The biotite crystals of the Prata
Complex project at extreme positions on the Fe# versus SI diagram, highlighting the broad
compositional spectrum of this intrusion. The biotite analyses from gabbroic rocks yield SI
values > 60.0. According to the Speer [95] classification, they are eastonite (Figure 8B). One
analysis from a more evolved sample shows SI = 22.50 showing a siderophyllite-rich com-
position (Figure 8B). The biotites from the Pereiro Pluton yield high Fe# values (0.86-0.88)
and low SI (20.78-23.66), consistent with a high degree of magmatic evolution for these
host granitoids. The biotites from the Pildezinhos Pluton have SI values ranging from 28.25
to 53.28. Biotites from dioritic enclaves have SI = 49.03-53.28 and are rich in the eastonite
molecule (Figure 8B), whereas the biotites from the more evolved facies have SI from 28.25
to 38.56 and are rich in the siderophyllite molecule. Biotites from all other plutons show
siderophyllite-rich compositions (Figure 8B).
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Figure 8. Chemical classification of the studied biotites. (A) Fe/(Fe + Mg) versus S.I. [100MgO/(MgO
+ FeO + Fe;O3 + NayO + K;O)] diagram; (B) Fe# x AV diagram; (C) Mg x Al diagram after Nachit
et al. [96]; (D-F) discriminant diagrams after Abdel-Rahman [97]. Legend: A: alkaline anorogenic; C:
calc-alkaline; P: peraluminous.

The Alr contents of the studied biotite crystals range from 2.31 to 3.58 a.p.f.u. In the
Nachit et al. [96] classification, the analyses plot in the sub-alkaline series field (Figure 8C),
except for a few analyses from the Piléezinhos Pluton, the Serra Branca Suite and the less
evolved lithotypes of the Prata Complex, instead scattering in the calc-alkaline biotite field.
In the discriminant diagrams of Abdel Rahman [97] (Figure 8D-F), biotite analyses from the
less evolved facies of the Prata Complex, Piloezinhos Pluton, and a few analyses from the
Serra Branca and Marinho plutons, plot into the calc-alkaline series field, whereas biotites
from the remaining plutons straddle between the peraluminous and alkaline fields.

5.3. Feldspars

The chemical study of feldspars was conducted using 167 analyses sourced from
the literature, along with nine new analyses performed on feldspars from the Marinho
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Pluton (Supplementary Table SII). The structural formulae were calculated on the basis of
eight oxygen atoms. The plagioclases of the studied granitoids are sodic with albite contents
ranging from 41% to 99%. The compositions range mainly from albite to andesine, with
two plagioclase analyses from the Prata Complex classified as labradorite (Figure 9). Most
of the studied plagioclase crystals exhibit core-to-rim profiles with compositional zoning
characterized by an increase in sodium and a decrease in calcium, typical of normal zoning,
which is commonly associated with fractionation processes. However, reverse zoning is
also observed in some plagioclase crystals from the Prata Complex and the Queimadas
Pluton, indicating additional partial melting processes during the magmatic evolution of
these plutons or a new influx of more primitive magma into the magma chamber. The
Potassic feldspars are mainly orthoclase (Figure 9), with compositions of 587%—98%.
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Figure 9. An-Ab-Or ternary diagram for the classification of the studied plagioclase and K-
feldspar [98].

5.4. Accessory Minerals

Mineral chemistry data for accessory mineral phases are not available in the literature
for all the studied plutons. In the Piloezinhos Pluton, Lima et al. [88] analyzed opaque
minerals which showed a predominance of ilmenite, which is locally surrounded by
secondary titanite coronas. The high Al,O3 content in secondary titanite (Al,O3 > 6%; [88])
was interpreted as a distinguishing feature from primary titanite crystals, which exhibit
euhedral habit and lower Al,O3 content (3.6% to 4.0%).

Santos et al. [89] analyzed apatite crystals from the Serra Branca granitoids and showed
structural formulas characterized by contents of Ca at 9.4-9.6, of P at 5.7-5.8, and F at
2.3-2.4, classifying them as fluorapatite [89]. High cerium values also occur in these ap-
atites (1.1%-2.1%).

5.5. Zircon Trace Element Composition

In situ zircon trace element abundances were measured in samples from five plutons
(Serrote Santo Antonio, Marinho, Queimadas, Serra do Velho Zuza, and Pereiro) using
an Elan 6100DRC ICP-MS instrument coupled to a nanosecond New Wave Research
UP-213 laser ablation system, at the Geosciences Center of the Sao Paulo University. The
measurements were undertaken in previously dated zircon grains to avoid inherited
grains, using a laser spot of 30 um, a 4 Hz repetition rate, and an energy fluence of
—10J/cm?. The total acquisition time was 120 s, equally divided between background
and laser ablation ion signals. The NIST SRM 612 glass wafer was employed as the
external calibration standard [99], while an averaged SiO, abundance of 31.6% was chosen
as the internal standard, following S.R.F. Vlach (pers. communication). The (version
4.0) Glitter software [100] was used for drift correction, data reduction, and elemental
abundance determinations. Trace element values for the investigated zircon grains are
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given in Supplementary Table SIII. Analyses yielding anomalous P, Th, Ti, and LREE were
excluded and were interpreted to represent the analysis of microinclusions (e.g., apatite,
titanite, or rutile) interfering with the analysis [101-104].

Zircon is an important accessory phase in most granitic samples, except for the highly
differentiated ones [105]. Zircon is resistant to alteration and metamorphic processes under
a wide range of conditions. Therefore, it is widely used in petrogenetic geochronological
studies. Despite its simple chemical composition (ZrSiOy), zircon can accept many minor
and trace elements into its crystal lattice, which provides information about the chemical
composition of the melt from which the granite crystallized [106-112]. However, concen-
trations of many nonformula elements, such as LREEs (light rare earth elements), can be
modified by hydrothermal and low-temperature fluids [113-115].

Zircon crystals in the studied granites form prismatic euhedral to subhedral grains,
ranging from 50 to 250 um in length and showing {101} pyramid endings, features common
to zircons crystallized in granites of the alkaline series [105]. The zircon crystals from
the Serrote Santo Antonio granite, however, rarely show pyramidal endings. Cathodo-
luminescence (CL) images show ubiquitous concentric oscillatory zoning, mainly in the
crystal rims. Embayments and narrow overgrowths are recorded mainly in the late dike of
the Marinho Pluton (FM]-55) and the Serra Branca dikes [35], indicating local resorption
and reprecipitation potentially associated with hydrothermal processes. Apatite and titanite
form microinclusions in zircon from most analyzed samples.

The analyzed zircon grains show high but variable Th/U ratios, reflecting high Th
contents. The highest values were recorded in the zircons from the Queimadas granites
(0.44-3.36, mean 0.98), whilst the lowest values were recorded in the zircons from the
Marinho Pluton (0.24-2.76, mean 0.64). Th/U ratios > 0.2 recorded in zircon grains from all
studied plutons are typically associated with magmatic origin [103,116].

Hafnium contents in the studied zircons from all studied plutons range from 7941 to
13,507 ppm (Figure 10). The Y abundances are high in the studied samples, ranging from
465 to 3478 ppm (mean 1568 ppm). Zircons from the Serra do Velho Zuza Pluton yield the
highest Y values (956-3478 ppm, mean 1807 ppm). The Nb abundance and Nb/Ta ratios
vary widely across all samples. However, the Nb/Ta ratios for most samples are <10, except
for the analyses from the Serra do Velho Zuza Pluton, in which Nb/Ta values distinguish
two zircon populations: (i) Nb/Ta ratios > 10 due to high Nb abundances (74-228 ppm), and
(if) Nb/Ta ratios < 10 (Figure 10A). Zircon grains from all studied granites show negative
correlations between Hf contents and Zr/Hf and Nb/Ta ratios (Figure 10A,B).
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Figure 10. Variation diagrams for studied zircon crystals. (A) Hf (ppm) x Nb/Ta; (B) Hf (ppm) x
Zr/Hf.

Chondrite-normalized REE patterns (Figure 11A-E) of the zircon grains from all
studied granitic plutons are, with some exceptions, similar. The patterns are character-
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Sample/Chondrite

ized by a steeply rising slope due to HREE enrichment relative to LREESs, positive Ce,
and negative Eu anomalies, with Ce/Ce* [Cen/(Lan X Pry)] = 1.2-23.6 and Eu/Eu*
[Eun/(Smy x Gdpn)] = 0.02-0.38. These patterns are typical of igneous zircon [104]. Zircon
grains from the Pereiro Pluton show lower LREE abundances (24.7-74.8 ppm), deeper
Eu (Eu/Eu* = 0.04-0.09), and higher Ce anomalies (Ce/Ce* = 1.88-23.58) than the other
studied granites (Figure 11E). Zircon grains from the rapakivi syenogranite of the Marinho
Pluton are characterized, in general, by higher LREE abundance (24.6-1136 ppm) resulting
in less steep-rising slope patterns (Figure 11B). Most of the analyzed zircon grains from the
Marinho granitoids exhibit slightly positive Ce anomalies [(Ce/Ce*)n = 1.20-2.65], with
only one grain displaying a more pronounced Ce anomaly [(Ce/Ce*)n = 7.98].
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Figure 11. Chondrite-normalized REE patterns [117] of the zircon crystals from the studied plutons.
(A) Serrote Santo Antdénio Pluton; (B) Marinho Pluton; (C) Queimadas Pluton; (D) Velho Zuza Pluton;
(E) Pereiro Pluton.

6. Discussion
6.1. Mineralogical Characterization, Chemical Affinity, and Petrogenetic Implications

Although granites exhibit relatively simple mineralogy, they are notably recognized
for their significant modal and chemical variability, which reflects the diverse modes of
occurrence and genesis [18]. The mineral composition of granite is a crucial factor in
distinguishing the chemical signature and source of the parental magma, offering essential
insights into the magmatic evolution processes.
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In the studied granitoids, the mafic mineralogy is characterized by Fe-rich calcium
amphibole [91] and biotite of siderophyllite composition, which, together with quartz
and perthitic feldspars, form the essential minerals. Titanite, allanite, apatite, zircon, and
Fe-Ti oxides, predominantly ilmenite, are the most frequently observed accessory minerals.
The composition of the mafic minerals, associated with the presence of primary ilmenite
crystals, is typical of ilmenite series granites [85], supporting their classification as ferroan
A-type granites [23,28]. The analyzed zircons yield high Y, Th, and U consistent with values
reported for zircons from A-type granites [118].

According to Xie et al. [119], zircons from aluminous A-type granites exhibit ThO,
contents of less than 1 wt%, unlike zircons from peralkaline A-type granites, which can
reach up to 10 wt%. In the latter, microinclusions of thorite are common due to thorium
concentrations exceeding the solubility limit of Th in the zircon structure. However, late
alteration of zircon can occur via fluids accumulated at the end of the magmatic evolution
of an A-type granite. Most of the zircon grains analyzed from the Queimadas, Marinho,
Pereiro, and Serrote Santo Antonio plutons exhibit Th concentrations below 300 ppm. In
contrast, in the Velho Zuza Pluton, which is the most aluminous granite (Figure 3A), only
one zircon grain shows a Th contents below 300 ppm, while the other analyzed grains
display Th concentrations ranging from 335 to 1025 ppm. Santos [120] reported a wide
Th variation (60-1250 ppm) in zircon grains from the aluminous A-type Serra Branca
granites. Thus, zircon Th contents do not discriminate aluminous A-type from normal
A-type granites.

In general, the majority of analyzed zircon grains present high levels of Th and LREEs,
in addition, Figure 12 shows positive correlation of LREEs with Th and Y in zircon from of
the most plutons. The data presented show that, at least for the studied A-type granites, Th
abundance in zircon is not a simple function of the granite composition. It appears to depend
on the Th content in the source of the magma, the time of zircon crystallization and the com-
position of the late hydrothermal fluids. Early crystallized inclusions of allanite and monazite
may also influence the available thorium content in the magma. However, microinclusions
of these minerals were not detected during the zircon grain analyses, and no other features
suggesting the crystallization of thorium-rich early mineral phases were identified.

The chemical composition of biotite can be a valuable indicator of the chemical affinity
of the magma from which it crystallized [96,97]. In the studied granites, the biotites
chemical compositions reflect an intermediate chemical affinity between peraluminous
and alkaline (Figure 8D-F). However, in the discriminant diagram by Nachit et al. [96],
the biotite compositions indicate a subalkaline chemical signature (Figure 8C), consistent
with the whole-rock chemical compositions of alkali-calcic granitoids (Figure 3C) as well
as most A-type granitoids worldwide. The biotites from the more magnesian facies plot
within the field of biotites from calc-alkaline granitoids, with some biotites from the Prata
Complex showing compositions similar to high Mg-Ti biotites (phlogopite). The granitoids
of the Prata Complex exhibit many field features suggestive of interaction with more
mafic magmas. Both chemical and field data indicate that mafic melts derived from the
lithospheric mantle contributed to the formation of the Prata Complex magma.

The zircon trace element signatures of the studied granites closely align with the findings
from the biotite chemical compositions and the whole-rock chemistry. According to Vilalva
et al. [121], zircons from rocks of the alkaline association yield Hf < 10,000 ppm, whereas
zircons from rocks of the subalkaline rock association yield Hf > 10,000 ppm. However, this
limit cannot be applied to classify the studied rocks, because values both above and below this
threshold have been shown in the same sample. On the other hand, it could suggest granite
compositions in the transition between subalkaline and alkaline associations.
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Figure 12. Th x X LREE and Y x X LREE plot for studied zircon crystals. (A,B) Serrote Santo Ant6nio
Pluton; (C,D) Marinho Pluton; (E,F) Queimadas Pluton; (G,H) Velho Zuza Pluton; (1,J) Pereiro Pluton.
A zircon grain from the Marinho Pluton (FM]-55-Zr-12) has anomalous Th and LREE concentrations
(Supplementary Table SIII) and, therefore, was not included in (C,D).

Breiter et al. [118] used zircon trace elements from an extensive dataset to discriminate
zircon from highly evolved, evolved, and normal A-type and S-type granites. They found
that zircon Zr/Hf ratios < 25 are typical of strongly evolved granites, Zr/Hf ratios in the
25-55 intervals characterize evolved granites, while normal granites have Zr/Hf ratios > 55.
Except for one grain of the Queimadas Pluton, zircon grains from all studied plutons exhibit
Zr /Hf ratios between 33 and 54, these being typical for evolved A-type granites, according
to Breiter et al. [118]. Hawkesworth and Kemp [8] used zircon Th/U and Nb/Hf ratios to
discriminate between I-type and peralkaline A-type granites. The zircon of the studied
granites plots within the A-type granitoid field (Figure 13A). The correspondence between
the studied zircon grains and the A-type field in the Nb/Hf vs. Th/U plot by Hawkesworth
and Kemp [8] suggests that, in addition to distinguishing between zircon from peralkaline
A-type granites and I-type granites, this diagram is also effective in discriminating between
zircon crystals from I-type granites and non-peralkaline A-type granites.
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Figure 13. Discriminant diagrams based on the trace element chemistry of the analyzed zircons.
(A) An Nb/Hf vs. Th/U plot for the studied zircon crystals. The A-type and I-type fields are from
Hawkesworth and Kemp [8] using zircon data of peralkaline A-type granites akin to those of Nigeria
and I-type granites from the Lachlan Fold Belt (SE Australia), respectively; (B) the 10%(Eu/Eu*)N/Yby
vs. Ce/+/(U x Ti) plot [112] for the studied zircon crystals.

The water content in A-type granites is a frequently debated topic, although it is tradi-
tionally accepted that these granitoids evolve from anhydrous to undersaturated magmas.
The chemical composition of zircon can provide valuable insights into this issue. According
to Loucks et al. [122], during the ascent of a volatile-rich magma, zircon and plagioclase co-
precipitate, while hydrothermal fluid is exsolving and segregating from the decompressing
melt. These processes produce a negative correlation between zircon (Eu/Eu*)n/Yby (a
useful melt hygrometer) and zircon Ce/+/(U x Ti) (a useful indicator of melt oxidation state).
Most zircon grains from the Marinho, Queimadas, and Pereiro plutons exhibit Ti concentra-
tions below the detection limit, making it difficult to establish a reliable correlation between
(Eu/Eu*)N/Yby and Ce/ /(U x Ti) ratios (Figure 13B). Two grains from the Marinho Pluton
show Ti concentrations above the detection limit along with high (Eu/Eu*)n/Yby values,
forming a negative trend in Figure 13B, suggesting that these zircon grains may have crys-
tallized from a more hydrous melt. The four analyses from the Pereiro granitoids and the
six analyses from the Serrote Santo Antonio Pluton, which show Ti concentrations above
the detection limit, form flat trends. Zircon grains from the Velho Zuza Pluton display a
weak positive correlation between (Eu/Eu*)n/Yby and Ce/+/(U x Ti) ratios (Figure 13B),
indicating crystallization from an HyO-undersaturated melt.

6.2. Estimation of Crystallization Parameters
6.2.1. Temperature

In previous studies [39,84,88,89], the crystallization temperatures of the studied A-type
magmas were determined using the classic amphibole-plagioclase geothermometer, which
is based on the plagioclase—-amphibole equilibrium [123]. This geothermometer yielded
temperatures (Table 1) ranging from 810 to 730 °C for the Aroeiras Complex, 790 to 740 °C
for the Pildoezinhos Pluton, 710 to 560 °C for the Serra Branca Suite, 780 to 580 °C for the
Bravo Pluton, and 810 to 780 °C for the Acude do Caroa Pluton.

Amphiboles are complex hydrous silicate minerals that can incorporate many elements
into their structure, such as aluminum, iron, magnesium, and titanium. The temperature
and pressure conditions strongly influence these compositional variations during crystal-
lization. Based on the concentrations of major oxides in amphiboles, Ridolfi et al. [124] and
Ridolfi and Rezulli [125] developed geothermometers with an associated error of >50 °C.
The amphibole-liquid thermometer proposed by Putirka [126] enhanced the precision of
Ridolfi and Renzulli’s [125] geothermometer (£30 °C). Putirka’s thermometer [126] was
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applied to the studied granitoids; the lowest temperatures were recorded in the Bravo
Pluton (730-650 °C), while the A¢ude do Caroa Pluton granitoids exhibited temperatures as
high as 880 °C, the highest calculated by this geothermometer among the studied plutons.

Zr saturation thermometry was performed to infer the liquidus temperatures of the
studied magmatic systems. The solubility of zircon in crustal melts is influenced by both
melt composition and temperature [127-129], making the concentration of Zr in whole-rock
compositions a valuable tool in thermometric studies of magmatic melts. The temperatures
obtained using the calibration proposed by Watson and Harrison [126] for the studied
plutons are presented in Table 1. Temperatures range from 790 to 690 °C in the Aroeiras
Complex and from 950 to 770 °C in the Piloéezinhos Pluton. For the other granitoids, the
temperature values fall within the range covered by these two plutons (950-690 °C).

During the zircon analyses, apatite microinclusions were identified within zircon,
suggesting that using the apatite saturation thermometer [130] may be more appropriate for
determining the liquidus temperatures of the studied magmatic systems. The temperatures
obtained using this geothermometer are shown in Table 1. The less evolved granitoids
and those enclosing large number of mafic enclaves, with evidence for magma mixing and
mingling yielded the highest temperatures (1160-740 °C). On the other hand, granitoids
free of mafic enclaves or containing only rare mafic enclaves (the Velho Zuza, Boqueirao,
Serra Branca, Serrote Santo Antonio and Pereiro plutons) exhibit a more restricted and
somewhat lower temperature range (1000-780 °C).

The bar graph (Figure 14) illustrates the temperature range at which the studied
granitic magmas crystallized. The highest temperatures (liquidus) were obtained using the
apatite saturation thermometer [130], while the lowest temperatures correspond to those
determined by the amphibole-liquid thermometer of Putirka [126]. Because amphibole data
are not available for the Serra do Velho Zuza, Serrote Santo Antoénio, Serra da Engabelada,
and Pereiro plutons, the minimum crystallization temperatures for these granitoids were
inferred from the lowest temperature, provided by zircon saturation thermometer with
calibration by Watson and Harrison [129].

PEP ] L |
AC [ : : : |
SEP - _
SSAP : i
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o ——
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Figure 14. Bar graph illustrating the temperature range at which the studied magmas crystallized.
Colors as in the other figures. Abbreviations: PP—Piloezinhos Pluton; SBS—Serra Branca Suite;
BP—Bravo Pluton; ACP—Acude do Caroa Pluton; QP—Queimadas Pluton; MP—Marinho Pluton;
BP—Boqueirao Pluton; VZP—Velho Zuza Pluton; SSAP—Serrote Santo Anténio Pluton; SEP—Serra
da Engabelaba Pluton; AC—Aroeiras Complex; PC—Prata Complex and PEP—Pereiro Pluton.
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6.2.2. Pressure

To estimate the pressure in granitic magmatic systems, the total aluminum-in-hornblende
barometer is commonly used [131-133]. However, the proposed calculations do not apply
to the granitic rocks from this study, as they exhibit higher temperature ranges than those
used in the original calibration (655-700 °C). Furthermore, the studied A-type granites
have iron-rich amphiboles with Fe/(Fe + Mg) > 0.65 associated with low fO, conditions
which typically result in an increase in Al substitution producing unreliable geobarometer
results [132]. New equations for the aluminum-in-hornblende geobarometer have been pro-
posed over the past decades, incorporating increasingly refined natural and experimental
data with reduced uncertainties [124,125,134]. However, Putirka [126] highlights that most
of these aluminum-in-hornblende geobarometers, including the more recent calibrations,
must adhere to the conditions outlined by Anderson and Smith [132]. This requirement
makes it difficult to apply geobarometers to rocks that crystallized under low fO,, such as
A-type granites.

Mutch et al. [134] developed a geobarometer that combines selected experimental data
with a wide range of new experimental results. The calibration, performed at near-solidus
temperatures and covering a broad pressure range (0.8 to 10 kbar), applies to a wider
range of granitic rocks. We applied this geobarometer to determine the crystallization
pressures of the studied granitoids (Table 1). Figure 15 illustrates the pressure range for
the crystallization of the studied granitic magmas. The lowest pressures were recorded in
the granitoids of the A¢ude do Caroa Pluton (2.5-4.6 kbar), while the Piloezinhos Pluton
granitoids exhibited the highest pressures (5.2-7.0 kbar). The geobarometer developed by
Mutch et al. [134] applies to granitoids containing the mineral assemblage amphibole +
plagioclase + biotite + alkali feldspar + quartz + ilmenite/titanite + apatite + magnetite.
Considering this mineral assemblage is common in the studied granitoids, the obtained
pressures are considered reliable. Additionally, the AI'Y and A1Y! values of the amphiboles
analyzed in this study fall within the pressure range obtained through the geobarometer of
Mutch et al. [134]. The large pressure variations observed within some individual plutons
can be explained by the crystallization of amphibole grains at greater depths, subsequently
transported by the magma to shallower levels where the rest of the pluton crystallized.

Table 1. Estimation of temperature and pressure for the studied plutons. Abbreviations: PP—Pildezinhos
Pluton; SBS—Serra Branca Suite; BP—Bravo Pluton; ACP—Acude do Caroa Pluton; QP—Queimadas
Pluton; MP—Marinho Pluton; BP—Boqueirao Pluton; VZP—Velho Zuza Pluton; SSAP—Serrote Santo
Antoénio Pluton; SEP—Serra da Engabelaba Pluton; AC—Aroeiras Complex; PC—Prata Complex and
PEP—Pereiro Pluton.

Plutons

PP SBS BP ACP Qr MP BQ

Temperature (°C)

Min Max Min Max Min Max Min Max Min Max Min Max Min Max

Blund and Holland [123]
Putirka [126]
Watson and Harrison [129]
Harrison and Watson [130]
Pressure (kbar)
Mutch et al. [134]

745 795 560 711 581 785 776 812 - - - - - -
704 758 750 789 650 730 660 876 655 736 671 802 676 691
772 946 743 838 847 893 804 826 752 903 795 930 857 857
916 1028 784 897 882 998 1037 1080 757 980 865 997 982 982
Min Max Min Max Min Max Min Max Min Max Min Max Min Max
5.2 70 598 645 453 639 25 46 385 672 394 538 429 5.21

Plutons vzp SSAP SEP AC PC PEP
Temperature (°C) Min Max Min Max Min Max Min Max Min Max Min Max
Blund and Holland [123] - - - - - - 733 809 - - - -

Putirka [126]
Watson and Harrison [129]
Watson and Harrison [130]

Pressure (kbar)
Mutch et al. [134]

- - - - - 698 740 657 769 - -

755 895 844 844 810 810 687 790 804 916 790 878

790 986 875 875 860 860 804 1096 714 1164 851 956

Min Max Min Max Min Max Min Max Min Max Min Max
- - - - - - 401 5.75 - - - -
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Figure 15. Bar graph illustrating the crystallization pressures of the studied granitoids. PP—Pildezinhos
Pluton; SBS—Serra Branca Suite; BP—Bravo Pluton; ACP—Ac¢ude do Caroa Pluton; QP—Queimadas
Pluton; MP—Marinho Pluton; BQ—Boqueirao Pluton and AC—Aroeiras Complex.

6.2.3. Oxygen Fugacity

The compositions of biotite, amphibole, and Fe-Ti oxides were also analyzed to es-
timate the oxygen fugacity (fO;) of the studied granitoids, as these minerals are highly
sensitive to variations of fO,. Previous studies have demonstrated that the composition of
these phases can be effectively used as proxies for assessing oxygen fugacity in magmatic
systems [29,135,136]. The amphiboles in the studied granitoids show a slight variation
in Fe# [Fe/(Fe + Mg)], with most falling within the range of 0.7 to 0.9. The amphiboles
are thus iron-rich, and their Fe# values are characteristic of crystallization under low to
intermediate fO, conditions (Figure 16A). The Fe/(Fe + Mg) values of the studied biotites
follow the same patterns observed in the amphibole compositions (Figure 16B). Most of the
studied biotite have Fe# > 0.65, similar to those reported by Anderson et al. [137] for biotite
of granites that originated from magmas crystallizing under low fO,. The composition
of the mafic minerals aligns with the overall geochemical signature of these rocks, which
predominantly belong to the ferroan series of Frost et al. [19]. This series is typically associ-
ated with magmas that evolved under reducing conditions, characteristic of the ilmenite
series granites described by Ishihara [85]. It is important to note that some of the analyzed
biotites and amphiboles exhibit low Fe# values; these were obtained from Agude do Caroa
diorites and the less evolved facies of the Prata Complex, as well as the Piloezinhos and
Marinho plutons. As they are more magnesian, these samples plot in the field associated
with minerals crystallized under more oxidizing conditions, or that crystallized from a
magma of more basaltic composition (dioritic) and higher temperature, which agree with
the conspicuous presence of mafic enclaves. The granitoids of the Pildezinhos and Serra
Branca plutons are the only granitoids among the ones studied, with reported detailed
studies of opaque minerals [88,89]. In these granitoids, the Fe-Ti oxides are predominantly
primary ilmenite crystals, which agree with the mineral and whole-rock chemistry data
reported in the literature. These integrated data suggest that the A-type granites of the
Central Subprovince of the Borborema Province crystallized from magmas that evolved
under low fO, conditions, similar to most A-type granites worldwide.
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Figure 16. Chemical diagrams for inferring fO, conditions. (A) AV x Fe/(Fe + Mg) diagram for the
studied amphiboles, with fields according to Anderson and Smith [132]; (B) Al (total aluminum) x
Fe/(Fe + Mg) diagram for the studied biotites.

6.3. Post-Magmatic Processes

The zircon REE patterns characterized by positive Ce anomalies and negative Eu anoma-
lies and high Th/U ratios recorded in zircon grains from all studied plutons are characteristics
of igneous zircon. However, relatively high LREE abundances were recorded in zircon grains
from Marinho, Serra do Velho Zuza, and Queimadas plutons (Figures 11 and 12), associated
with high Y abundances and a positive correlation between XLREE and Y, suggesting zircon
alteration by LREE- and HFSE-enriched late hydrothermal fluids or the precipitation of
zircon from these fluids. The presence of hydrothermal zircon is evident in the projection
of the zircon compositions in the (Sm/La)y versus (Ce/Ce*)N bivariate discriminant plot
(Figure 17) with magmatic and hydrothermal zircon fields after Hoskin [115]. This bivariate
plot shows clearly that the zircon grains from the Pereiro granites and some from the
Serrote Santo Antonio granites are the least hydrothermaly altered zircon grains, while
most of the analyzed zircon grains fall within the hydrothermal zircon field (Figure 17). The
presence of zircon grains with both higher- and lower-LREE abundances in the same rock,
suggests that the zircon LREE and HFSE enrichment involved both alteration of previously
crystallized grains by hydrothermal fluids and zircon crystallization from these fluids. Our
data agree with earlier studies showing that hydrothermal alteration of zircon is a common
process in evolved to highly evolved A,-type granites [118,119,121,138].
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Figure 17. Bivariate discriminant plot (Sm/La)y x (Ce/Ce*)y of the analyzed zircon crystals.
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7. Conclusions

Based on a thorough review of available mineral chemistry and whole-rock geochem-
istry data from 13 plutons and a dike swarm, including some complementary data, along
with new zircon trace element data from five of those plutons, crystallization conditions
and post-magmatic processes and their implications for the genesis of Ediacaran—-Cambrian
A-Type granites from the Central Subprovince of the Borborema Province were evaluated.

These granitoids form small bodies, except for the larger Prata Complex, and were
intruded into Paleoproterozoic gneisses and migmatites or Neoproterozoic supracrustals
between approximately 580 and 525 Ma, succeeding large intrusions of post-collisional high-
K granitoids (590-580 Ma). Several intrusions contain numerous mafic enclaves indicating
magma mixing and mingling as an important component in their formation. This is sup-
ported by the wide compositional variation in mafic minerals within some of the plutons,
revealing that interactions between felsic and mafic magmas played a significant role in the
magmatic evolution of those plutons. The mineral assemblages of these granitoids, the chem-
ical composition of the mafic minerals, including siderophyllite-rich biotite and iron-rich
calcic amphiboles, the sub-alkaline signature of the biotites, and the zircon trace element com-
position, align with the whole-rock chemistry. These characteristics classify them as ferroan,
alkali-calcic, and dominantly metaluminous granitoids, which are typical features of A-type
granites. The crystallization parameters derived from mineral chemistry show temperatures
ranging from 1160 to 650 °C in the granitoids containing numerous mafic enclaves, and from
990 to 680 °C in the more evolved granitoids. Crystallization pressures, determined using the
Al-in-amphibole geobarometer, mostly range from ~4.0 to 7.0 kbar, corresponding to crustal
depths of ~12 to 21 km. The mineral assemblages characterized by Fe-rich mafic phases
and ilmenite show that the studied A-type granites crystallized under low fO, conditions,
akin to classical ferroan A-type granites. We highlight that the zircon trace elements indicate
hydrothermal alteration in some of the studied granites, which appears to be a common
feature of high-5iO, A-type granites. Most of the studied A-type granites intruded within
or near shear zones. Thus, the post-magmatic hydrothermal alteration observed in zircon
crystals may be associated with the reactivation of these shear zones.
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Abstract: Fluid infiltration into Proterozoic and Early Palaeozoic dry, orthopyroxene-bearing gran-
itoids and gneisses in Dronning Maud Land, Antarctica, has caused changes to rock appearance,
mineralogy, and rock chemistry. The main mineralogical changes are the replacement of orthopy-
roxene by hornblende and biotite, ilmenite by titanite, and various changes in feldspar structure
and composition. Geochemically, these processes resulted in general gains of Si, mostly of Al,
and marginally of K and Na but losses of Fe, Mg, Ti, Ca, and P. The isotopic oxygen composition
(6180gpow = 6.0%0-9.9%o) is in accordance with that of the magmatic precursor, both for the host
rock and infiltrating fluid. U-Pb isotopes in zircon of the altered and unaltered syenite to quartz-
monzonite indicate a primary crystallization age of 520.2 & 1.0 Ma, while titanite defines alteration
at 485.5 + 1.4 Ma. Two sets of gneiss samples yield a Rb-Sr age of 517 4+ 6 Ma and a Sm-Nd age of
536 + 23 Ma. The initial Sr and Nd isotopic ratios suggest derivation of the gneisses from a relatively
juvenile source but with a very strong metasomatic effect that introduced radiogenic Sr into the
system. The granitoid data indicate instead a derivation from Mid-Proterozoic crust, probably with
additions of mantle components.

Keywords: Antarctica; Dronning Maud Land; fluid; orthopyroxene granitoid; metasomatism; U-Pb;
O-isotopes; H-isotopes; Rb-Sr

1. Introduction

Fluid infiltration into the middle and lower crust has been an important research
topic over the last few decades as it triggers metamorphic reactions and deformation and
changes rock properties (e.g., [1-3]). Since the milestone paper of Austrheim [4] on fluid-
induced eclogitization in the lower crust, the infiltration of volatiles and its importance
for metamorphic and metasomatic reactions has been reported world-wide (e.g., [5-7]).
Volatiles released during prograde metamorphism can affect magmatic crystallization
(e.g., [8]) and can infiltrate and cause mineral reactions and replacements in dry crust
(e.g., [9,10]). Fluid infiltration can cause local effects in single narrow zones but can also
be regionally important, affecting crustal domains on the order of >100 km (e.g., [11]).
Fluid-rock interaction results in petrographic and petrological responses, changing not
only mineral compositions but also the texture, appearance, and color of rocks.

A key question when working on fluid petrology concerns the composition of the
fluid. The volatile composition is the sum of the different compounds of the elements
H, C, and N, usually as mixtures of H,O, CO,, Ny, and different hydrocarbons. There
is then the associated question of the sources of the fluid, whether it has a magmatic,
metamorphic, mantle, or meteoric origin. Through fluid flow and fluid—rock interactions,
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rock elements can be transported as ligands in metasomatic fluids, changing the rock’s
chemical composition (e.g., [12,13]).

The orthopyroxene-bearing granitoids and high-grade gneisses in Dronning Maud
Land, Antarctica (DML; Figure 1), have been extensively infiltrated by fluids, forming
bleached alteration zones [14,15]. The field expression of the alteration zones, as discordant
light bands flanking pegmatite or aplite veins, was the basis for pointing to a late-magmatic
fluids source [16]. Engvik and Stockhert [17] described its volatile HyO-CO, composition
and Engvik et al. [18] modeled time scales concerning the fluid flow, heat transfer, and
temperature-dependent decay of interconnected porosity.

0 | i
. .
Schirmacher- ) T /
0" ‘ oa~en Y
X Jutulsessen Mihlig- Hofmann— i /- -
. 7 ﬁel]a Orvmﬁella Wohlthatmasswet / S/
3 &Q ] J‘- / A
.'H'.‘ o d’ *&} ‘( ;
* N @ \g 3' b > ¢ [t Carsten {
o N g NG B t
' & Ne "’ \‘;\ " éQ g ‘é\/\’b lf y »
‘ e oy \‘é‘o & § ° Bdrchgrevmk /
N [e) “ / . /
. \ P T J ~Z~ / e dy e e db
\ e “» S | e j ‘, %
‘ | & ‘ s #
wo = Y | / So T
\ ¥ @ 2 "[’b@ | / r\Qqu ; ?
\om 2 \ E | )
& * gt | & Pone:*
" B RS = =/ w/ j -
\ £ &$ | / Py}
. 3 N 7505 | N | / / '? .
\ > S (2.2 = R, = SO [ / / &/
\ pr— Dronning Maud Land y &
3]s ; aud La , 3
Jaren %00’
m 1 00(;) q |:] Granitoid suite
. &=
anﬂﬂe\\a Q‘@ gf@ ] Banded complex
$ 1 \/\Oﬂ‘n c& Storkvarvet
' ) ‘\[\\,\\"\\g \Xed Gneiss
© 5 partly migmatitic
Cumulus llet v Hahelleregga purss
710507 oo o?f 0 Q&a [ e
o Jgku|kyrkja§ Habermehl-
° toppen
[Svarthamaren, *\
@ Trollslottet ‘e\\a
@ g Q‘:)» tﬁ F\\C\"n
)
L 72°00° T 3km Q 8 |
6°00’'E® b 7O|00’ Kubusfjellet 72°00"

Figure 1. (a) Geographical situation map of central Dronning Maud Land. (b) Geological map of the
studied part of Miihlig-Hofmannfjella and Orvinfjella. The numbers indicate the sampled localities
(Table 1) (modified from [16]).

In this paper, we present and discuss petrographic, geochemical, and isotopic re-
sponses to fluid infiltration into Proterozoic and Early Palaeozoic dry gneisses and grani-
toids in DML. The U-Pb isotopes in zircon and titanite define the age relationships between
voluminous orthopyroxene-bearing intrusions and discordant alteration zones. Stable H-
and O-isotopes inform of the rock and fluid origins. Bulk rock chemical and Sr, Nd isotope
compositions test the geochemical response to volatile infiltration and are discussed with
respect to element transfer and mineral reactions.
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2. Geological Setting

The mountain range of DML (Figure 1) was formed by multi-plate collisions of various
parts of East and West Gondwana during the Pan-African event in the Late Neoproterozoic-
Early Palaeozoic and represents the southern part of the East African-Antarctic Orogen
in Gondwana reconstructions (e.g., [19,20]). The central DML formed during two main
tectono-thermal events, the first in the late Mesoproterozoic and the second in the late
Neoproterozoic to Cambrian. The late Mesoproterozoic rocks have protolith ages of about
1.2-1.0 Ga [21-24].

The dominant structures of the region formed between 640 and 500 Ma, deformation and
tectonism accompanying high-grade metamorphism and voluminous magmatism [21,25,26].
The gneisses reached peak granulite facies metamorphic conditions of about 800-900 °C,
at intermediate pressures (e.g., [27,28]). Combined structural studies, geochronology,
and petrology have revealed an early compressional event followed by near-isothermal
decompression and extension, and a final isobaric cooling [26,29-31].

In the late stages of the Pan-African event widespread post-tectonic granitoid intru-
sions (530-485 Ma) were emplaced in the high-grade gneisses [15,21,32]. This voluminous
igneous suite extends between 2° and 15° E comprising large plutons of syenite, quartz-
monzonite, granite, monzonite, diorite, gabbro, and several generations of granitic to mafic
dykes. Relatively dry orthopyroxene and fayalite-bearing granitoids are an important
component of the suite.

3. Material and Methods

Access conditions are poor in DML, and the only sampling was performed during the
Norwegian Antarctic Research Expedition 1996/1997. The main properties of key samples
used in this paper are listed in Table 1. Detailed petrographic studies were performed
via optical microscopy and scanning electron microscopy (SEM) using a LEO1450 VP
instrument at the Geological Survey of Norway (NGU, Trondheim, Norway). Mineral
identification was performed with an energy-dispersive spectrometer (EDS) mounted on
a scanning electron microscope. The degree of rock alteration was estimated based on
petrographic observations.

The U-Pb analyses on zircon and titanite (Table 2) were carried out via ID-TIMS [33] at
the University of Oslo (Norway). Zircon grains were selected under a binocular microscope
and chemically abraded [34] before dissolution in HF at 195 °C. Titanite was air-abraded [35]
and dissolved in HF on a hotplate. The spike was a mixture of 2%2Pb, 2%>Pb, and 23°U. The
purification of U and Pb was performed with one-stage procedures in anion exchange resin,
zircon with HCl, and titanite with mixed HBr-HCI. The blank correction was <2 pg for
Pb and 0.1 pg for U. A more detailed description of the procedure in the Oslo laboratory
is given in Corfu [36]. The decay constants are those of Jaffey et al. [37]. The data were
calculated and plotted using the program Isoplot [38].

Table 1. List of samples, assemblages, and petrographic characteristics (abbreviations from Whitney
and Evans) [39].

Sample Locality (Loc.) Rock Type Main Assemblage Access/Minor Minerals
AHA91 Loc. 1—Jaren Opx-diorite Qz PI1 perthitic-Kfs Opx Bt Amp Opq Ap Zrc
AHA92 Loc. 1—]Jaren Granodiorite (light) Qz P1 Mc Bt Amp Opq Ap Zrc
AHA106 Loc. 2—Storskvarvet Opx-quartz monzonite Qz PI Perthitic-Kfs Opx Bt Amp Opq Ap Zrc
AHA107 Loc. 2—Storskvarvet Diorite (light) Qz P1 Mc Myrmekite Bt Amp Opq Ap Zrc
AHA119 Loc. 3—Storskvarvet Opx-diorite Qz P1 Opx Bt Amp Perthite Opq Ap Zrc
AHA120 Loc. 3—Storskvarvet Quartz monzonite (light) Qz Pl and anti-perthite Bt Amp Opq Ap Zrc
AHA144 Loc. 4—Storskvarvet Opx-quartz monzonite Qz Pl Perthitic-Kfs Opx Bt Amp Opq Ap Zrc Aln

’ pxq Myrmekite PaAap
AHA145 Loc. 4—Storskvarvet Quartz monzonite (light) Qz P1 Mc Bt Amp Opq Ap Zrc Aln Ttn
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Table 1. Cont.

Sample Locality (Loc.) Rock Type Main Assemblage Access/Minor Minerals
AHA197 Loc. 5—Trollslottet Opx-syenite/quartz monzonite Qz Pl perﬂ&t}l’i-;(:ige px Bt Amp Opq Ap Zrc
AHA199 Loc. 5—Trollslottet Quartz monzonite (light) Qz P1 Mc Bt Amp Myrmekite Opq Ap Zrc Ttn

AHA200 I Loc. 5—Trollslottet Quartz monzonite (light) Qz P1 Mc Bt Amp Myrmekite Opq Ap Zrc Ttn
AHA200 I Loc. 5—Trollslottet Aplite Qz Pl Mc Amf Bt Zrc Ap

. . Qz PI perthitic-Kfs Bt Opx

AHA217 Loc. 6—Cumulusfjellet Opx-granite pMyrmekite P Opq Ap Zrc

AHA218 Loc. 6—Cumulusfjellet Granite (light) Opx—z%fnilaﬂgt]? ’ztlf/[/)i‘driekite Opq Ap Zrc Aln
AHA 193A Loc. 7—Kubusfjellet Opx gneiss (dark) Qz Pl pertgltlc-Kfs antiperthite Opq Ap Zrc

px Bt Grt
AHA 193C Loc. 7—Kubusfjellet Gneiss (light) O%)Z(_ll rl;ir etgge];tllecrt Opq Ap Zrc
AHA 205A Loc. 7—Kubusfjellet Opx gneiss (dark) Qz Pl perthitic-Kfs Opx Bt Grt Myrmekite Opq Ap Zrc
AHA 205GH] Loc. 7—Kubusfjellet Gneiss (light) Qz Pl pggziigxcaf:;\é}gmekﬁe Opq Ap Zrc

Sample Replacement Minerals
AHA91 Weak alteration
AHA92 Pl microveining sericitization; perthite => Mc as microveining and subgrains
AHA106 Weak alteration; Opx => Bt; Pl microveined sericitization; perthite microveined
AHA107 Fine symplectite of Amp+Qz and Bt+Qz; Pl microveined and sericitization; perthite => Mc microveined and replaced to finer

subgrains
AHA119 Weak alteration; minor fine-grained Bt+Qz symplectite
AHA120 Weak alteration; Fld microveining and sericitization; Bt + Qz symplectite
AHA144 Weak alteration
AHA145 Pl microveining sericitization; perthite => Mc as microveining and subgrains; Amp => Bt
AHA197 Weak alteration; perthite microveining
AHA199 Pl microveined and sericitized; perthite => Mc and microveined; Bt+Qz fine symplectite; Opq => Ttn
AHA2001 Pl microveined and sericitized; perthite => Mc and microveined; Bt Amp replaced with finer grained /symplectite; Opq => Ttn
AHA200II
AHA217 Weak alteration perthite microvein
AHA218 Pl sericitization and microveining; perthite => Mc microveining and subgrains; Opx => Bt and Amp
AHA 193A
AHA 193C Opx => Bt; Pl sericitization microveins; perthite => Mc microveins
AHA 205A
AHA 205GH] Opx => Bt; Pl sericitization microveins; perthite => Mc microveins
Sample Alteration [%] Characteristic Textures
AHA91 <5 Equigranular; coarse-grained Qz Pl perthite Bt Amp; few finer grains
AHA92 50 Heterogranular; Coarse Qz Fld; medium Amph Bt
AHA106 15 Equigranular; coarse-grained Qz Pl perthite Bt Amp; few finer grains
AHA107 50 Heterogranular; coarse Qz Fld and few Amph Bt; fine symplectite of Amp+Qz and Bt+Qz
AHA119 <5 Equigranular; coarse Qz Pl; medium Bt Amp; P1 phenocrysts
AHA120 20 Equigranular; coarse Qz P1; medium Bt Amp; fine Bt-Qz symplectites
AHA144 <5 Heterogranular; coarse to large Qz PI perthite; coarse Amf Bt
AHA145 60-70 Heterogranular; coarse Qz P1 Amp; fine replacements
AHA197 <5 Equigranular; coarse Qz Pl perthite; coarse to medium Bt Amp
AHA199 70 Heterogranular; coarse Qz and Fld; fine sympectites of Amp+Qz and Bt+Qz
AHA2001 80 Heterogranular; coarse Qz and Fld; medium to fine Amp Bt Qz; fine symplectite Bt-Qz
AHA200 IT Strong heterogranular varying coarse to fine grained; embayed grain boundaries; dusty Qz and Fld
AHA217 Heterogranular coarse Fld Qz Bt; phenocryst perthite; fine myrmeckite Qz Fld along grain
<5 . .
boundaries; some fine Bt aggregates
AHA218 50 Heterogranular; coarse Qz Fld; medium Amph Bt
AHA 193A <1 Equigranular medium grained; triple-point and embayed grain boundaries; Grt anhedral rims
AHA 193C 40 Heterogranular; medium Qz P1 perthite/Mc; medium to fine Bt
AHA 205A 10 Equigranular medium grained; triple-point and embayed grain boundaries; Grt anhedral rims
AHA 205GH] 30-50 Equigranular, medium grained, triple-point grain boundaries, undulating grain boundaries; grt

subhedral rims

Stable isotopic data are presented in Table 3. The oxygen isotope compositions (1°O,
180) of handpicked mineral separates of quartz, K-feldspar, biotite, and amphibole were
measured at the University of Tiibingen (Germany) using a method similar to that of
Sharp [41] and Rumble and Hoering [42] and described in more detail by Kasemann
et al. [43]. Between 2 and 4 mg of sample was loaded onto small Pt sample holders, which
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were pumped to a vacuum of about 10 mbar. After prefluorination of the sample chamber
overnight, the samples were heated with a CO,-laser in 50 mbar of pure F,. Excess F,
was separated from the O, using KCl at 150 °C by producing KF and releasing Cl,. The
extracted O, was collected quantitatively via adsorption on a molecular sieve (13X) at liquid
nitrogen temperature in a sample vial. Subsequently, the vial was removed from the line
and heated to room temperature, releasing O, as a gas, which was analyzed isotopically
using a Finnigan MAT 252 isotope ratio mass spectrometer. Oxygen isotope compositions
are given in the standard -notation, expressed relative to VSMOW (Vienna Standard Mean
Ocean Water) in permil (%o). Replicate oxygen isotope analyses of the standards, using
NBS-28 quartz and UWG-2 garnet [43], have an average precision of +-0.1%o for '80. The
accuracy of 5'80 values is better than 0.2%. compared to the accepted 580 values for
NBS-28 of 9.64 %0 and UWG-2 of 5.8 %o.

Table 2. U-Pb zircon and titanite data.

Mineral, Weight U Th/U®  Pbi®@ Pbc ® 206pp/ 207pp/ 2s 206 pp/ 2s rho
Characteristics @ 204py, (6) 85y @) 88y @)
[ugl®  [ppm] @ [ppm] [pgl [abs] [abs]
AHA 197
Z sp-fr [1] 13 269 0.44 0.0 1.5 12,376 0.668 0.002 0.08394  0.00017 0.90
Zlp [1] 15 187 0.59 0.0 0.8 17,721 0.666 0.002 0.08371  0.00018 0.88
Z lp-flat [1] 11 183 0.53 0.0 1.3 8352 0.666 0.002 0.08370  0.00017 0.83
Z lp-fr [1] 2 575 0.64 0.0 0.8 7102 0.660 0.002 0.08329  0.00019 0.82
AHA199
Zlp [1] 1 771 0.62 0.0 0.3 13,970 0.669 0.003 0.08414  0.00025 0.88
Z fr [1] 6 261 0.42 0.0 1.9 4447 0.669 0.002 0.08399  0.00020 0.83
T pb [3] 8 45 1.38 2.0 17.9 117 0.621 0.019 0.07855  0.00033 0.22
Tpb [2] 1 167 1.05 9.3 114 90 0.610 0.025 0.07805  0.00040 0.23
T pb [5] 1 217 0.90 149 16.9 80 0.591 0.027 0.07786  0.00045 0.14
Mineral, 207pp/ 2s 206pp/ 207pp/ 207pp/ 2s D®
Characteristics (6] 206Pb (W] 238U (7) 235U @ 206Pb 7)
[abs] [Mal] [Ma] [Ma] [abs] [%]
AHA 197
Z sp-fr [1] 0.05776 0.00006 519.6 519.8 520.8 2.4 0.2
Zlp [1] 0.05769 0.00007 518.2 518.2 518.1 2.8 0.0
Z lp-flat [1] 0.05769 0.00009 518.2 518.1 517.9 3.4 —0.1
Z lp-fr [1] 0.05751 0.00011 515.7 514.9 511.0 4.3 —-1.0
AHA199
Zlp[1] 0.05769 0.00011 520.8 520.3 518.2 41 —0.5
Z fr[1] 0.05778 0.00012 519.9 520.2 521.6 4.5 0.3
T pb [3] 0.05738 0.00173 487.4 490.7 506.1 64.9 3.8
Tpb[2] 0.05667 0.00224 484.5 483.5 478.8 85.1 —-1.2
T pb [5] 0.05510 0.00250 483.3 471.8 416.3 98.3 —16.7

() Z = zircon; T = titanite; Ip = long prismatic; sp = short prismatic; fr = fragment; pb = pale brown; [N] = number
of grains in fraction. ® Weight and concentrations are known to be better than 10%, except for those near and
below the ca. 1 ug limit of resolution of the balance. ©) Th/U model ratio inferred from the 208/206 ratio and age
of the sample. @) Pbi = initial common Pb. ©® Pbc = total common Pb in sample (initial + blank). ©) Raw data
corrected for fractionation and spike. @) Corrected for fractionation, spike, blank, and initial common Pb [40];
error calculated by propagating the main sources of uncertainty. D= degree of discordancy.

For the D/H analysis of biotite, an extraction line as described in Vennemann and
O’Neil’s study [44] was used. Depending on the water content, sufficient amounts of
hydrous minerals were loaded into 12 cm long quartz tubes in order to obtain >1 mg
H,O. Water was released by heating the minerals in the tubes using a torch and was then
converted to Hy using Zn (see [44] for further details). H, was subsequently measured on a
Finnigan MAT 252 Mass Spectrometer, using the dual inlet device. External precision is
typically 2%o; all values are reported relative to VSMOW.
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Table 3. Stable isotopic data.

Sample Rock Type Mineral 580gpow (%o) 8Dsnow (%0)
AHA 197 Opx-syenite—quartz monzonite Quartz 9.1
AHA 200 Quartz monzonite (light) Quartz 9.9
AHA 197 Opx-syenite—quartz monzonite K-feldspar 8.8
AHA 200 Quartz monzonite (light) K-feldspar 8.8
AHA 197 Opx-syenite—quartz monzonite Amphibole 6.5
AHA 200 Quartz monzonite (light) Amphibole 57
AHA 197 Opx-syenite—quartz monzonite Biotite 6.4 —101.4
AHA 200 Quartz monzonite (light) Biotite 6.0 —288.8

Samples used for geochemical analyses were selected as being representative and
homogenous, with good control of mineralogy and petrography. Whole-rock major and
trace element analyses (Table 4) were carried out at the NGU (Trondheim, Norway). Major
elements were measured on fused glass beads prepared via 1:7 dilution with lithium
tetraborate. Trace elements were measured from pressed tablets on a PANalytical Axios
XRF spectrometer equipped with a 4 kW Rh X-ray end-window tube, using synthetic and

international standards for calibration.

Table 4. Whole-rock major and trace element geochemistry.

Major Elements (wt%)

Sample SiO, Al,O3  Fep,O3 TiO, MgO CaO Na,O K,O MnO P,O5 LOI Sum
AHA91 62.3 14.0 9.07 1.86 1.18 4.36 2.73 4.08 0.103 0.662 0.015 100.0
AHA92 64.3 14.9 6.64 1.28 0.784 3.80 2.92 4.27 0.080 0494 —0.039 99.5
AHA 106 65.3 15.3 5.89 1.14 0.658 3.45 291 5.10 0.072 0.448 0.070 100.0
AHA 107 61.8 15.3 7.59 1.67 1.04 4.61 3.10 3.37 0.100 0.828 0.204 99.6
AHA 119 60.3 14.6 10.1 2.07 1.31 4.73 3.14 3.11 0.114 0.929 0.029 100.0
AHA 120 63.9 15.3 6.64 1.28 0.759 3.91 3.11 4.32 0.084 0.515 0.054 99.9
AHA 144 62.7 14.5 8.34 1.55 0.990 3.58 2.53 5.37 0.097 0.589 0.010 100.0
AHA 145 65.4 144 6.43 1.20 0.686 2.88 2.85 4.98 0.081 0471 0.223 99.6
AHA 197 61.6 16.2 6.93 1.31 1.41 3.58 3.51 5.50 0.083 0.417 0.069 101.0
AHA 199 63.1 15.7 6.64 1.05 1.13 2.67 3.39 5.66 0.081 0.334 0.120 99.9
AHA 217 714 14.9 2.69 0.358 0.375 1.47 3.52 5.79 0.036 0.158 0.303 101.0
AHA 218 74.6 13.6 1.58 0.213 0.140 1.12 2.95 5.81 0.017 0.038 0.346 100.0
AHA 193A 71.8 13.2 5.73 0.712 0.493 2.23 2.25 4.24 0.084 0.188 —0.143 101.0
AHA 193C 71.2 13.9 3.87 0.448 0.517 1.33 1.84 6.82 0.044 0.161 0.010 100.0
AHA 205A 71.6 13.8 4.38 0.532 0.374 1.98 2.23 5.17 0.057 0.139  —0.035 100.0
AHA 205H 71.2 14.5 2.37 0.599 0.632 1.54 2.33 6.99 0.010 0.248 0.157 101.0
Trace Elements (mg/kg)

Sample Ba Ce Co Cr Cu Ga La Mo Nb Nd Ni Pb
AHA91 2170 384 12.7 15.9 9.5 26.2 181 5.1 39.5 183 6.4 33.8
AHA92 2450 260 9.2 4.2 6.1 26.9 132 3.2 29.2 96 5.7 35.8
AHA 106 2770 247 8.0 4.6 6.5 27.3 133 2.7 26.9 100 6.2 40.8
AHA 107 1770 255 114 19.6 6.7 29.1 122 1.9 43.5 113 6.8 102
AHA 119 1440 322 154 9.1 9.1 28.9 143 45 48.3 148 5.3 37.5
AHA 120 2170 323 8.9 6.6 6.9 28.2 174 3.5 31.2 131 5.6 42.0
AHA 144 2600 352 10.8 14.7 9.5 26.1 155 2.8 37.5 147 5.4 39.1
AHA 145 2340 235 8.5 23.7 <2 25.1 114 2.7 35.4 100 6.2 42.8
AHA 197 2390 238 15.0 13.6 6.2 244 108 2.3 28.3 119 6.3 37.5
AHA 199 2190 202 114 45 <2 26.1 98 1.9 39.0 96 7.8 48.8
AHA 217 925 79 <4 6.6 <2 21.7 48 2.9 14.4 41 6.3 40.0
AHA 218 684 118 <4 <4 <2 19.0 39 1.7 8.7 20 5.0 41.7
AHA 193A 896 127 6.7 86.3 8.3 19.3 65 1.6 17.2 58 9.2 19.7
AHA 193C 992 136 5.4 22.1 7.7 20.1 64 <1 9.5 56 9.3 30.0
AHA 205A 1040 86 6.0 16.0 5.9 20.0 44 <1 14.4 35 7.5 25.7
AHA 205H 1240 34 5.1 14.9 5.6 20.7 <20 1.1 10.0 16 8.2 39.2
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Table 4. Cont.

Sample Rb Sc Sr Th U A% W Y Yb Zn Zr
AHA91 140 223 515 34.5 59 58.3 5.8 108 5.8 187 640
AHA92 147 12.0 599 325 6.0 29.6 <5 60.6 <5 136 477
AHA 106 165 11.9 601 24.8 59 29.8 <5 63.8 <5 121 500
AHA 107 191 12.3 587 28.6 6.9 40.5 10.9 97.1 6.4 207 534
AHA 119 176 17.7 521 26.7 5.6 56.1 59 95.3 53 269 604
AHA 120 158 11.7 546 37.1 8.1 31.6 <5 79.2 6.7 145 566
AHA 144 155 16.8 536 239 54 43.5 <5 90.3 <5 170 672
AHA 145 257 8.3 466 24.0 7.0 25.5 <5 66.3 <5 146 561
AHA 197 131 14.3 588 15.2 5.1 71.1 <5 67.3 <5 117 566
AHA 199 298 12.2 466 18.4 7.7 56.9 5.8 88.2 53 140 536
AHA 217 225 7.6 224 12.4 4.1 20.0 <5 30.5 <5 72.0 259
AHA 218 132 <5 191 18.4 3.1 6.4 <5 7.9 <5 34.0 183
AHA 193A 136 12.9 127 18.8 22 20.8 59 113 8.3 78.5 410
AHA 193C 254 9.3 133 23.6 24 15.6 <5 75.6 <5 80.2 226
AHA 205A 170 9.9 140 16.8 24 16.1 <5 80.9 <5 67.8 315
AHA 205H 267 <5 181 4.3 2.3 29.2 <5 194 <5 57.1 213
Sample Cl F Cs Ge Hf Sm Te
AHA91 <0.05 0.54 <10 6.0 17.4 30 20
AHA92 <0.05 0.44 <10 6.1 15.3 14 16
AHA 106 <0.05 0.46 <10 6.4 17.1 24 17
AHA 107 0.227 0.47 <10 6.8 15.9 25 19
AHA 119 0.093 0.81 <10 6.1 144 23 19
AHA 120 <0.05 0.54 <10 6.6 20.8 20 21
AHA 144 0.056 0.49 <10 6.2 20.2 24 <10
AHA 145 0.058 0.51 <10 6.5 15.5 15 19
AHA 197 <0.05 0.45 <10 6.0 17.0 17 <10
AHA 199 0.060 0.51 <10 6.5 14.4 20 21
AHA 217 <0.05 0.38 <10 6.5 13.6 <10 16
AHA 218 <0.05 0.32 <10 6.6 12.2 <10 <10
AHA 193A <0.05 0.32 <10 6.9 16.1 <10 19
AHA 193C <0.05 0.36 <10 6.4 12.0 12 <10
AHA 205A <0.05 0.31 <10 6.8 154 <10 <10
AHA 205H <0.05 0.40 <10 6.4 13.8 <10 <10

Rubidium-Sr and Sm-Nd isotopic analyses (Table 5) were performed on the Finnigan
MAT?262 mass spectrometer located ats the Isotope Geochemistry group, Eberhard Karls
University of Tiibingen, Germany. Prior to digestion, the samples were mixed with tracer
solutions enriched in the 8Rb-#4Sr and 47Sm-1"'Nd isotopes. Rubidium, Sr, and REE were
separated from one single rock digest using standard cation exchange procedures followed
by the separation of Sm and Nd using reverse ion chromatography with HDEHP resin.
Reproducibility for NBS SRM 987 measurements during the study was 0.710256 + 16 (2sd;
n =9) and 0.056500 + 08 (2sd) for 8”Sr/80Sr and 84Sr /805, respectively. Analytical mass
bias was corrected relative to #Sr/80Sr = 0.1194 using exponential law. Analytical mass bias
correction for Rb measurements was based on repeated analyses of NBS SRM 984 yielding
85Rb /8 Rbsaw =2.5952 + 13 (2sd, n =7), resulting in an exponential mass bias of 0.4 %o /amu.
Repeated measurements of the La Jolla standard (n = 6) gave 0.511831 £ 26 (2sd) and
0.348404 + 14 (2sd) for *3Nd/'*4Nd and *°Nd/**Nd, respectively. Analytical mass bias
was corrected with 1%0Nd /#4Nd = 0.7219 using an exponential law. Total procedural blanks
were consistently below 0.5 ng for all four elements and were thus negligible.
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Table 5. WR Rb-Sr and Sm-Nd isotope data.

Sample ID Rb Sr 87Rb/86Sr 87Sr/86Sr +2 S.E. TDM 2 87S1/86 Sy
[ug/g] [ng/gl [Ga] [@ 0.5 Ga]
AHA 106 179 611 0.822 0.714957 0.000010 1.09 0.70910
AHA 107 207 613 0.941 0.715830 0.000012 1.01 0.70913
AHA 119 192 540 0.992 0.716184 0.000010 0.99 0.70912
AHA 120 174 574 0.851 0.715260 0.000009 1.08 0.70920
AHA 144 168 551 0.848 0.715209 0.000010 1.07 0.70916
AHA 145 291 488 1.667 0.720615 0.000011 0.77 0.70874
AHA 197 141 613 0.643 0.713208 0.000010 1.20 0.70863
AHA 199 334 483 1.919 0.721822 0.000012 0.71 0.70815
AHA 217 255 238 2.996 0.730783 0.000009 0.67 0.70944
AHA 218 148 201 2.054 0.724052 0.000010 0.74 0.70941
AHA 193A 150 131 3.211 0.772378 0.000011 1.53 0.74950
AHA 193C 295 139 5.926 0.792361 0.000011 1.06 0.75014
AHA 205A 187 145 3.606 0.775184 0.000010 1.41 0.74949
AHA 205H 317 193 4.618 0.766434 0.000010 0.97 0.73353
Sample ID Sm Nd WSm/144Nd “3Nd/"*Nd  +2S.E. eNd b TDM ¢ eNd P
[ug/gl [ug/gl [today] [Gal [@ 0.5 Gal
AHA 106 20.1 115 0.1081 0.511927 0.000007 —13.7 1.76 -8.1
AHA 107 25.9 134 0.1190 0.511892 0.000008 —~144 2.02 -9.5
AHA 119 28.5 154 0.1143 0.511900 0.000006 —~142 1.91 -9.0
AHA 120 24.4 139 0.1086 0.511942 0.000007 134 1.75 -7.8
AHA 144 31.6 175 0.1115 0.511882 0.000008 146 1.88 -9.2
AHA 145 20.9 119 0.1085 0.511861 0.000007 ~15.0 1.86 -9.4
AHA 197 24.7 133 0.1149 0.512130 0.000007 -9.80 1.57 4.6
AHA 199 225 108 0.1279 0.512105 0.000007 -102 1.85 -5.9
AHA 217 9.77 40.9 0.1474 0.512219 0.000008 —8.00 2.13 —4.9
AHA 218 3.90 24.5 0.0988 0.511950 0.000007 —-133 1.59 7.1
AHA 193A 15,5 92.9 0.1028 0.512049 0.000009 —~11.3 1.51 5.4
AHA 193C 16.0 86.0 0.1149 0.512088 0.000006 106 1.64 54
AHA 205A 9.67 51.5 0.1160 0.512087 0.000010 -106 1.65 -55
AHA 205H 6.82 24.3 0.1731 0.512293 0.000008 —6.60 3.20 —5.1

2 TDM calculated assuming linear DM evolution with present-day values of Rb/%Sr of 0.022 and ¥ Sr/8Sr
of 0.7025 [45] using 1 87Rb of 1.42 x 107a~!. P calculated with chondritic values of #7Sm/4Nd of
0.1960 and “*Nd/™*Nd of 0.512630 [46]. ¢ TDM calculated assuming linear DM evolution with present-
day values of '¥7Sm/#Nd of 0.2137 and 3Nd/'*Nd of 0.51315 [47] using 1'*”Sm of 6.54 x 10~1%a~! and
chondritic values [46].

4. Results
4.1. Field Relations

In Miihlig-Hofmannfjella and Filchnerfjella (5-8° E), two major rock types are dis-
tinguished, gneisses and an extensive igneous suite, with the latter including a banded
complex (Figure 1).

The sequence of gneisses comprises granitic gneisses, metapelites, and mafic rocks,
all partly migmatitic. Garnet and orthopyroxene are the principal minerals of the granitic
gneisses, together with perthite, plagioclase, and quartz and including cordierite and silli-
manite in the metapelites. The gneisses reached granulite facies conditions of 850-885 °C
and 0.55-0.70 GPa. Their metamorphic, mineral chemistry, and structural evolution was
reported by Engvik and Elvevold [30] and Elvevold and Engvik [28]. The migmatitic
gneisses have leucosome quartz-feldspar layers, where layers enriched in mafic minerals
define a foliation.

The igneous suite is part of a larger complex intruding the gneisses and extending
between 5 and 15° E, often constituting larger nunataks (Figure 2a). In the study area, the
intrusions are mainly quartz-monzonite and granite. Orthopyroxene is usually a part of
the mineral assemblage in pristine parts of the granitoid, dominating the bedrock with a
brownish outcrop color. These rocks are medium- to coarse-grained and contain typical
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megacrysts of mesoperthitic K-feldspar. A banded complex (Figure 1), as described by
Engvik et al. [48], is characterized by dark reddish, light, and darker bands that represent
orthopyroxene and olivine-bearing medium-grained charnockite, coarse granitic material,
and fine-grained doleritic rocks, respectively.

Figure 2. Field photos. (a) Nunatak of orthopyroxene-bearing granitoid with the characteristic
dark brownish outcrop color (Hahelleregga). (b) Alteration halo around discordant aplitic vein
crosscutting migmatitc gneiss (locality 7, Kubusfjellet). The vein (arrow) is about 5 cm thick with
an alteration halo extending 0.5 m into the host rock. The field of view is 1.5 m. (c) Alteration halo
around the pegmatitic vein cutting dark brownish-colored orthopyroxene-bearing syenite (locality 5,
Trollslottet). The field of view is about 1 m. (d) A high density of crisscrossing veins causes heavy
alteration of the dark orthopyroxene-bearing syenite of the Trollslottet nunatak (Locality 5, the cliff
face is about 70 m high).

Both the gneisses and the igneous suite are discordantly crosscut by conspicuous light
bands with a central pegmatitic or aplitic vein of granitoid composition (Figure 2b—d). The
veins have a typical thickness ranging between a few mm and 15 cm and are surrounded
by alteration halos showing a marked change in the color of the host rocks. The halos
are roughly symmetric on both sides of the central vein and display sharp boundaries to
pristine host rock. The widths of the alteration halos range from some centimeters to more
than a meter. In addition, light bleaching is locally developed, with more diffuse relations
to the dark host rock.

4.2. Petrography

Petrography has been investigated in sample pairs of brownish outcrop-colored pris-
tine gneiss and granitoids and their altered light-colored equivalent crossing the alteration
zone, with samples collected within distances on a meter scale.
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4.2.1. Orthopyroxene Gneiss

Migmatitic orthopyroxene gneiss is variably garnet bearing and dominated by quartz,
feldspar as perthitic K-feldspar (An.j AbyoKfsyg), plagioclase (Anzs AbgsKfs;), locally with
antiperthitic texture, besides the orthopyroxene (Fsgg 74Enps 290Wo1), biotite and minor
myrmekite (Figure 3a). Opaque phases, apatite, and zircon occur as accessories. The gneiss
is equigranular and medium-grained. Biotite (Ti = 0.44-0.58 a.p.f.u.; F = 0.31-0.68 a.p.f.u,;
Fe?t/(Fe?* + Mg) = 0.66-0.70) defines with its crystal-preferred orientation the variable
foliation. Quartz and feldspars show embayed-grained boundaries and, together with
orthopyroxene, triple-point grain boundaries. Garnet (Almyg_g4Prps_9Grsg_12Sps;) occurs
as anhedral, rounded grains or with resorbed rims.

*

Perthite.

d.] mm’ <o
V —

Figure 3. Micrographs of pristine orthopyroxene-bearing gneiss and granitoid intrusions (mineral
abbreviations following Whitney and Evans [38]. (a) Garnet-orthopyroxene gneiss with major
quartz, perthitic K-feldspar, and plagioclase occur equigranular with embayed and triple-point grain
boundaries (sample AHA193A, plane light). (b) Euhedral orthopyroxene in the quartz and feldspar
matrix (sample AHA217, orthopyroxene granite, plane light). (c) Coarse subhedral amphibole
with medium-grained biotite and orthopyroxene (sample AHA144, orthopyroxene-bearing quartz-
monzonite, plane light). (d) Amphibole and biotite in the matrix of quartz and perthitic K-feldspar;
note the coarse crystals of biotite (sample AHA197, orthopyroxene-bearing granite, plane light).
(e) Amphibole and biotite in the matrix of perthite, plagioclase, and quartz; note the well-developed
coarse crystals of amphibole and biotite (sample AHA197, orthopyroxene-bearing granite, plane light).
(f) Fine-grained quartz and feldspars of aplite but with a strong heterogeneity including some coarse
grains. Remark dusty appearance of quartz and feldspar (sample AHA200II, crossed polarizers).
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4.2.2. Orthopyroxene-Bearing Granitoids

The investigated unaltered granitoids occur as orthopyroxene-bearing granite, syenite,
quartz monzonite, and diorite. In general, they are relatively equigranular with respect
to their major assemblage of medium to coarse grains of quartz, perthitic K-feldspar,
plagioclase, biotite, and amphibole, and with fine- to medium-grained orthopyroxene.
Feldspars occur partly as phenocrysts. Mafic minerals constitute 5%—-10% of the rock,
including orthopyroxene, amphibole, and biotite. Orthopyroxene has euhedral to subhe-
dral grain boundaries (Figure 3b,c) and shows a weak alteration texture along microfrac-
tures or a brownish surface alteration. For the quartz monzonite of locality 5, with the
mineral chemistry described by Engvik and Elvevold [49], perthitic K-feldspar shows
a total chemistry of Ang_,Abq445Kfss53_g4 and plagioclase are oligoclase (AnggAbggKfs;).
Orthopyroxene is Fsgo_y1Enps 26Wo,. Amphibole is hastingsite; Ti = 0.19-0.20 a.p.f.u.;
F=0.61-0.62 a.p.f.u.; Fe?*/ (Fe2++Mg) = 0.64-0.65). The medium- to coarse-grained crys-
tals of biotite (Ti = 0.45-0.50 a.p.f.u.; F = 0.60-0.87 a.p.f.u.); Fe?* /(Fe** + Mg) = 0.64-0.66)
are subhedral (Figure 3c-e). Myrmekite is present, and apatite, zircon, opaque phases (Fe-Ti
oxides), and allanite occur as accessories.

4.2 3. Granitoid Pegmatitic and Aplitic Veins

Pegmatites and aplites are mainly composed of quartz, plagioclase, microcline and
perthite, with minor biotite and amphibole and accessory apatite, zircon, Fe-Ti oxides,
carbonate and white mica. Pegmatites are coarse-grained with a grain size of up to several
cm. Aplites have highly heterogranular grain sizes varying from fine to coarse grains
between <0.1 mm and up to 5 mm (Figure 3f). Quartz and feldspars contain a high density
of dust represented by fluid inclusions and tiny phases such as sericite and opaque minerals.

4.2.4. Alteration Textures

Orthopyroxene, in general, disappears in the altered samples, both in gneiss and
granitoids, although remnants can be preserved locally within its replacements of biotite +
quartz-symplectite (Figure 4a) or amphibole + quartz-symplectite (Figure 4b). A replace-
ment of amphibole occurs along grain boundaries and cleavage planes and on sub-grain
boundaries. Where amphibole is fractured, the microveins are filled with biotite and trails
of opaque phases (Figure 4c,d). Both amphibole and biotite are replaced by finer grains
in the altered samples (Figure 4a,b). In the central part of the altered zones, amphibole
disappears, while biotite is replaced only by finer-grained spread grains. Ti of the biotites
shows a decrease (down to 0.13 a.p.f.u.) compared to the unaltered rocks, while F increases
and Cl is present (<1.08 and 0.18 a.p.f.u., respectively). The Fe?* /(Fe** + Mg) ratio of the
biotite decreases in the gneiss (>0.63) but shows an increase in the quartz monzonite (<0.69).
Similar mineral chemical changes are shown in the hastingsite of quartz monzonite where
Ti decreases (down to 0.10 a.p.f.u.), while F, Cl and the Fe?* /(Fe**+ Mg)-ratio increase (up
to 0.37 a.p.f.u., 0.16 p.f.u. and 0.77, respectively). In the most intensely altered halos, titanite
has grown at the expense of ilmenite (Figure 4e).

In the altered zones, conspicuous changes have affected the feldspars. In thin sections,
they reveal abundant sealed micro-cracks or microveins cutting across grain boundaries
and boundaries between different minerals (Figure 5¢c—f). The micro-cracks in feldspar
are sealed by albite, whereas those in quartz are generally healed and marked by trails
of secondary fluid inclusions. The formation of microveins in feldspars is connected to
a replacement of perthitic K-feldspar to microcline (Figure 5c,d). The Kfs-component of
perthite increases along the micro-cracks into microcline (An.j Ab;_19Kfsgp_93). In strongly
altered samples, perthite is totally replaced by microcline (Figure 5a,b, sample AHA145).
Plagioclase undergoes albitization and sericitization (An;_4AbgsKfsy_o; Figure 5e,f). The
dusty appearance on the microscale is caused by the fluid inclusions, with tiny hydrous
silicates such as sericite and tiny needles of opaque phases widespread throughout the
crystals (Figure 5c,d).
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Figure 4. Replacement of mafic minerals in alteration zones (micrographs, plane light). (a) Biotite
+ quartz fine-grained symplectites (sample AHA107, altered quartz-monzonite). (b) Amphibole +
quartz fine-grained symplectites (sample AHA107, altered quartz-monzonite). (c) Replacement of
amphibole along cleavage planes and microfractures to biotite (white arrows) and Fe-oxide (black
arrow; sample AHA145 altered quartz-monzonite). (d) Replacement of amphibole to biotite along
cleavage planes, micro-cracks, and sub-grain boundaries (sample AHA145, altered quartz-monzonite).
(e) Replacement of coarse biotite to finer biotite grains and of ilmenite to titanite (sample AHA199,
altered quartz monzonite).

4.3. Geochemical Composition

The granitoids analyzed in this study range in composition from diorite to quartz
monzonite and granite (Figure 6). Alteration caused a consistent decrease in Ca, whereas
for the alkalies, the effect is inconsistent, indicating both increases and decreases. Silica
shows an increase in almost all sample pairs, whereas Fe and Mn consistently decrease. For
the other elements, the changes vary for each sample pair.
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Figure 5. Feldspars in alteration zones. (a,b) Replacement of original feldspar to subgrains and
production of a high density of micropores, fluid inclusions, and tiny grains of sericite and biotite.
Plane light (a) and crossed polarizers (b) (sample AHA145, altered quartz-monzonite). (c) Replace-
ment of perthitic K-feldspar to microcline (crossed polarizers, sample AHA 193C, altered gneiss).
(d) Alteration of perthitic K-feldspar along microfractures (arrows) and replacement to microcline
(crossed polarizers, sample AHA199, altered syenite). (e,f) Sericitization (arrows) and growth of
biotite (brown phase) and titanite along microfractures in plagioclase. Plane light (e) and crossed
polarizers (f) (sample AHA145, altered quartz-monzonite).

4.4. U-Pb Geochronology on Zircon and Titanite

Two samples were processed for U-Pb dating. Sample AHA 197 is a coarse-grained
orthopyroxene-bearing granite sampled 1.8 m from the central vein of the alteration halo,
whereas sample AHA199 is the altered equivalent sample, 20 cm from the central vein.
Both contain zircon, but the altered sample also contains secondary titanite.

The zircon populations from the two samples display similar morphological charac-
teristics. They consist of short prismatic grains with recognizable euhedral shapes, but
somewhat subrounded and irregular, and in general with common inclusions of other
minerals. Two zircon grains from sample AHA199 yield concordant data, defining a Con-
cordia age of 520.2 + 1.0 Ma (Table 2; Figure 7). The four analyses from the other sample
AHA197 instead show some spread along the Concordia curve; one analysis is identical to
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those from AHA199, whereas the other three are between 2 and 5 million years younger.
The pattern suggests that the two samples are coeval and the shift in the AHA197 data is
interpreted as the result of partial Pb loss.
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Figure 6. TAS-plot. Arrows link the unaltered and altered samples with their direction pointing to
the alteration. Symbols are the same as in Figures 8 and 9.
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Figure 7. U-Pb analyses of zircon and titanite in orthopyroxene-bearing granite (sample AHA197)
and alteration zone (sample AHA199). Ellipses (full lines for zircon and dashed lines for titanite)

indicate 2 sigma uncertainty.

Titanite from sample AHA199 consists mostly of pale brown fragments, in part still
containing a core of ilmenite. Three analyses indicate U contents of 45-220 ppm and Th/U
of 0.9-1.4, which is interesting because it contradicts the widespread, but simplistic notion
that secondary titanite always has low Th/U. The three titanite analyses overlap within
error defining a Concordia age of 485.5 £ 1.4 Ma (Figure 7).
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4.5. O and H Stable Isotopes

Mineral separates of the orthopyroxene-bearing granite of sample AHA197 and the
related altered granitoid (sample AHA200) were analyzed for the stable isotopes of O (6180)
and H (8D), (Table 3). Oxygen was analyzed from both samples using quartz, K-feldspar,
amphibole, and biotite. In addition, the 8D composition was obtained on biotite separate.

The §'8Ogpiow values show a relatively good consistency for the specific minerals
within the pristine orthopyroxene-bearing granite and altered sample. Quartz gives
5180spow of 9.1 and 9.9%o, respectively, K-feldspar gives 8.8%o for both samples, am-
phibole gives 6.5 and 5.7 %o, respectively, and biotite gives 6.4 and 6.0%o.. In contrast, the
dDsmow of biotite is very different between the two samples, with a value of —101%. for
the orthopyroxene-bearing granite and —289%. for the altered granitoid.

4.6. Rb-Sr and Sm-Nd Isotopes

Isotopic ratios for Rb/Sr and Sm/Nd were obtained for five pairs of granitoid rocks
and two pairs of gneisses, with each pair including the pristine rock and its altered counter-
part (Table 5; Figure 8a).
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Figure 8. Radiogenic isotopic plot. Arrows link the unaltered to the altered sample and their
direction points to the alteration. (a,b) 87Rb /8Sr vs. 87Sr /8Sr. (¢) 147Sm/1#4Nd vs. 13Nd/1#Nd.
See Section 5.
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For the Rb-Sr isotopic data, the two sets of rocks fall into distinct groupings. They plot
along linear arrays with very distinct initial ratios of >0.74 for the gneisses and <0.71 for
the granitoids (Figure 8a).

Three of the gneisses, including one of the altered rocks, fit on an isochron with an
age of 517 & 6 Ma (MSWD = 1.5). The analysis for the second altered gneiss (205H) is
significantly displaced from the isochron, halfway to the array of the granitoids, indicating
that alteration brought material from the granitoid magma into the original gneiss.

The array of the granitoids shows a large scatter defining an errochron with a large
MSWD of 260. In spite of the scatter, the errorchron age of 505 & 29 Ma overlaps within
uncertainty with the ages obtained from zircon and titanite (520.2 & 1.0 and 485.5 £ 1.4 Ma,
respectively; Figure 7). Calculations of pristine and altered sets separately yield ages of
516 £+ 26 Ma (MSWD = 222) and 479 £+ 110 Ma (MSWD = 256). Although these ages
overlap the zircon and titanite ages for the primary crystallization and the alteration, they
have considerable internal uncertainties. The excess scatter can be related to both initial
variations in the Sr isotopic composition of different units and by shifts linked to the
alteration process, as can be deduced from the two-point isochron dates calculated from
each pair of unaltered and altered rock (Figure 8b).

The Sm-Nd data show a somewhat similar picture (Figure 8c). The results for the four
gneiss samples (altered and unaltered) define a true isochron (MSWD = 0.71) with an age
of 536 £ 23 Ma, which is within uncertainty of the Rb-Sr age of three of the same samples
(Figure 8a) and also overlaps with the zircon age for the granitoids. In contrast, the Sm-Nd
data for the granitoids are scattered unsystematically and the slopes of lines through pairs
of unaltered and altered counterparts have no consistent trend.

5. Discussion
5.1. Mineralogical Effects of Alteration

A fluid-induced alteration of the pristine magmatic rocks is supported by (1) the light
alteration halos with spatial vicinity to a pegmatite or an aplite, (2) the mineral replacements
in the light rocks, including formation of the water-bearing minerals amphibole, biotite,
and sericite, and (3) the microfabric showing a high density of microveins, in accordance
with the results of Engvik et al. [16]. In addition, there is a direct connection between fluid
inclusions having volatile HyO-CO, compositions and micro-cracking [17].

The marked change in macroscopic rock surface color correlates with the change in
mineral assemblage and microfabric. The light color resulting from alteration contrasts with
the areas dominated by the dark brownish weathering color of the host rock and bedrock
in Miihlig-Hofmannfjella. The feldspar-dominated orthopyroxene-bearing granitoids have
clear crystals of pristine feldspar and quartz with a dark brownish luster. The micro-
fabric evolution with micro-cracking and replacements of coarse crystals to finer grains,
together with a dusty spread of mica, opaque phases, and fluid inclusions, cause the
bleaching and dull appearance of the rocks. The related replacement of perthitic K-feldspar
to microcline contributes to the bleaching. The transition in the luster and color of the
rocks is also coordinated by the replacement of orthopyroxene with biotite and amphibole.
The phenomenon is observed over a minimum distance of 150 km, from the western
limb of Miihlig-Hofmannfjella [15] to the east of Orvinfjella [14], which illustrates its
regional importance.

The veins in the center of the alteration halos have a granitoid composition and occur
as aplite or pegmatite. The mineral assemblage in the veins indicates formation from a
hydrous granitic melt, for which the solidus temperature is typically about 650-700 °C
at a pressure of about 0.3 GPa (e.g., [50]). Myrmekite is a common feature indicating
subsolidus ionic reactions between the feldspar and a fluid phase. Based on the study of
field relations, mineralogical transformations, microstructures, and fluid inclusions, the
level of emplacement is considered to have been the middle crust near the crustal-scale
brittle-ductile transition zone at temperatures of about 300-400 °C [16,17].
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5.2. Interpretation of Fluid Source—Stable Isotopes

The fluid composition of the alteration zones has been studied by Engvik and Stock-
hert [17], revealing a dominance of H,O-CO,, with variable and mostly subordinate Nj.
The variable proportions of Nj-inclusions in the granitic veins are presumably derived from
a source in the host rock. Aqueous inclusions-bearing silicate daughter crystals indicate
a very high solute content and correspondingly high temperatures of formation. Based
on the geological setting, combined with the fluid inclusion study, the infiltration was
interpreted as late-magmatic derived from the hydrous granitic melt intruding the fractures
represented by the central pegmatitic and aplitic veins. This observation suggests vigorous
fluid circulation and fluid mixture.

The stable isotopic composition of silicate mineral separates can reflect the origin
of both the rocks and the infiltrating fluid [51,52]. It will retain information from the
protolith phases, but, depending on the degree of alteration and replacement, the isotopic
composition will undergo a shift during fluid infiltration. The measurements of the pristine
orthopyroxene-bearing syenite (sample AHA197) should give constraints on the source
and origin of the rock. For this rock, the 5180smow composition ranges from 6.4 to 9.1%. for
quartz, K-feldspar, amphibole, and biotite (Table 3) and is in accordance with a magmatic
precursor and original values from such protoliths [53].

In altered granitoids, oxygen is already present in significant concentrations in the
silicate minerals, and shifting its 6180 composition will require large amounts of infiltrating
fluids. The 6*8Osyiow compositions of the minerals in the altered sample AHA200 are
within the same range as those in the pristine orthopyroxene syenite, showing 6.0 to 9.9 %o
(Table 3). However, the sample is strongly altered; thus, the preservation of the magmatic
5180gmow signature supports a magmatic origin of the fluid responsible for the alteration.
This is in accordance with the interpretation from the fluid inclusion study of Engvik and
Stockhert [17].

For sD-values, the measured 4D of the biotite of the pristine orthopyroxene-bearing
syenite (sample AHA197) is —101 %o, while the mineral of the altered sample (AHA200)
yielded —289%.. The measured dD-signature of this orthopyroxene-bearing syenite is in
accordance with an upper mantle-derived magma [54-56]. Wang et al. [57] found that there
is significant hydrogen isotope fractionation between coexisting structural units in a melt
and also strong fluid /melt H/D fractionation effects on HyO dissolved in melts of hydrous
magmatic systems. During the strong alteration caused by the fluid infiltration in our
study area, biotite is completely replaced (Figure 4b—d). This implies that the H-isotopic
signature of the altered sample will be strongly influenced by the infiltrating fluid. The large
discrepancy of the dD-values measured for the biotite in the altered rock in comparison to
the pristine orthopyroxene-bearing syenite can be explained by variable redox conditions
during changing oxygen fugacity in the late-magmatic processes [55].

5.3. Geochemical Response to Fluid Infiltration

Figure 9 illustrates the bulk rock geochemical changes crossing alteration fronts from
pristine orthopyroxene-bearing granitoid samples (left) to the altered variant (right). One
of the sample pairs (106-107) shows a very distinct chemical behavior, different from the
other samples, and this suggests that the altered rock was not an original equivalent of
the pristine rock. In the following discussion, the data from this pair are therefore not
further considered.

In the granitoids, there is a consistent increase in SiO, in the alteration zone, coupled
with general decreases for TiO,, Fe;O3, MgO, MnO, CaO and P»O3. The contents of Al;O3
and Na,O show both moderate increases and decreases (Figure 9). In the gneisses, there are
distinct increases for Al;O3 and K,O, and to some degree for MgO, and distinct decreases
for Fe;O3, MnO, and CaO but inconsistent changes for the other elements.
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Figure 9. Geochemical variation crossing alteration zones from unaltered rock (left) to altered rock
(right). Symbols are the same as in Figure 6.

The bulk geochemical response to the fluid alteration (Figure 9) can be explained in
part by reactions and mass transport connected to the replacement of orthopyroxene and
amphibole (Figure 4a—d). Given that TiO; is mainly hosted by ilmenite, its general decrease
can be due to the breakdown of ilmenite during rock alteration, partly replaced by titanite
(Figure 4d,e). However, TiO; is also a trace element in amphibole and biotite and may be
affected during the replacement processes of these minerals.

The decrease in CaO (Figure 9) can be explained by plagioclase and perthite replace-
ment to albite, as seen by the albite-filled microveins which in the strongest altered samples
occur with a high density (Figure 5a—d). NayO and K;,O are both highly fluid mobile ele-
ments; however, they show smaller or variable changes during alteration. These elements
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tend to be kept in place by their incorporation both in the feldspar replacement products
albite and microcline (Figure 5) and by the replacement product biotite and very fine-spread
sericite (Figure 5a,b,e,f). The parallel decrease in P and Ca also suggests a possible connec-
tion with apatite, which may have been affected during the alteration process. Apatite is,
however, present on both sides of the alteration front, and thus, the hypothesis is difficult
to verify. The data also reveal a general decrease in the Zr abundance in the altered samples
(Table 5). Given that Zr is mainly carried by zircon, which shows essentially no evidence of
having been affected by the alteration event, the reduction in Zr points to a dilution effect
rather than loss. This may also explain the reduction in the P abundance.

The changes in the isotopic ratios (Figure 8) mimic in part the changes in the major
elements. For example, for pairs 144-145 and 197-199, there is a significant increase in
the Rb-Sr ratio, the result of increasing Rb and decreasing Sr (Tables 4 and 5). The Sr
decrease mirrors the decreases in Ca, Mg, and Fe, which may be due to the transformation
of hornblende to biotite. The increase in Si may reflect its addition through external fluids,
supported perhaps by the microveining seen in the feldspar (Table 1) but could also reflect
relative enrichment due to the loss of other major components. A similar pattern also
characterizes sample pairs 91-92 and 119-120, with the exception of Al, which increases in
both cases.

The opposite behavior is observed for the granite pair 217-218. In this case, the
Rb-Sr ratio decreases significantly, but apart from the increase in silica, all of the other
considered elements also decrease. These changes presumably reflect the replacement of
orthopyroxene by amphibole and biotite and dilution by incoming solutions adding more
Si, K, and Rb.

5.4. Alteration Effects on the Sr and Nd Isotopic Systems

The Rb-Sr isotopic data for the granitoids (Figure 8a,b) plot along an array, which is
scattered, indicating some heterogeneity in the initial Sr composition of the various units
and the fluids causing alteration. Nevertheless, the degree of scatter is approximately the
same for the altered and unaltered sets, indicating that the fluids affecting the rocks were
likely derived from a magmatic system with comparable isotopic signatures.

The Sm-Nd results (Figure 8c) obtained for the same granitoids show a much more
disordered behavior, which likely reflects both the initial heterogeneity of the various
magma batches and modifications of the Sm-Nd ratios during alteration.

For the two sets of gneisses, the Sm-Nd system yields a true isochron, showing that
the fluid causing chemical and mineralogical changes did not disrupt the Nd isotopic
composition. This coherence of the Sm-Nd system implies a co-magmatic source of the
fluid. That coherence is partially also observed for the Rb-Sr data of the gneisses, which
define an isochron, except for one of the altered gneiss samples (205H). The Sr composition
of this sample deviates significantly from the isochron, and trends toward less radiogenic
compositions such as those in the granitoids. One may therefore conclude that this gneiss
location was intruded by material derived from the granitoid magmatic system.

5.5. Timing of the Processes and Implications for the Source of Magmas and Fluids

The new U-Pb ages of a sample pair from the orthopyroxene-bearing syenite to
quartz monzonite of Trollslottet (Locality 5) constrain the ages for both the magmatic
crystallization and the fluid-induced alteration. The U-Pb zircon data of both the pristine
host rock and the altered samples date the magmatic intrusion to 520 + 1 Ma (Figure 7).
During the intense alteration, ilmenite is replaced by titanite; thus, the U-Pb titanite age
of 485.5 £ 1.4 Ma (Figure 7) constrains the time of alteration. This age overlaps with the
youngest episode of magmatism recorded in the area [21,32], supporting a late-magmatic
source of the infiltrating fluid. Although the titanite age documents a 35-million-year
discrepancy between the time of magmatic emplacement and alteration at Trollslottet, the
concept of an autometasomatic processes, as suggested by Markl and Henjes-Kunst [14]
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could still be valid in some cases, and autometasomatism may have been responsible for
parts of the more diffuse alteration fronts in the area.

The Rb-Sr and Sm-Nd data for the two sets of gneisses from Kubusfjellet define
isochrons with ages of 517 4+ 6 Ma and 536 4 23 Ma, respectively, that match the U-Pb
zircon age of the granitoids (Figure 8a,c). The initial ratio of the Rb-Sr isochron for the
gneisses (87Sr/86Sr = 0.74869) is significantly more radiogenic than that of the granitoids
(®7Sr/86Sr = 0.70891), in principle suggesting a derivation of the gneisses from older sources
than the granitoids. By contrast, for the Sm-Nd system, the difference in the isotopic
ratios between gneisses and granitoids is much less substantial and in part non-existent.
Moreover, the Nd isotopic ratios and eng of the gneisses are more radiogenic than those
of most of the granitoid rocks (eng about —5.5 for the gneisses and —5 to —10 for the
granitoids), which as such implies a derivation of the granitoids from older crust than the
gneisses, the opposite information to that provided by the Rb-Sr system. Since this behavior
is shown by both unaltered and altered samples, the conflicting information cannot be
attributed to alteration, although the latter probably added some further complications.
The very radiogenic Sr composition of the gneisses, and their moderately negative eng
values suggest instead that the rocks originated from an AFC (assimilation and fractional
crystallization) process involving juvenile melts interacting with relatively young but highly
metasomatized crustal components during alteration, causing its complexity). Alternatively,
SCLM (subcontinental lithospheric mantle) could also host these crustal signatures for
Sr and Nd isotopes. The contrasting isotopic signature of the granitoids, with lower eng
values and relatively non-radiogenic 8Sr/8Sr, is instead compatible with a derivation
principally from the melting of Mid-Proterozoic crust with variable addition of magmas
derived from mantle sources affected by more minimal metasomatic effects.

Our new U-Pb data are in accordance with the earlier constrained ages of the volu-
minous magmatic complex extending between 2° and 13° E of Pan-African post-tectonic
granitoid intrusions ranging 530-485 Ma in age [15,21,32,48].

6. Concluding Remarks

Fluids intruding a dry orthopyroxene-bearing granitoid and gneissic complex in Dron-
ning Maud Land, Antarctica, caused changes to the rock appearance, mineralogy, and
chemistry of the rocks. The main mineralogical changes are the replacement of orthopy-
roxene by hornblende and biotite, ilmenite by titanite, and various changes to the feldspar
composition. Geochemically, these processes resulted in general gains of Si, mostly of
Al, and marginally of K and Na, but losses of Fe, Mg, Ti, Ca, and P. The alteration is
dated by U-Pb of newly formed titanite at 485.5 + 1.4 Ma whereas zircon in both the
altered and unaltered syenite to quartz-monzonite indicates a primary crystallization age
of 520.2 + 1.0 Ma. The Rb-Sr and Sm-Nd data for two sets of gneiss samples yield ages of
517 4+ 6 Ma and 536 =+ 23 Ma. The initial Sr and Nd isotopic ratios suggest derivation of the
gneisses from a relatively juvenile source but with a very strong metasomatic effect that
introduced radiogenic Sr into the system. The granitoid data indicate instead a derivation
from the Mid-Proterozoic crust, probably with additions of mantle components.
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Abstract: Alteration in greisen-type granites develops through the progressive replacement of
feldspars by potassic micas. Under the name ‘greisen’, quartz—muscovite assemblages display
differences and include a variety of facies with variable relative proportions of quartz and muscovite.
In principle, feldspar conversion to muscovite is written usually considering constant aluminium,
and should result in a modal proportion of six quartz plus one muscovite. In Beauvoir greisens,
which result from albite-rich granite, the relative proportion of quartz-muscovite is in favour of
muscovite. Such a balance results from a reaction that implies imputs of potassium and aluminium,
thus different from the classic one. The Q’-F diagram provides a graphical solution for discriminating
between reaction paths. A representative series of greisen data from the literature is compared in this
diagram: Beauvoir Bl unit, Cligga Head, Cinovec, Panasqueira, Zhengchong, and Hoggar.

Keywords: greisen; muscovite; quartz; differentiated granites; chemical-mineralogical diagram

1. Introduction

Rocks derived from granites containing only quartz and micas are often called ‘greisen’
without specifying the relative abundance of quartz and micas. The origin of the word
greisen dates back to the Middle Ages (Saxonian miners), and greisens are nowadays
considered as a rock composed mainly of quartz and micas, often zinnwaldite, but not
systematically. These minerals are accompanied by other minor mineral phases such as
topaz, tourmaline, and fluorite [1-4]. The word greisen is used for quartz—muscovite
alterations affecting granitic rocks, most often leucocratic differentiated granites, rich in
albite, derived from a peraluminous or metaluminous magmatic suite [4-8].

3NaAlSi30g + KT +2H' + K(AZSZ3)(A12)010(OH)2 +3 Nat +6SiO, (1)
3 Albite + Kt +2H* <> Muscovite +3 Na™ + 6 Quartz

The most famous greisens are those from Cligga Head, which meet the strict definition
of greisens composed of quartz and mica [8,9]. The most striking feature of the Cligga
Head granite is the sharp drop in sodium content, which implies almost total conversion
of albite to muscovite. In principle, the reactions that form the greisens at Cligga Head
follow the typical hydrothermal reaction where a feldspar (potassic or sodic) is replaced by
muscovite in a reaction written considering aluminium as constant. For albite-rich granite,
the reaction would be written as follows:

There are many examples of peraluminous granites with the replacement of mainly
albite or several feldspars (microcline and albite) by micas. Located in the north of the
French Massif Central, the albite-lepidolite-topaz Beauvoir granite represents a fascinating
case of mica development. During the ‘hydrothermal greisen” phase (as defined by [10]
and later by [11,12]), albite, which predominates in unaltered granite, K-feldspar, which
displays a variable content in the Beauvoir intrusion, and a part of lepidolite are replaced
by muscovite, which is considered to be hydrothermal. The ‘greisens” defined at Beauvoir
contain mainly muscovite-type micas [12,13], which add to or replace the abundant fraction
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of phyllosilicates of magmatic origin, which occurs in the form of lepidolite at the Beauvoir
B1 unit.

The albite-lepidolite—topaz Beauvoir granite represents an ideal evolved granite to
study the evolution of micas and Li behaviour from the magmatic stage to the hydrothermal
stage. It is located in the Sioule series of the northern French Massif Central [14]. At the
Beauvoir Bl unit, lepidolite constitutes the main magmatic phyllosilicate, and its proportion
is close to ~20 wt.%. During the hydrothermal greisen phase, feldspars (mostly albite)
and lepidolite are replaced by hydrothermal muscovite [10,12]. Cuney et al. [10] consider
that greisen from Beauvoir are “classical quartz-muscovite fissure type” and limited to
the top of the Beauvoir Bl unit. Fonteilles [15] devotes a few lines to the greisen and
considers that it contains muscovites I and II and sericites but does not provide a detailed
description. Historical studies on the drill hole GPF-1 did not address the evolution of the
relative quantities of quartz and muscovite to monitor the alteration. Moreover, only eight
whole-rock analyses, mostly on fresh granites, are available on the first 200 m of the GPF
drill hole, including only one sample with significant alteration [10,16]. However, these
two studies carried out on the drill hole GPF-1 did not address the type of evolution of the
relative quantities of quartz and muscovite as an indicator of the relative mobility of Si and
Al in the vicinity of greisens.

However, an examination of the geochemical data for the greisenised Beauvoir granite
showed some notable geochemical differences from other greisens. This prompted a graph-
ical representation of the main mineral transformations to distinguish the different types of
reactions and chemical balances involved in these alterations. The Q’-F” diagram [17], which
breaks down the three main mineral poles of granites in the well-known quartz feldspar
triangle (quartz, albite, and microcline), was used, taking into account the geochemical data
for total rock as well as the crystallochemical data for the main granite-forming minerals
and greisens. Significant differences emerged between the greisens from several locali-
ties prompting us also to consider data from the literature on several other well-known
greisens such as those from Cligga Head [9], Cinovec (Germany-Czech Republic [6,7,18,19],
Panasqueira (Portugal [5,20]), and others such as a greisen described in China in the region
within the Shengdong batholith [21] and Hoggar [22].

2. Materials and Methods
2.1. Samples

Fresh granites and greisens were sampled for whole-rock analyses from three drill
cores by Imerys in 2022 in the Beauvoir quarry (location map in Figure 1).

Q

Beauvoir
PERN q;# 4
-1

1 4
4
.- RS
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., 7’ 7.2
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Figure 1. Location of the Beauvoir granite in the French Massif Central (inset) and location of the
three studied drill holes (orange circles) from the Imerys 2022 campaign (PER N, C and S), and of the
GPF deep drill hole.
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2.2. Bulk Rock Analyses

Unaltered to altered granites were analysed in whole rock for significant elements.
Whole-rock major and trace element analyses were performed on field samples at the Ser-
vice d’Analyse des Roches et des Minéraux (SARM), Centre de Recherches Pétrographiques
et Géochimiques (CRPG), Nancy, France. Major elements were analysed by inductively
coupled plasma optical emission spectrometry on a Thermo-Fischer ICap 6500 173 in-
strument (Thermo Fisher Scientific, Waltham, MA, USA). Trace elements, including rare
earth elements (REEs), were determined by inductively coupled plasma mass spectrometry
(Thermo-Elemental X7, ESI, Omaha, NE, USA). Detailed analytical procedures are given
in [23].

Bulk rock data on greisens from the literature for comparison are the following:

e Panasqueira: Two distinct granites are affected by greisens (partially greisenised G1,
granite inferred as the main biotite granite) and pseudo-greisens affecting the G4 Rare
Metal Granite from the cupola [6]. Two data sets are available: those from [6,20], which
are mainly concerned with the cupola.

e Cinovec greisens occur as steep or flat zones of intensive metasomatic greisenisation
along tens to hundreds of meters [7,24]. Feldspars are replaced by quartz, zinnwaldite,
topaz, and fluorite. Cinovec granite geochemistry has been covered in numerous
papers. However, the number of studies of greisens or greisenised granites is low.
The authors of [6,7,18,25] have provided a series of whole-rock analyses on gran-
ites undergoing greisenisation. In greisen, zinnwaldite is re-equilibrated and then
muscovitised [8].

o C(Cligga Head: Greisens conserve their granite texture and consist of quartz, protolithion-
ite (inherited from the granite), muscovite, tourmaline, and topaz [8]. Hall [9] considers
that quartz represents 52% (modal), muscovite 40%, tourmaline 5%, and topaz 0.8% of
the greisen composition. The albite is entirely replaced by muscovite. Muscovite is
already more abundant than protolithionite in the granite, but its abundance increases
in the greisen, where protolithionite disappears [10]. Muscovites from greisen contain
lithium around 2500 ppm LiyO. A few whole-rock analyses are available in [10].

e In China, in the Zhengchong granite, several greisens were described by Liu et al. [21].
The greisen I is mainly composed of quartz (50%-55%), zinnwaldite (25%-30%), topaz
(5%-10%), and fluorite (~5%). Greisen II exhibits a porphyritic-like texture where
matrix and phenocrysts are observed. The matrix is mainly composed of quartz
(45%-55%), zinnwaldite (15%—-25%), topaz (10%—-15%), and fluorite (~5%).

e In Hoggar, several greisens from the area Tamanrasset in the Pan-African Hoggar
appear to result from two processes: the formation of quartz—topaz and quartz-rich
greisens, followed by a quartz dissolution and its replacement by Li-rich micas, thus
forming mica-rich greisens [22].

2.3. Method for Graphically Processing Geochemical Data: The Q’-F’ Diagram

The chemical-mineralogical approach is based mainly on processing the analytical
data for the major elements in a diagram that makes it easy to recognise the mineralogical
significance of the chemical variations. It is based quantitatively on the chemical composi-
tion of the major elements analysed in bulk. It uses parametric processing of the data on
the main chemical elements to reflect the actual mineralogy quickly and unambiguously,
thus using ‘chemo-mineralogical” diagrams in the same way as in [17,26,27].

The diagram (Figure 2) breaks down the locations of quartz, potassium feldspar,
and plagioclase in a triangle close to the quartz—albite-potassium feldspar triangle [28].
Using the nomenclature of [28,29] for plutonic rocks, Debon and Lefort [27] have superim-
posed a new classification grid on this diagram. This diagram uses the two coordinates
Q' =Si/3 — (K+Na+2Ca/3)and F' =K — (Na + Ca) expressed in gram-atoms x 10° of
each element in 100 g of rock or mineral; the values used for the diagram are thus propor-
tional to the molar contents of each element (see Table S1 in the Supplementary Materials
for the detailed calculation). Q’ is proportional to the quantity by weight of quartz in com-
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mon granitoid rocks, as it corresponds to the silicon not linked to feldspars and muscovite.
The Q’-F’ diagram (Q" = Si/3 — (K + Na) versus F’ (K-Na)), modified by [17], eliminates
variations in calcium content. This simplification is acceptable for hyperdifferentiated
granites where most of the calcium is carried by apatite, as plagioclase is very close to
albite and does not contribute to the calcium content. The Beauvoir granite, but also most
of the other albitic peraluminous magmas, such as those of the Argemela intrusion [30],
Segura [31,32] and references therein, which are similar to LCT pegmatites, have a calcium
concentration monitored by apatite.

i Q’=Si/3 - (K+Na)

F=K-Na

Figure 2. Principle of using the Q’-F” diagram with the location of the main rock-forming minerals
and the main alteration trend. Qtz: quartz; Kln: kaolinite; Toz: topaz; Lpd: lepidolite; Ab: albite;
Ksp: K-feldspar; E (square): eutectic of the granite system by [33]. Diff. granites: differentiated
granite field.

This diagram is well suited to the classification of felsic plutonic rocks. Still, it has
already been used to represent alteration, particularly the dissolution of quartz associ-
ated with the crystallisation of potassic minerals [17]. The diagram helps discriminate
between rocks composed of quartz and muscovite issued from the alteration in felsic
rocks, particularly greisen. Note that the equidimensional aspect of the triangle is not
respected when expanding the F’ axis to facilitate the reading of the greisen trends (see the
following diagrams).

The main advantage of these chemical-mineralogical diagrams is that molar abun-
dances are calculated, thus eliminating the effect of masses and allowing reactions between
minerals to be represented as vectors whose slopes reflect the stoichiometry of reactions and
structural formulae. Therefore, an albite—feldspar-K transformation is represented by a hori-
zontal vector, and thus the transformation of albite into muscovite can be expressed—taking
into account the assumptions concerning the constant element of the reaction—by vectors
with well-defined and logical slopes.

3. Results
3.1. Mineralogical Analysis of Beauvoir Granite and Greisen

In the transition from fresh Beauvoir granite to greisen, the main mineral change is
the replacement of albite with fine-grained muscovite. Thus, lepidolite is only of magmatic
origin in the Beauvoir granite, and the newly formed micas, during later alteration, are
muscovites. When present, the K-feldspar is also replaced in the most altered sample.
However, the lepidolite is also replaced partially by muscovite. The shape and content of
other minerals remain unchanged.
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Composite and elemental maps using micro-X-ray fluorescence allowed us to deter-
mine quantitatively the relative mineral proportions [34] In the fresh sample, the mineralogy
consists of albite (~45%), quartz (~25%), lepidolite (~20%), orthoclase (<10%), topaz and
phosphates (<5%), and Sn-Nb-Ta oxides (<1%). In the altered facies, the feldspars tend
to be replaced by hydrothermal muscovite and hydrothermal quartz. As a consequence,
muscovite (~40%) and quartz (~40%) modal proportions increase while feldspars (<10%)
and lepidolite (<~10%) proportions decrease.

The composition of lepidolite is relatively constant in fresh granite, and muscovite
also has a well-defined composition, characterised by a very low Li content [12,13].The
analyses of the two types of K-micas were also reported in the Q’-F” diagram, where they
form two very distinct clusters, both of which are aligned on the same quartz-mica line
(Figure 3).

Figure 3. Petrography of the Beauvoir granite and related greisen from two samples collected from a
drill hole realised in the central part of the Beauvoir quarry by Imerys (see Table 1 for whole-rock
analyses). (a,c) fresh granite at 52 m depth, macroscopic view and corresponding thin section under
crossed Nichols: coloured laths are lepidolites (Lpd), albite (Ab) is visible as elongated thin laths, and
quartz (Qtz); (b,d) greisen at 117 m depth and corresponding thin section under crossed Nichols:
albite is entirely replaced by fine-grained muscovite (Mu) and a part of the lepidolite is still visible as
well as magmatic quartz. Fine-grained quartz is associated with fine-grained muscovite.

Table 1. Whole-rock analyses of representative samples of the Beauvoir granite (fresh, altered
(muscovite-rich), and greisens). All numbers in %, except the two last lines, correspond to the
calculated parameters Q" and F’. Sample labels correspond to two distinct drill holes: C: centre; S:
south; and numbers correspond to the depth in meters. Samples are presented classified at increasing

values of the parameter F’.

Sample C123 C52 S113 C30 S58 C112 C39 C43 C42 S73 C117
Fresh Granites Altered Granites Greisens

SiO, 66.68 68.24 68.96 68.45 68.08 69.50 67.94 65.49 65.35 71.38 72.28

TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al,O3 19.35 17.28 18.19 18.13 17.31 17.69 18.02 18.12 17.54 18.22 17.88
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Table 1. Cont.

Sample C123 C52 S113 C30 S58 C112 C39 C43 C42 S73 C117
Fresh Granites Altered Granites Greisens
Fe, O3 0.06 0,13 0.08 0.05 0.05 0.10 0.07 0.17 0.25 0.10 0.07
FeO bdl 0.80 0.30 0.08 0.15 0.14 0.05 0.19 0.18 0.10 0.12
MnO 0.02 0.09 0.04 0.04 0.02 0.07 0.05 0.04 0.06 0.05 0.06
MgO 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.06 0.12 0.03 0.04
CaO 0.33 0.75 0.30 0.28 0.54 0.68 0.69 1.40 2.07 0.62 0.10
Na,O 10.36 5.95 5.84 5.80 5.26 4.70 4.46 4.25 2.04 0.09 0.11
K,O 0.90 1.95 2.70 2.90 3.60 3.33 3.23 3.28 4.00 5.40 5.89
P,0s5 0.50 2.45 0.35 1.14 1.21 1.26 1.09 1.29 1.62 0.51 0.10
L.O.IL 1.22 2.85 2.39 2.45 2.53 2.50 3.26 3.84 5.67 3.27 2.97
F 0.44 2.18 1.95 2.39 1.67 1.92 2.50 2.68 2.03 1.00 0.87
Total 99.43 100.56 99.22 99.32 98.76 99.99 98.86 98.14 98.93 99.78 99.53
F —315.0 —150.5 —131.2 —125.4 —-935 —81.0 —-75.3 —67.7 19.1 111.8 121.6
Q 16.6 145.3 136.7 131.1 131.4 163.2 164.4 156.5 211.7 278.4 272.4

3.2. Diagram Q’-F” Applied to Granites and Greisens
3.2.1. Beauvoir Alteration Suite

Bulk-rock analyses of the Beauvoir granites and greisens are provided in Table 1. From
unaltered albite-rich granites to profoundly altered and muscovite-rich granites, the main
evolution of rock-forming major chemical elements is a progressive decrease in Na, correla-
tively to an increase in K. The unaltered granites and greisens of Beauvoir plotted in the
Q’-F’ diagram, covering all the facies of progressive alteration identified in petrographic
studies, so-called reference series, are distributed according to a trend line from the albite-
rich granites to a point situated on the line joining quartz to lepidolite and muscovite. The
trend is covered, and the most altered point is relatively well defined and confined to a
relative proportion of 45% and 55% of quartz and micas, respectively.

The trend line for the representative series of samples (red dots in Figure 4) is
as follows:

Q =0.579 F +205.6 (R? =0.97) 2)
600 Q’
Qtz . Beauvoir- reference series
\ o Beauvoir-Drill core —PER North
500 - \ @ Beauvoir-GPF (<200m)
400 -
Greisens

N\ST73
L c117
ot //

cs52
o S113 > e N
%% oo & °
c123, — cso  S58 100 Lpd
“ \\
Ab o
N\ )
Mu .% F
0 5
-200 -150 -100 -50 0 50 100 150 200 250

Figure 4. The Q’-F’ diagram applied to the Beauvoir granite to greisen series: in red, the reference
samples are characterised by petrography and quantitative mineralogy; labels of red data points refer
to the samples from Table 1 (drill holes PER C and S (centre and south), numbers: depth in meter);
and in green, the data for drill cores from the northern area of the quarry (PER North). The GPF data,
in blue circles, are from [16]. Lpd: lepidolite population from Beauvoir after [35]). Ab: albite’ Tpz:
topaz; Qtz: quartz; Lpd: lepidolite; and Mu: muscovite. Lepidolite and muscovite analyses from [34].
The blue arrows indicate enrichments in micas.
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The northern zone of the Beauvoir quarry is the most affected by greisens. Using the
analyses carried out on 4 m samples from the north of the borehole from the 2022 campaign
(Imerys analyses), all the points converge towards the same point as the analyses of the
reference series (Figure 4). Two exceptions concern a muscovite-rich structure enriched for
which a displacement of the data points is observed in the direction of muscovite.

3.2.2. Panasqueira

At Panasqueira, most of the available data concern the greisens developed at the
expense of the granite G4 (RMG) outcropping at the apex (cupola) of the main granite.
A significant part of the greisens is distributed along the quartz—muscovite line, towards
the intersection of the Beauvoir trend with the quartz-lepidolite + muscovite trend of
Beauvoir, where three data points display similar compositions to the Beauvoir greisen.
The Q’-F’ diagram, therefore, discriminates the greisenisation trend at Panasqueira from
that of Beauvoir. In addition, a series of data points for greisens join the intersection with
the quartz—-muscovite line and the greisen from Beauvoir (orange arrow ‘b’ in Figure 5).

Panasqueira

600 QI
l @ Greisenised granites (G4) (a)
Qtz @ @ Greisenised granites (b)
s00 { ©  Greisen- cupola (b)
o Greisenised granites
and greisens-cupola (c)
400 4 -®- Beauvoir trend
300
.
° _
o o ) .o:/ \
L] & .
Y e200{ —°
® Toz RN
- V N\ ™ \
- Ab 100 -
RN Muscovite (c)
N A \\‘AA
Nad Yy, L Muscovite (a)
NNk s
r 8 T DWY AN 4
-100 0 100 200

FI

Figure 5. The Q’-F’ diagram applied to the Panasqueira granite to greisen series: in red, the reference
samples characterised in petrography and quantitative mineralogy from Beauvoir; in orange and
yellow (data noted a and b), respectively, from [6,36] compiled in Marignac et al. [6], and in blue (data
noted ¢ from [20]). Trend I corresponds to quartz—mica development, and trend II corresponds to
quartz loss and further mica enrichment. Micas are indicated by triangles using the same colours
as whole rock from the same two references (micas from greisenised G4 granite (noted a) [6]; micas
from cupola greisen [20] (noted c)).

3.2.3. Other Examples
Cligga Head and Cinovec

Cligga Head altered granites, as a result of incipient greisenisation, follow a trend
subparallel to that of Beauvoir granites. Greisens, however, do not plot precisely in the
continuity of this trend but are displaced in the direction of quartz from the intersection of
this trend with the quartz—muscovite line (Figure 6).

63



Minerals 2024, 14, 746

600 1Q’

Cinovec ©
500 M Cligga Head (C.H.)
@ Beauvoir (B)

400 4 N Panasqueira

el
- [X)
. ° 2
100 { % “._ Lpd (B)
¢ Znw(C) (D
Mu (CH)~ . 3
0. - s «
-200 -150 -100 -50 0 50 100 150 200

F'
Figure 6. The Q’-F’ diagram applied to the Cligga Head (CH, data from [9]) and Cinovec (C, data
from [6,7,25]) granite to greisen series. The trend for Beauvoir whole-rock analyses is red (in pink,
Beauvoir (noted B) lepidolite (Lpd)). Muscovite data are sourced from the same literature references

as for the whole-rock analyses (Znw: zinnwaldite from Cinovec [8]; Mu: muscovites from Cligga
Head [9]).

For Cinovec, the number of analyses of intermediate facies between granites and the
corresponding greisens is low. Four data points are distributed around the trend obtained
for Cligga Head and Beauvoir. Considering the three data points on greisens, they display
similar features to those of Cligga Head, e.g., a displacement towards quartz from the
intersection between the alteration trend and the quartz-zinnwaldite line (Figure 6).

The Zhengchong and Hoggar Greisens

In the Zongsheng granite, greisens are rich in topaz but plot in an intermediate domain,
similar to that described for Cligga Head greisens. Data points are somewhat dispersed
and do not follow clear evolutions (Figure 7).

600 1 Q’
5 Greisen | (Zhengchong, China)

500 4 Greisen |l (Zhengchong, China)

Hoggar
400 A
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& °
°
100 A
-200 -150 -100 -50 0 50 100 150 200
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Figure 7. The Q’-F’ diagram applied to the Zengchong (China, data from [21] in yellow) and Hoggar
(in grey, data from [22]) granite to greisen series. Yellow stars correspond to mica analyses from [21]
for Zenchong greisens. In red are the Beauvoir data points and their reference line for comparison.
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Most of the samples from Hoggar greisens are characterised by a richness in quartz
and a trend that follows the quartz—muscovite line in the direction of quartz. There is no
clear evidence of the impact of quartz dissolution on bulk chemistry as most data points
remain within the field described in all other mentioned examples, except for one data
point slightly enriched in micas (Figure 7).

4. Discussion
4.1. Main Trend for the Beauvoir Granite

The primary trend corresponds to a trend from an albite-rich pole on the one hand to
another pole characterised by enrichment in quartz and lepidolite. The first trend may be
considered magmatic in origin and may correspond to different amounts of albite respective
to lepidolite due to probable magmatic segregation among minerals.

In continuity with the magmatic trend, the alteration trend with a similar slope
characterises the altered facies, where muscovite replaces mostly albite and lepidolite in the
most extreme degrees of alteration. The above values are around Q" = 150, corresponding
to F' = —80, and the points continue to line up on the same axis. Still, petrography indicates
that points correspond to a significant albite replacement by a quartz-muscovite mixture.
The quartz-muscovite amount increases to the greisen, but the relative amount of quartz
versus phyllosilicates (lepidolite + muscovite) remains the same. The intersection of this
trend with the quartz (lepidolite-muscovite) line corresponds to a rock constituted of
around 40% quartz and 60% phyllosilicates. This trend does not correspond to a feldspar
replacement trend at constant Al as would be expected in a greisen, which is a reaction
generally written at constant Al for K-feldspar muscovitisation, as aluminium is typically
not considered mobile at the hydrothermal stage:

3 KAISizOg + 2H" «» K(AlSi3)(Aly)O19(OH), + 2K* + 6Si0, 3)

K — feldspar +2H™" <> Muscovite + 2K* + 65i0;

Here, the trend may be explained from the point of view of the bulk mass balance by
roughly replacing albite with quartz and mica in similar amounts. Such relative amounts
of quartz and K-micas pose problems concerning the mass balance of aluminium, which, in
that case, cannot be considered constant.

The slope found for Beauvoir samples is relatively close to the theoretical slope defined
by the following equation:

2 NaAlSisOg + KT + A’ +2 H,0

& K(AISi3)(Aly)O10(OH), + 3 Si0; +2 HT + 2Na*t @

2 Albite + KT + AP +2H,O < Muscovite + 3 Quartz +2 HY +2Na*

which is an equal combination of two other equations written either at constant Si or, more
traditionally, at constant Al (the classical equation proposed for greisens),

3 NaAlSizOg + K* +2H" 5 K(AlSi3)(Aly)O19(OH), + 65i0, + 3Na™ (5)

3 Albite + Kt +2H™" < Muscovite + 6 Quartz +3 Na™*

(constant Al, greisen equation),
NaAlSizOg + K +2A1%T + 4H,0 < K(AlSi3)(Aly)O19(OH), +6H' + Nat  (6)

Albite + Kt +2APT + 4H,0 + Muscovite + 6H" + Na™

(constant Si).
The resulting trend is noted as ‘A’ in Figure 8.
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Figure 8. The Q’-F’ diagram with the main alteration trends depending on the mobility of aluminium
with three vectors: A: at constant Si (Cst Si); B: with the addition of one AR, consisting of a
combination of A (constant Si) and C (at constant Al); and additional processes such as quartz
precipitation (D) or quartz dissolution and replacement by micas (E). *: Pseudo-greisens as defined
by [6,22] as silicified granite, then dequartzified partially with quartz replacement by muscovite. n.f.
Mu: newly formed muscovite; Qtz: quartz; and Lpd: lepidolite.

4.2. Differences among the Other Greisen Examples

The trends of progressive greisenisation are relatively complete at Beauvoir between
fresh and altered granites. They differ significantly from those obtained for Panasqueira
granites, for which the trend also almost continues towards the quartz-mica line with all
intermediate compositions. It has, however, a slope distinct from that of Beauvoir. It falls
onto the line of the conversion of feldspars to muscovite following Equations (3) and (4),
thus with a mass balance produced by a constant aluminium reaction (trend ‘B’ in Figure 8).

The trends obtained at Cinovec and Cligga Head are very similar to those of Beauvoir
for the first increment of greisenisation (trend ‘A’). Greisens, however, are slightly displaced
towards a composition more enriched in quartz and intermediate than the intersection
between the greisen trend and the quartz—muscovite line, but without reaching the greisen
line produced by a reaction at constant Al

The trend obtained from Hoggar data is unclear and does not offer intermediate
terms. The greisen trend reveals variable quartz contents covering greisens enriched in
quartz—topaz and a muscovite greisen that are not very different from the Beauvoir greisen
in composition. Both are not significantly enriched in muscovite.

The main differences between all the rocks, so-called ‘greisens’, concern the nature
of the inherited undissolved minerals from the granite, the nature of the newly formed
minerals, and the behaviour of silicon. Phyllosilicates differ, but most are muscovites,
except for Cinovec, where the zinnwaldite is considered recrystallised, and muscovite
late and not linked to greisenisation [7]. At Beauvoir, topaz is already present in the
fresh granite, and no further newly formed topaz is identified in the greisen facies. On
the contrary, topaz is linked to the greisen stage at Cligga Head and is accompanied by
tourmaline and fluorite [9].

4.3. Aluminium Mobility and Muscovite Development

Many experimental works have emphasised aluminium mobility at temperatures
higher than 400 °C. The richness in F, Li, and sometimes B could explain specific com-
plexation and Al mobility in peraluminous granites ([35,37] and references therein) and
porphyry-granite systems [38]. If Equation (3) represents the Beauvoir trend, it requires a
contribution of potassium and aluminium from the fluid to replace the albite with mus-
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covite. It generates two times less quartz, explaining the location of the greisens closer to
the muscovite pole than the greisens from Panasqueira.

It is, however, rather difficult to identify the causes of the different trends as detailed
fluid chemistry is not available. In most cases, fluids as fluid inclusions are most aqueous
with low-density volatile components. The presence of high amounts of fluorine is an es-
sential factor to consider. Burt [39] proposed two main greisenisation routes: (a) systems at
high temperature (>500 °C) and relatively low pressure, where hydrothermal brines demix,
thus separating a vapour phase rich in volatiles (HF and HCI) that are highly aggressive
and responsible for the mica formation, and (b) greisens formed at lower temperatures
(250 to 500 °C) but higher pressure without boiling. For Tagirov and Schott [40], in the
case of a fluid initially containing 0.01 m of fluorine at 450 °C-1 kbar, a high mobility of Al
occurs due to the formation of mixed Na-Al-O-H-F complexes. Then, during greisenisation,
if the topaz precipitates, Al passes into the form of AI(OH)~ and NaAl(OH)" to the detri-
ment of the hydroxide fluoride species. The dissolution capacity of the fluid consequently
decreases, and the Al mobility falls. Finally, Tagirov and Schott [41] suggest that Al-Si and
Al-OH species are responsible for transporting Al in acid solutions circulating in lower-
temperature hydrothermal veins, which could be the case for the Beauvoir greisens that
formed along fractures. In all cases, aluminium is mobile, and its transport is facilitated
by fluorine.

In the specific case of Beauvoir, the acidic fluids have been channelised within a net-
work of fractures. These fluids, probably issued from the unmixing from the magmatic
melts as suggested by [42] and confirmed by [40], were in significant disequilibrium with
the granite mineral assemblage due to their richness in fluorine and pH. Albite was pri-
marily dissolved and replaced by newly formed muscovite. The preferential dissolution of
albite and its replacement by K-micas is also the main trend at Cligga Head and Cinovec.
The main difference at Beauvoir is the relatively small amounts of K-feldspar in the parent
granite. The amount of potassium released by the muscovitisation of K-feldspars is insuffi-
cient to account for the need for potassium. Another deficit concerns aluminium. The albite
dissolution may have provided a part of the local aluminium, but another contribution is
probably the transported aluminium in the solution. The origin of the aluminium contribu-
tion can be either minerals from the granite itself along the fractures or the surrounding
schists, which are known to have been deeply affected by hydrothermal reaction with
recrystallisation of the original metamorphic micas [10-12,43].

An overall summary of the major changes occurring among the main rock-forming
minerals is proposed in Figure 9, where processes identified at Beauvoir are compared to
the other considered greisens. A distinction is made between early greisens directly related
to the magmatic fluid release and the greisens formed along fractures during later stages.
The latter are dominated mainly by K-micas, which are close to the muscovite end-member.

4.4. Silicification in the Granite Mass or Quartz Dissolution and Quartz Vein Formation

The location along the quartz—muscovite line depends mainly on the relative abun-
dance of newly formed quartz and muscovite during greisenisation but also on later
processes such as fracture reactivation and formation of quartz vein infillings, or conversely
of quartz dissolution and eventual conversion of quartz to muscovite through this process.
This is the hypothesis from [5] for Panasqueira and [22] for Hoggar greisens. The sug-
gested mechanism is a substitution of feldspar by quartz (silicification), followed by quartz
dissolution (episyenite) and mica crystallisation. Such silicification processes have also
been reported by [41] for porphyry—greisen alteration. In addition, at Beauvoir, fluids from
the greisen stage occured at the end of the process, and quartz precipitation as veinlets,
which contribute to vein-type silicification, is probably linked to cooling. Veins are highly
abundant in the northern zone.
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Figure 9. Summary of the main mineral reactions and transformations related to the examined greisen
types. The main element supplies needed for the transformations are put forward. Zwd: zinnwaldite;
Mu: muscovite; Mu(Zwd) muscovite-zinnwaldite series; Tpz: topaz; Qtz: quartz; and FI: fluorite.
Data have been simplified and summarised from the literature, except Beauvoir (Cinovec [6,7], Cligga
Head [9], Panasqueira [5,20], and Hoggar [22]).

5. Conclusions

Major chemical element concentrations obtained by whole-rock chemical analyses are
rich in informations and are indicative of the mass balance occurring during greisenisation.
These chemical elements provide helpful information on the main trends of water—rock
interactions. Aluminium appears mobile, although it is generally considered immobile in
most mass balance calculations. The main trends obtained on several greisens, including
Beauvoir granite, indicate that the chemical reaction usually written at constant aluminium
cannot explain the slope of many trends in the quartz—feldspar-mica system. Aluminium
has a specific mobility, which can be explained by acidic fluids containing fluorine.

Mineralogical specificities of each greisen testify to a distinct succession of mineral disso-
lution and mineral saturation depending on the fluid chemistry and temperature evolution.

In the specific case of Beauvoir, a network of fractures channelled fluids that were in
significant disequilibrium with the mineral assemblage of the granite, particularly albite,
and, owing to the aluminium transported, formed a substantial quantity of muscovite. The
origin of the aluminium and potassium necessary for these reactions can be either minerals
from the granite itself along the fractures or the surrounding schists, which are known to
have been deeply affected by hydrothermal reaction with recrystallisation of the original
metamorphic micas.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/min14080746/s1. Table S1: Bulk-rock analyses of granites and
greisens with Q’-F” parameter calculations.
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Abstract: Mesoproterozoic (ca. 1.3 Ga) magmatism in the North China Craton (NCC) was dominated
by mafic intrusions (dolerite sills) with lesser amounts of granitic magmatism, but our lack of
knowledge of this magmatism hinders our understanding of the evolution of the NCC during this
period. This study investigated porphyritic granites from the Huade-Kangbao area on the northern
margin of the NCC. Zircon dating indicates the porphyritic granites were intruded during the
Mesoproterozoic between 1285.4 & 2.6 and 1278.6 £ 6.1 Ma. The granites have high silica contents
(510, = 63.10-73.73 wt.%), exhibit alkali enrichment (total alkalis = 7.71-8.79 wt.%), are peraluminous,
and can be classified as weakly peraluminous A2-type granites. The granites have negative Eu
anomalies (0Eu = 0.14-0.44), enrichments in large-ion lithophile elements (LILEs; e.g., K, Rb, Th,
and U), and depletions in high-field-strength elements (HFSEs; e.g., Nb, Ta, and Ti). eqy(t) values
range from —6.43 to +2.41, with tpypp ages of 1905-2462 Ma, suggesting the magmas were derived by
partial melting of ancient crustal material. The geochronological and geochemical data, and regional
geological features, indicate the Mesoproterozoic porphyritic granites from the northern margin of
the NCC formed in an intraplate tectonic setting during continental extension and rifting, which
represents the response of the NCC to the break-up of the Columbia supercontinent.

Keywords: A-type granite; porphyritic granite; Mesoproterozoic; Columbia break-up; Huade

1. Introduction

The assembly and break-up of supercontinents are fundamental processes in Earth’s
history and have affected continent formation and destruction, the global climate, biological
evolution, and large-scale mineralization events. Over the past two decades, this field has
become an important area of research [1,2]. Geological records indicate the past occurrence
of at least four supercontinents: Kenorland, Columbia, Rodinia, and Pangaea [3-5]. The
Columbia supercontinent was assembled by a series of global-scale collisional events during
2.1-1.8 Ga [6,7] and was subsequently affected by rifting from the Paleoproterozoic to
Mesoproterozoic (1.8-1.3 Ga), followed by break-up at 1.3-1.2 Ga [2,6]. During this period,
Columbia experienced extensive rifting, mafic magmatism, and numerous tectonothermal
events [2,8,9].

The North China Craton (NCC) was a key part of the Columbia supercontinent and
encompassed both the Palaeoproterozoic Khondalite Belt (ca. 1.95 Ga) and the Central
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Orogenic Belt (ca. 1.85 Ga) [10,11], which are thought to have formed by convergent
processes that accompanied the assembly of the supercontinent. However, due to a lack of
reliable age data for the Mesoproterozoic magmatism and tectonism, controversy exists
regarding the role of the NCC during the rifting of Columbia [12-14]. Some studies have
proposed that the NCC had rifted from Columbia by 1.6 Ga [15,16], suggesting it was
not involved in the final break-up of the supercontinent at 1.35-1.20 Ga. However, this
inference is inconsistent with palaeomagnetic data [17,18]. Shao et al. [12] identified three
extensional events in the NCC, based on the following: (1) the intrusion of 1.8-1.7 Ga
basaltic sills; (2) 1.3-1.2 Ga alkaline magmatism; and (3) 0.8-0.7 Ga basaltic sills. Zhai
et al. [11,13] proposed that the late Paleoproterozoic to the Neoproterozoic in the NCC
was characterized by four magmatic events: a large igneous event at 1.78 Ga; anorogenic
magmatism during 1.72-1.62 Ga; a mafic dyke swarm during 1.37-1.32 Ga; and a mafic dyke
swarm at 900 Ma. They proposed that the NCC was predominantly in an extensional setting
during the Meso-Neoproterozoic. Xiang et al. [14] identified five prominent magmatic
events during the late Paleoproterozoic to Mesoproterozoic along the northern margin
of the NCC. These include mafic dyke swarms at 1.80-1.77 Ga, anorthosite-mangerite—
charnockite-rapakivi granite assemblages (AMCG assemblage) at 1.72-1.67 Ga, alkali
granites and mafic dyke swarms at 1.63-1.62 Ga, mafic dyke swarms and A-type granites at
1.33-1.30 Ga, and mafic dykes at 1.23 Ga. They proposed that Mesoproterozoic magmatism
was episodic. More recently, the discovery of 1.33-1.30 Ga dolerite sills and coeval A-type
granites in the northern NCC has indicated the craton underwent rifting that was coeval
with the rifting of Columbia [19-21].

Regionally extensive dolerite sills were intruded into the Yanliao area at ca. 1.3 Ga
in the eastern part of the northern margin of the NCC, while coeval magmatism in the
central and western parts was relatively small in volume and comprised mainly granites
and gabbros. Previous studies have focused mainly on the dolerite sills in the eastern
part of the northern margin of the NCC, whereas few studies have examined the granitic
magmatism in the central part of the craton [8,16,19].

2. Geological Setting

The NCC is located in eastern China and is bordered by the Xingmeng orogenic belt
to the north and the Qinling-Dabie orogenic belt to the south (Figure 1). The NCC is one of
the oldest cratons in the world and consists primarily of Precambrian crystalline basement
that is overlain by thick sedimentary cover rocks [22,23]. The formation of the crystalline
basement of the NCC involved mainly three processes: (1) the formation of multiple
dispersed continental nuclei; (2) the amalgamation of micro-blocks; and (3) cratoniza-
tion [24,25]. The Eastern and Western blocks collided along the Trans-North China orogen
at ca. 1.85 Ga, leading to the final assembly of the NCC basement and its incorporation into
Columbia. The Precambrian basement consists mainly of Neoarchaean—Palaeoproterozoic
TTG (Tonalite-Trondhjemite-Granodiorite) rocks and 2.6-2.5 Ga granulites, amphibolites,
and mafic—ultramafic intrusions [18,26]. The NCC was located on the edge of the Columbia
supercontinent and adjacent to the Indian Craton [3]. During the middle to late Proterozoic,
the NCC underwent large-scale extension. During this period, a radial swarm of mafic
dykes formed during 1.78-1.68 Ga, and there were multiple periods of rifting, including
the formation of the Yanliao, Xiong’er, and Zhaertei-Baiyunebo-Huade rifts in the NCC.
The NCC experienced a period of magmatic quiescence at 1.6-1.4 Ga. The magmatism in
the NCC at 1.4-1.3 Ga is mainly represented by dolerite sills and granites. The dolerite sills
occur primarily in the Yanliao region, over an area that is >600 km long and 200 km wide,
constituting a mafic large igneous province. The 1.3 Ga granites in the NCC are located
mainly in the Shangdu area, Inner Mongolia [2].
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The present study area is located at the northern margin of the NCC. Sedimentary
rocks that crop out in the north of this area include the Mesoproterozoic Baoyintu Group,
and lower Permian Sanmianjing and Elitu formations. Sedimentary rocks that crop out in
the south of this area include the Mesoproterozoic Huade Group, with smaller exposures of
the Middle Jurassic Tuchengzi Formation and Lower Cretaceous Zhangjiakou Formation.
The Mesoproterozoic intrusions are located mainly in the northern area and trend NE-SW.
Some of the intrusions have been mylonitized due to the activity of ENE-WSW-trending
ductile shear zones (Figure 2).
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Figure 2. Simplified geologic map of the Huade area, Inner Mongolia.
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3. Field Outcrops, and Petrology, and Mineralogy

Granitic samples were collected from the Huade area in Inner Mongolia and the
Kangbao area in Hebei Province. Field investigations were conducted on the Xiaoyingtu,
Chahan, and 1488 Highland intrusions in the study areas. These intrusions are stocks,
with irregular elliptical shapes and spheroidal weathering (Figure 3a—e). Elliptical diorite
xenoliths occur within the intrusions (Figure 3d).

Figure 3. Representative field and photomicrographs of the Mesoproterozoic intrusions. (a) field
characteristics of Xiaoyingtu intrusion; (b) pluton intruded into the strata of the Paleoproterozoic era
Huade Group; (c) characteristics of medium-fine grained porphyritic biotite monzogranite granite
hand specimen characteristics; (d) gray-black diorite inclusion; (e) medium-fine grained porphyritic
biotite monzogranite; (f) porphyritic biotite syenogranite; (g) biotite syenogranite (orthogonal po-
larization); (h) medium-fine grained porphyritic biotite syenogranite (orthogonal polarization);
(i) fine-grained porphyritic biotite monzogranite (orthogonal polarization).

3.1. Xiaoyingtu Pluton

The Xiaoyingtu pluton consists mainly of porphyritic granodiorite and is located in
the central-eastern part of the study area over an exposed area of 18.30 km? (Figure 3b).
The granodiorite is grey-yellow in color with a porphyritic texture and massive structure
and consists mainly of plagioclase (50 vol.%), K-feldspar (25 vol.%), quartz (20 vol.%), and
biotite and muscovite (5 vol.%). The samples are plotted in the granodiorite and quartz
monzonite fields on the granite total alkalis-5iO; (TAS) diagram. Plagioclase phenocrysts
range in size from 0.5 x 0.8 to 1 x 2 cm and are euhedral-subhedral, and they exhibit
occasional multiple twinning. The quartz in the matrix is granular with a grain size of
2-4 mm. Plagioclase is euhedral-subhedral with grain sizes of 1 x 3 to 2 x 5 mm, and the
distribution of biotite defines banding in the granodiorite (Figure 3f).
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3.2. Chahan Intrusion

The Chahan intrusion crops out over an area of 20.47 km? in the central part of the
study area and consists of fine-medium-grained porphyritic biotite syenogranite and
medium-coarse-grained porphyritic biotite syenogranite. The biotite syenogranite is light
grey-brown in color with a porphyritic texture and massive structure. The phenocrysts
are K-feldspar, which are subhedral and have grain sizes of 0.4 x 1 to 0.5 x 2.5 cm
and comprise ~10 vol.% of the sample. The matrix consists predominantly of K-feldspar
(50 vol.%), plagioclase (15 vol.%), quartz (20 vol.%), and biotite (5 vol.%), with grain sizes
of 2-4 mm. K-feldspar is subhedral and primarily microcline. Plagioclase is subhedral-
euhedral and zoned, while biotite exhibits localized chloritization (Figure 3g-h).

3.2.1. Highland Intrusion

The 1488 Highland intrusion is located in the central part of the study area and is a
stock that has an outcrop area of 7.07 km?. The intrusion consists mainly of fine-grained
porphyritic biotite monzogranite and itself has been intruded by the Chahan intrusion. The
sample is yellow-brown in color and has a porphyritic texture and massive structure. It
consists of K-feldspar (35 vol.%), plagioclase (40 vol.%), quartz (20 vol.%), biotite (5 vol.%),
and minor muscovite and garnet. The phenocrysts are primarily subhedral microcline and
minor amounts of plagioclase, which have grain sizes of 5-10 mm. Plagioclase occurs as
subhedral crystals with grain sizes of 2-5 mm that occasionally exhibit zoning. Biotite has
a weak shape-preferred orientation and a grain size of 0.2-2.0 mm (Figure 3i).

4. Sampling and Methodology

Whole-rock geochemical and zircon U-Pb dating and Hf isotope analyses were carried
out on samples of the Xiaoyingtu, Chahancun, and 1488 Highland intrusions.

4.1. Whole-Rock Geochemistry

Whole-rock geochemical analysis was undertaken at the Regional Geological and
Mineral Survey Institute, Hebei, China, using national standards and relevant industry
analytical techniques. The analyzed samples were silicate rock samples, along with stan-
dards and blanks. Approximately 50 mg of representative sample material was weighed
and placed in the inner container of a closed sample digestion vessel. Subsequently, 1 mL
of HF and 0.5 mL of HNOj3 were added to the sample. The vessel was sealed and placed in
an oven at a temperature of 190 °C for 24 h. After cooling, the inner container was removed
and heated to 200 °C on a hotplate to evaporate the acids. Finally, 0.5 mL of HNO3; was
added and evaporated. This step was repeated and then an extra 5 mL of HNO3 was added
and the container was sealed and held at 130 °C for 3 h. After cooling, the container was
opened, and the contents were transferred to a cleaned plastic bottle and diluted with
50 mL of water. The mixture was shaken thoroughly before determining the trace element
contents by inductively coupled plasma—mass spectrometry (ICP-MS).

The major elements were determined by X-ray fluorescence spectrometry. Approx-
imately 0.8 g of sample was weighed into a 25 mL porcelain crucible, along withan 8 g
mixture of anhydrous lithium tetraborate and lithium fluoride. The mixture was then
transferred into a Pt—-Au crucible and melted and cooled into a fused glass disc. For the
Fe analyses, ~0.3 g of sample was weighed and placed in a Pt crucible. The sample was
wetted with water, and 5 mL of HF and 10 mL of H,SO,4 were added. The crucible was
covered, placed in a pre-heated electric furnace, heated and boiled for 10 min, removed
from the furnace, and immediately placed in 200 mL of water containing 25 mL of saturated
boric acid. For the loss-on-ignition analyses, 15 mL of thiophosphoric acid and two drops
of 1% sodium diphenylamine sulfonate solution were added. Approximately 1.0 g of the
sample was weighed into a porcelain crucible. The crucible was placed in a muffle furnace
and heated at 980 °C for 2 h. After heating, the crucible was removed, transferred to a
desiccator, allowed to cool to room temperature for 30 min, and then weighed. The ignition
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process was then repeated for an additional 30 min and the crucible weighed again until a
constant weight was achieved.

4.2. Zircon U-Pb Ages and Lu—Hf Isotopic Compositions

The zircon grains were separated and analyzed at the Hebei Regional Geological and
Mineral Survey Institute. Subsequently, the zircons were subjected to cathodoluminescence
(CL) imaging, U-Pb dating, and in situ Lu-Hf isotopic analysis at the Tianjin Geological
Survey Center, China Geological Survey, Tianjin, China. The U-Pb dating was undertaken
with a laser ablation (LA) system coupled to an ICP-MS (Agilent 7900) instrument (Agilent
Technologies, Santa Clara, CA, USA). A RESOlution LR (ASI) LA system comprising a
193 nm ArF excimer laser was used for the analyses. Ages and concordia diagrams were
obtained with Isoplot 3.0 [27]. Hafnium isotopes were determined with an LA-multiple-
collector-ICP-MS (LA-MC-ICP-MS) system. The LA system was a 193 nm ArF excimer
laser (model UP193-FX; ESI Company, Santa Rosa, CA, USA). The MC-ICP-MS was a
Neptune Plus (a product of Thermo Fisher Scientific, which is headquartered in Waltham,
MA, USA). The Hf isotope data were processed using ICPMSDataCal 9.2 software. The
laser beam diameter was 50 pm, the laser energy density was 3.5 J/cm?, and the laser
frequency was 8 Hz. The ablation time was 40 s, and the ablated material was transported
into the mass spectrometer using He gas.

5. Results
5.1. Zircon U-Pb Ages

Three granitic samples were selected for zircon U-Pb dating: U-Pb2020054 (por-
phyritic biotite syenite; 41°47'09”N, 114°15'22"E), U-Pb2020055 (porphyritic biotite syen-
ite; 41°46/30”N, 114°13/59"E), and U-Pb2021032 (porphyritic biotite monzonitic granite;
41°48'02"N, 114°14'01"). The results are listed in Appendix A Table Al. Rock samples
with minimal alteration were collected. The zircon crystals are euhedral, short columnar
in shape, 90 x 70 to 120 x 300 pm in size, and they contain few inclusions and fractures
(Figure 4).

U-Pb2020054
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Figure 4. Cathode luminescence images of representative zircons from the Mesoproterozoic granites
in the study area.
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The CL images reveal oscillatory zoning, indicative of a magmatic origin. The
U and Th contents are 248.93-769.10 and 17.91-308.87 ppm, respectively, with
Th/U =0.07-0.51, which are also consistent with a magmatic origin [28]. The
U-Pb ages exhibit limited variations (Figure 5). The U-Pb ages for sample U-
Pb2020054 range between 1270 £ 14 and 1285 £ 13 Ma, with a weighted mean age of
1282.2 £ 3.3 Ma (n = 12; MSWD = 0.008). The U-Pb ages of sample U-Pb2020055 vary
between 1273 £ 12 and 1284 4+ 13 Ma, with a weighted mean age of 1278.6 + 6.1 Ma
(n=17, MSWD = 0.061). The U-Pb ages of sample U-Pb2021032 range between
1285 + 12 and 1294 + 15 Ma, with a weighted mean age of 1285.4 & 2.6 Ma (n = 16; MSWD
=0.100). The zircon U-Pb ages of all samples are the same within error, suggesting the
porphyritic granites are Mesoproterozoic in age.
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Figure 5. LA-ICP-MS zircon U-Pb concordia diagrams of the Mesoproterozoic granite samples in the
study area.

5.2. Major Elements

The SiO, contents of the analyzed samples range from 63.10 to 73.73 wt.%. The total
alkali (KO + NayO) contents are 6.28-8.79 wt.% (Figure 6a). The results are listed in
Table A2. The Al,O3 contents are 12.04-17.64 wt.%, with an average of 14.54 wt.%. The
A /CNK ratios are >1.0 (1.07-1.90; average = 1.22). Sample 2021037 has A/CNK > 1.90,
potentially due to late-stage metamorphism, which led to the development of metamorphic
minerals such as andalusite and sillimanite. The A/NK values range from 1.24 to 2.33, with
an average of 1.54. All samples are plotted in the peraluminous field in an A/CNK versus
A/NK diagram (Figure 6b). In a SiO,—FeOT/(FeOT + MgO) diagram (Figure 6c), most
samples are plotted in the magnesian granite field. In a SiO,-K;0 diagram (Figure 6d), the
samples are plotted in the shoshonite field.
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Figure 6. Cont.
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Figure 6. TAS (total-alkali-SiO,) diagram (a), after Middlemost,1994 [29]), A/CNK-A/NK diagram (b),
after Maniar and Piccoli, 1989 [30]), SiO,-FeO/(FeO + MgO) diagram (c), after Frost et al., 2001 [31]),
5i0,-K,0 covariant diagram (d), after Peccerillo and Taylor, 1976 [32]). Literature data from Zhang
Shuanhong, 2014 [33]; Meng Baohang, 2016 [34]; Phase Vibration Group, 2020 [14].

5.3. Trace Elements

The total rare earth element (}_REE) contents of the analyzed samples vary between
168.85 and 690.06 ppm, with an average of 374.64 ppm and significant variations between
samples. The samples exhibit enrichments in light REE and depletions in heavy REE
(Figure 7a), with ratios of light to heavy REE of 7.46-24.0. (La/Yb)y ratios vary from
5.37 to 61.49, with an average of 22.87. The chondrite-normalized REE patterns exhibit
negative Eu anomalies (0Eu = 0.14-0.54), indicative of plagioclase fractionation. In a
primitive-mantle-normalized multi-element diagram (Figure 7b), the samples are enriched
in large-ion lithophile elements (LILEs; e.g., K and U) and exhibit small negative Zr and
large negative Ti anomalies. In general, the trace element patterns of the studied granites
are similar, indicating the granites are cogenetic.
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Figure 7. Chondrite-normalized REE patterns and (a) a primitive mantle-normalized multi-element
diagram (b) of the Mesoproterozoic granites in the study area; standard reference values of chon-
drites and primitive mantle are from Sun and McDonough, 1989 [35]. Literature data from Zhang
Shuanhong, 2014 [33]; Meng Baohang, 2016 [34]; Phase Vibration Group, 2020 [14].

5.4. Zircon Hf Isotopes

Hafnium isotopic compositions were determined for zircons in one granite sample
(2021055). The results are listed in Table 3. The geochemical properties of Hf are similar to
those of Zr, and Hf readily substitutes for Zr in the zircon crystal lattice, which results in low
zircon Lu/Hf ratios. As such, the 17°Hf/177Hf ratio changes little over time due to the in situ
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decay of 7°Lu. Therefore, magmatic zircon effectively retains the initial 7°Hf/!””Hf ratio
of the melt it crystallizes from [36]. The zircon 17611 /177Hf ratios (Figure 8b) range between
0.0004 and 0.0017, and 76Hf/77Hf ratios vary between 0.281807 and 0.282080. '7¢Yb /177 Hf

ratios are 0.0155-0.0671. Zircon fy ,; /y3r and ep¢(t) values and Tpyy; and Tpypp ages vary from
—0.98 to -0.95, —6.43 to +2.41, 1676 to 2022 Ma, and 1905 to 2462 Ma (Figure 8a), respectively.
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Figure 8. Correlation between Hf isotopic compositions and crystallization ages of porphyritic biotite

monzogranite.

6. Discussion
6.1. Granite Petrogenesis

The primary minerals in the Mesoproterozoic granites are alkali feldspar, plagioclase,
quartz, and biotite, with K-feldspar megacrysts present in most samples. Samples are
enriched in Ga (19.50-28.46 ppm), with 1000 Ga/ Al values of 2.64-3.10. Most samples are
plotted in the A-type granite field on 10,000 Ga/Al-Ce, 10,000 Ga/Al-Zr, and 10,000 Ga/Al-
K,O/MgO diagrams (Figure 9a—c; [37]). Similarly, on a Zr + Nb + Ce + Y-TFeO/MgO
diagram (Figure 9d), all samples are plotted in the A-type granite field. In addition, the
absence of inherited zircons in the Mesoproterozoic granites, which are typically present
in S-type granites, indicates the source region of the Mesoproterozoic granites underwent
high-temperature melting. This characteristic is typical of A-type granites. Most samples
are plotted in the A2-type granite fields in Nb-Y-Ce and Nb-Y-3Ga ternary diagrams
(Figure 9e—f).
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Figure 9. Classification diagrams for the genetic types of Mesoproterozoic granites in the study area:
(a) 10,000 Ga/ Al versus Ce; (b) 10,000 Ga/ Al versus Zr; (c) 10,000 Ga/ Al versus K,O/MgO; (d) (Zr +
Nb + Ce +Y) versus TFeO/MgO; (e) Nb-Y-Ce; (f) Nb-Y-3Ga; (a-d) are after Whalen et al. (1987) [37],
and (e) and (f) are after Eby. (1992) [38]; A-, I- and S-, A-, I- and S-type granite; FG. Differentiated
I-type granite area; OGT. Undifferentiated I- and S-type granite area; Al. Non-orogenic granite;
A2. Post-orogenic granite.

6.2. Magma Sources and Evolution

There are eight main hypotheses regarding the origins of A-type granites [39]: (1) dif-
ferentiation of alkaline magmas derived from the mantle, resulting in residual A-type
granitic melts [38,40]; (2) extreme differentiation of tholeiitic magma derived from the
mantle or low-degree partial melting of tholeiitic rocks [41-43]; (3) interaction of alkali mag-
mas derived from the mantle with crustal materials, leading to the formation of a syenitic
magma source area, which is further differentiated or mixed with crustal materials [44,45];
(4) partial melting of F-rich granulite residue after extraction of I-type granitic magma from
the lower crust [37]; (5) direct melts of igneous crustal rocks (i.e., tonalite and granodi-
orite) [46]; (6) melting of crustal rocks due to magmatic underplating [47,48]; (7) partial
melting of lower crustal rocks due to the addition of volatiles from the mantle [49]; and
(8) mixing between crust- and mantle-derived magmas [50].
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The absence of coeval (ultra)mafic rocks precludes the involvement of mantle-derived
(alkali) basalt magma. The granite samples have high SiO, and Na,O + K,O contents, and
low TiO5, total Fe;O3, and MgO contents. A/CNK ratios indicate the granites are strongly
peraluminous. The depletions in Nb, Ta, Sr, and Ti and enrichments in K, Rb, Th, and U in
the granites suggest their parental melt(s) were derived from the crust [51]. egy(t) values
of —1.08 to —6.43 (except one analysis of 2.41) are indicative of a crustal source. The zircon
Tpm1 ages of 1676-2022 Ma (average = 1864 Ma) correspond to a period of uplift and rifting
of NCC basement, and anorogenic magmatism. The zircon Tpyp ages of 1905-2462 Ma
are consistent with the timing of development of the Palaeoproterozoic orogenic belt in
the NCC [52]. Harker diagrams (Figure 10) exhibit negative linear correlations for TiO,,
MgO, and Al,O3. Furthermore, the trace element patterns all exhibit depletions in Ba,
Nb, Ta, Sr, Ti, and Eu, indicating the sources of the granites were similar and that the
generated magmas underwent significant fractional crystallization. In conclusion, the
Mesoproterozoic granites were generated by the melting of crustal rocks due to magmatic
underplating, and the parental magmas underwent significant crystal fractionation.
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Figure 10. C/MF-A/MF diagram of Mesoproterozoic granite in the study area (Alther et al., 2000 [52]).

6.3. Tectonic Setting

The ca. 1.30 Ga magmatism along the northern margin of the NCC includes dolerite
dykes and sills in the eastern part of the Yanliao rift, the Shangdu-Huade-Kangbao granite,
and the Baiyun Obo carbonatite. Dolerite sills (1.33-1.30 Ga) associated with continental
rifting have intruded the Shimaling, Tieling, Wumoushan, and Gaogizhuang formations
in the northern NCC [5,9,14]. In addition, 1.3 Ga carbonatite and mafic dykes occur in
the Baiyun Obo area. Previous studies of carbonatites in the Baiyun Obo area, middle
Mesoproterozoic granites, and large-scale dolerite sills from the northern margin of the
NCC indicate that rifting persisted until the middle Mesoproterozoic [53,54].

The studied Mesoproterozoic granites are peraluminous A-type granites, and most
studies consider that A-type granites form in extensional tectonic settings, such as those
associated with post-orogenic extension, continental margins, and intraplate rifts. The
Mesoproterozoic A-type granites have REE characteristics indicative of a crustal origin,
similar to intraplate granites formed by the melting of continental crust. Eby [39] catego-
rized A-type granites into two sub-types, Al and A2. The Al sub-type is thought to be
derived by the differentiation of ocean island basalt magma, while the A2 sub-type may be
derived by the interaction between mantle-derived magmas and continental crust. Granite
samples from the study area plot in the A2 field in Nb—Y-Ce and Nb-Y-3Ga diagrams,
indicating their formation in a stable extensional setting during the late stages of an orogeny.
Pearce [55] used Yb + Ta-Rb, Nb + Y-Rb, Yb-Ta, and Y-Nb diagrams to identify the tectonic
settings of granitic magmas. Most of the studied granites plot in the post-collisional to
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intraplate fields in these diagrams (Figure 11a—d). Therefore, the Mesoproterozoic granites
were formed in an intraplate tectonic setting during continental extension and rifting.
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Figure 11. Diagrams of the tectonic environment of trace elements of Mesoproterozoic granite in the
study area (after Pearce et al., 1984 [55]). WPG-within plate granite; ORG- ocean ridge granite; VAG-
volcanic arc granite; syn-COLG-syn-collision granite; Post-CEG-post collision granite.

6.4. Relationship to the Break-Up of Columbia

The ca. 1.3 Ga magmatism was global in extent, suggesting the extensional /rifting
event during this period was a global phenomenon. Mafic dyke swarms ranging in age from
1.3 to 1.2 Ga have been identified in the Mackenzie Mountains in Canada, the Sao Francisco
craton in southeastern Brazil, and Australia [16,56,57]. In addition to mafic magmatism
during the middle Mesoproterozoic along the northern margin of the NCC, granites were
formed at this time in the study area and surrounding regions due to continental extension
and rifting [8,18-20,53]. These late Mesoproterozoic dolerites, granites, and carbonatites
form a bimodal magmatic assemblage in the NCC associated with the late-stage break-
up of Columbia. Palaeomagnetic data for the period 1.77-1.50 Ga have shown that the
palaeomagnetic poles of the NCC closely resemble those of North America (Laurentia)
and Siberia [58]. However, during 1.35-1.20 Ga, the palaeomagnetic poles of North China
exhibited a ~90° rotation relative to Laurentia (North America; [58]). Evans et al. [59]
reconstructed the initial fragmentation of the Mesoproterozoic Columbia supercontinent
based on tectonic, stratigraphic, and palaecomagnetic data for Siberia, Laurentia, and Baltica
(Figure 12). Their findings indicate that the southern and eastern margins of Siberia were
directly adjacent to the Urals margin of Baltica. Furthermore, they proposed the NCC may
have fully separated from Columbia during the middle Mesoproterozoic (1.50-1.27 Ga).
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Figure 12. Reconstruction of the initial Mesoproterozoic fragmentation of the Columbia superconti-
nent (Modified by Evans, 2011 [59]).

In summary, it can be inferred that the Mesoproterozoic dolerite dykes along the
northern margin of the NCC represent magmas derived from the mantle during continental
rifting, whereas the granites represent the melting of the ancient crust. Both types of mag-
matism were related to the break-up of Columbia. The initial fragmentation of Columbia in
different cratons may have varied in time. However, the ca. 1.30 Ga magmatic event in the
study area likely corresponds to the last break-up phase of Columbia and highlights the
response of the NCC to this final break-up event.

7. Conclusions

1.  (Zircon U-Pb ages of porphyritic granites in the central part of the northern margin of
the NCC range from 1285.4 & 2.6 to 1278.6 & 6.1 Ma; these are the same within error.

2. The Mesoproterozoic granites are weakly peraluminous A2-type granites. Trace
element data suggest they were formed by partial melting of ancient crustal materials
and may have formed in an intraplate tectonic setting affected by continental extension
and rifting.

3. The Mesoproterozoic granites were formed in an extensional rift setting that also
generated widespread coeval doleritic dykes in the NCC. These igneous rocks are also
coeval with the 1.3-1.2 Ga extensional events that occurred worldwide. Therefore, the
extensional setting at the northern margin of the NCC reflects a response to the late
break-up stage of the Columbia supercontinent.
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Table 3. Zircon in situ Hf isotope analysis results of medium-grained porphyritic biotite

monzogranite.
Age 176y}, 1761 4 176 £
Periods . e 20 e 20 T 20 ege M ege (00 Tpwn Tomz frwus
U-Pb20200055
-1 1283 0.0310  0.0006  0.0008  0.0000 0.281956 0.000027 —1.08 —28.86 1812 2130 —0.98
-2 1273 0.0608  0.0010 0.0016  0.0000 0.282080 0.000031 2.41 —24.47 1676 1905 —0.95
-3 1284 0.0324  0.0004  0.0009  0.0000 0.281807 0.000032 —6.43 —34.13 2022 2462 —-0.97
—4 1276 0.0594  0.0006 0.0016  0.0000 0.282065 0.000028 1.94 —25.00 1698 1936 —0.95
-5 1281 0.0354  0.0003 0.0010 0.0000 0.281906 0.000028 —3.07 —30.63 1891 2252 —0.97
—6 1278 0.0275  0.0003  0.0008 0.0000 0.281819 0.000023 —6.05 —33.70 2001 2434 —0.98
-7 1278 0.0671  0.0045 0.0017 0.0001 0.281925 0.000032 —3.07 —29.95 1900 2249 —0.95
-8 1280 0.0155  0.0002 0.0004 0.0000 0.281866 0.000026 —4.00 —32.04 1916 2309 —0.99
-9 1276 0.0303  0.0004 0.0008 0.0000 0.281945 0.000027 —1.62 —29.25 1827 2158 —0.98
—10 1282 0.0285  0.0003 0.0008 0.0000 0.281860 0.000022 —4.51 —32.25 1944 2342 —0.98
—11 1280 0.0187  0.0001  0.0006  0.0000  0.281902 0.000018 —2.90 —30.77 1877 2240 —0.98
—12 1279 0.0318  0.0004 0.0009 0.0000 0.281883 0.000020 —3.84 —31.44 1918 2298 —-0.97
—13 1278 0.0317  0.0002  0.0008 0.0000 0.281946 0.000018 —1.54 —29.21 1826 2155 —0.98
—14 1274 0.0283  0.0003  0.0008  0.0000 0.281933 0.000018 —2.10 —29.67 1844 2186 —0.98
—15 1278 0.0310  0.0006  0.0008  0.0000 0.281956 0.000027 —1.20 —28.86 1812 2133 —0.98
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Abstract: During the Late Precambrian, the North Eastern Desert of Egypt underwent significant
crustal evolution in a tectonic environment characterized by strong extension. The Neoproterozoic
alkali feldspar granite found in the Homret El Gergab area is a part of the Arabian Nubian Shield
and hosts significant rare metal mineralization, including thorite, uranothorite, columbite, zircon,
monazite, and xenotime, as well as pyrite, rutile, and ilmenite. The geochemical characteristics
of the investigated granite reveal highly fractionated peraluminous, calc-alkaline affinity, A-type
granite, and post-collision geochemical signatures, which are emplaced under an extensional regime
of within-plate environments. It has elevated concentrations of Rb, Zr, Ba, Y, Nb, Th, and U. The
zircon saturation temperature ranges from 753 °C to 766 °C. The formation of alkali feldspar rare
metal granite was affected by extreme fractionation and fluid interactions at shallow crustal levels.
The continental crust underwent extension, causing the mantle and crust to rise, stretch, and become
thinner. This process allows basaltic magma from the mantle to be injected into the continental crust.
Heat and volatiles were transferred from these basaltic bodies to the lower continental crust. This
process enriched and partially melted the materials in the lower crust. The intrusion of basaltic
magma from the mantle into the lower crust led to the formation of A-type granite.

Keywords: alkali feldspar granite; geochemistry; mineral chemistry; rare metals mineralization; Egypt

1. Introduction

The Arabian Nubian Shield (ANS) is widely distributed throughout East African
Orogen (EAO) and Western Arabia, including Egypt, Sudan, Ethiopia, Eritrea, Somalia,
Saudi Arabia, Yemen, Oman, Jordan, and Palestine. In contrast, the southern part of the
ANS is located along the Mozambique Belt (Figure 1a). The Eastern Desert of Egypt is
a part of the ANS and can be subdivided into three major structural tectonic provinces,
according to Stern and Hedge [1], as follows: (1) the South Eastern Desert (SED) is the
oldest and most highly deformed province, and it is distinguished by the predominance of
compressional and extrusion-related structures having WNW-ESE to NW-SE trends in the
western part and N-S to NE-SW trends in the eastern part; (2) the Central Eastern Desert
(CED) is characterized by prominent transpressional and extensional related structures
having NW-SE and WNW-ESE trends, dissected by younger shearing NE-SW trend;
(3) the Northern Eastern Desert (NED) is dominated by the so-called younger granite (c.
580 Ma), with extensional structures E-W and NE-SW trends. These three provinces are
separated from each other by major tectonic discontinuities: the Qena—Safaga Shear Belt
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between the NED and CED, and most likely, the Wadi Kharit-Wadi Hodein Shear Belt
between the CED and SED. The Eastern Desert of Egypt is a part of the northern ANS [2],
and it is characterized by a pronounced distribution of post- to late-collisional granites
containing rare metals mineralization. This region is dated between 620 and 580 Ma [3-7].
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Figure 1. (a) Geologic map showing the Arabian Nubian Sheild (ANS). (b) Geological map showing
the distribution of the Neoproterozoic basement rocks in the Eastern Desert, Egypt [2].

Rare metals mineralization has a markedly wide distribution in granite and associated
pegmatite, mylonite, and rhyolite flow tuffs, as well as in lamprophyre and felsite dikes
and quartz veins, which could have originated from magmatic and /or metasomatic pro-
cesses [8-14]. Rare metal granite is widely distributed in the Eastern Desert (Figure 1b).
It is highly evolved granite that is distinguished by calc-alkaline, alkaline to peralkaline
affinities, and A-type granite. They are widespread in orogenic belts. These rocks are
subdivided into metaluminous granite (Nb, Zr, and Y rich), peraluminous granite (Ta is
the most predominant one, followed by Nb, Sn, W, Be, and Li), and metasomatized granite
(Nb is the most abundant, followed by Ta, Sn, Zr, Y, U, Be, and W) [15-18].
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The distribution of alkali feldspar granite in the North Eastern Desert of Egypt has
several favorable implications. First, crustal growth occurred, whereas the magma was
derived from the mantle, then ascended through the crust, and crystallized as granite.
Second, intracontinental rifting processes, which are characterized by fragmentation and
splitting of continents without the involvement of plate boundaries, likely occurred. Third,
the study of alkali feldspar granite can provide insights into the petrogenesis and melting
processes occurring within the ANS. Fourth, heat and fluid transfers within the lithospheric
layer occurred. Finally, the distribution and characteristics of alkali feldspar granite can
provide insights into the tectonic setting and regional geology of the ANS. Further research
and geodynamic modeling can provide deeper insights into these implications and their
significance in the broader context of the ANS.

The main objective of the present work is to study the geochemical and mineralogical
features of alkali feldspar granite in the ANS to understand the petrogenesis of the granite
and its tectonic evolution in the studied area. This knowledge can improve our understand-
ing of the geological and geochemical signatures of A-type granite as a good resource for
rare metals mineralization in the ANS. Therefore, we proposed a geodynamic model in
order to explain the origin of the Homret El Gergab alkali feldspar granite.

2. Geologic Setting

This study area is characterized by the presence of basement rocks, which are predom-
inantly covered by Dokhan Volcanics, alkali feldspar granite, and post-granite dikes and
veins, including microgranite, basaltic-andesite dikes, and quartz veins (Figure 2). The
term “Dokhan Volcanics” is used to refer to a thick sequence of multicolored stratified lava
flows with their pyroclastics. These rocks are hard, massive, fine-grained, and vary in color
from black to greenish gray to dark gray, and from buff, pinkish-red, to reddish-brown. The
pyroclastics include ash tuffs, lapilli tuffs, and agglomerates with purple ignimbrite [19-21].
They are mainly composed of basalt, andesite, rhyolite, rhyodacite, and dacite. They were
dissected by quartz veins (Figure 3a).
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Figure 2. Geologic map of Homret El Gergab, North Eastern Desert, Egypt, modified after Abd
El-Hadi [22].
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Open cut

Figure 3. (a) Quartz vein (Qz) cutting the Dokhan Volcanics (DV). (b) Sharp intrusive contact between
the alkali feldspar granite (Gr) and Dokhan Volcanics (DV). (¢) Exfoliation in alkali feldspar granite,
(d,e). Open cut in granite for prospecting feldspars. (f) Distribution of alkali feldspar granite at Wadi
Abu Masananah.

The Homret El Gergab granite is hard, blocky, medium- to coarse-grained, and varies
in color from pink to reddish-pink and crimson. The granitic pluton occurs in the central
western part of the study area and has a semicircular shape with rough terrain. It has
moderately to highly elevated peaks that rise to a height of 433 m above sea level. The
alkali feldspar granite intruded the Dokhan Volcanics with a markedly sharp intrusive
contact (Figure 3b). Exfoliation structures are prominent features resulting from stress
release, especially along the margins of the granitic pluton (Figure 3c). It is composed
essentially of K-feldspar, quartz, plagioclase, and biotite. The alkali feldspar granite is cut
by microgranite, basaltic, and andesite dikes and is strongly affected by faults and shear
zones having E-W, NW-SE, NE-SW, and N-S trends. It shows well-defined joints and
fractures. Locally, the joints and fracture planes show reddish-brown or brick-red staining,
probably due to mineral solutions enriched in iron oxides. Pegmatite pockets and quartz
veins are very present in the studied granite. The feldspars found in the study area are
derived from alkali feldspar granite [22], specifically the Homret El Gergab pluton, which
covers approximately 10 km? (Figure 3d—f).
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3. Petrography

The alkali feldspar granite exhibits a medium- to coarse-grained hypidiomorphic
texture. It is composed mainly of K-feldspar, quartz, plagioclase, and biotite. The alteration
products are kaolinite, sericite, chlorite, and muscovite. Zircon, accompanied by opaque
Fe-Ti oxides, are the main accessory minerals (Figure 4a—f). Perthite, a component of
alkali feldspar granite, is present as well-defined crystals, in which albite lamellae are
bound by/or enclosed in the perthite crystals (Figure 4a,b). The mantle is dominated by
patchy and flame textures (Figure 4a). Plagioclase crystals occur as medium- to coarse-
grained, subhedral to anhedral, tabular, and some show signs of erosion and are trapped
within perthite. Some plagioclase crystals are displaced from their original positions
and show discoloration due to the presence of iron oxides. Quartz exists as anhedral to
subhedral crystals that occupy the interstitial spaces between various mineral components.
In particular, it displays prominent strain patterns, including cracking and waviness, with
a tendency toward undulating extinction. Biotite occurs as subhedral to anhedral crystals,
and certain flakes have been partially or completely altered to chlorite and muscovite
(Figure 4c,d). Zircons occur as high-relief prismatic crystals, exhibiting zonation, and are
poikilitically enclosed in quartz, biotite, and opaque materials (Figure 4e,f).

Figure 4. Photomicrographs of the studied alkali feldspar granite at Homret El Gergab, North
Eastern Desert of Egypt, clarifying that (a) flame and patchy perthites are associated with antiperthite;
(b) perthite encloses plagioclase; (c) biotite is highly altered to ferrichlorite and is associated with
quartz; (d) fine muscovite flacks are associated with quartz; (e) quartz encloses euhedral zircon
crystal; and (f) zircon is enclosed in iron oxides. Abbreviations: Per, perthite; Ant, antiperthite; Plg,
plagioclase; Bt, Biotite; Qz, quartz; Mus, muscovite; Kfs, K-feldspar; Zrn, zircon; Irx, iron oxide.
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4. Materials and Analytical Methods

Twenty samples were collected from the host alkali feldspar granite, and then twenty
polished thin sections were obtained to identify rare metals mineralization. This work
was carried out using a scanning electron microscope (FEI, Eindhoven, The Netherlands,
2006), which was mounted on the base of the analytical complex Pegasus 4000 (EDAX,
Mahwah, NJ, USA). Microanalyses were performed using an electron microprobe equipped
with a CAMECA SX 100 (CAMECA, Courbevoie, fle-de-France, France). The diameter
of the analyzed spot on the surface of the sample was less than 1 um at the standard
temperature (15 nA beam current, 15 kV acceleration potential, 10 s counting time for peak
and 5 s counting time for background; sample: iron oxide; volume: 3 x 107! m3; mass:
2 x 10712 g). The electron microprobe was equipped with five automated wavelength
dispersive spectrometers (WDS) and an energy dispersive spectrometer (EDS). The WDS
diffraction crystals included LiF, PET, TAP, PC0, PC1, PC2, and PC3, while the spectrometer
could vary from 0.22 to 0.83 and the sin-theta had a resolution of 10~°. The following
natural standards were used: orthoclase for Si (Kw), albite for Al (Ke), olivine for Mg (Ko),
hematite for Fe (Kx), wollastonite for Ca (K«), and monazite for Yb (L). The synthetic
compounds used include ThO,, UO,, PbCrOy4, ZrO,, CePO4, NdPO4, SmPO,, GdTiGe,
DyRu,Ge;, and YPOy, which are the corresponding standards for Th (M), U (Mf3), Pb
(Mx), Zr (L), Ce (Lor), Nd (Ler), Sm (L), Gd (Lx), Dy (L), and Y (L), respectively.

Ten granitic samples were selected and then crushed into ten mesh particles. These
particles were finely ground to a size of 200 mesh. Major oxides and trace elements were
analyzed by X-ray fluorescence using an ARL 9800 f. ARL X-ray spectrometer at the
Central Laboratories of St. Petersburg State University, St. Petersburg, Russia. For XRF
analyses, granite powder samples were prepared with Mowiol II polyvinyl alcohol and
fused with tetraborate pellets. The detection limits are 0.01% for major oxides and 1-4 ppm
for trace elements.

5. Geochemistry

Whole-rock chemical compositions of the major and trace element concentrations in
the Homret El Gergab alkali feldspar granite are listed in Table 1. The geochemical behavior
of the major element oxides in the studied granitic samples shows that the SiO, content
ranges from 71.2 to 74.7 wt%, the Al,O3 content ranges from 13.7 to 15.4 wt%, the Na,O
content ranges from 3.7 to 4.7 wt%, and the K,O content ranges from 4.9 to 6.1 wt%. On
the other hand, Fe;O3, CaO, MgO, and TiO, have low concentrations, reaching 1.8, 1.2, 0.6,
and 0.3 wt%, respectively (Table 1). The Harker variation diagrams (Figure 5) illustrate a
marked decrease in Al,O3, Fe;O3, and Na,O contents with increasing SiO,, but TiO,, K,O,
and CaO contents show a scattered distribution of the analyzed samples.

Among the analyzed trace elements, alkali feldspar granite has a high concentration
of large-ion lithophile elements (LILEs) and high-field strength elements (HFSEs), such as
Rb, Zr, Ba, Y, Nb, and Th, reaching 289, 202, 180, 89, 84, and 68 ppm, respectively (Table 1).
The Harker variation diagrams show a marked increase in trace elements, especially Rb, Y,
Nb, Ba, and U, with increasing SiO,, but a marked decrease in Sr, Zr, and Cr (Figure 5).

Many geochemical classifications have been proposed for igneous rocks using various
geochemical parameters. The normative An-Ab-Or (anorthite-albite-orthoclase) diagram
by Barker [23] shows that the analyzed samples plot in the granite field (Figure 6a). SiO,
versus (NayO + K,O) the classification diagram by Middlemost [24] (Figure 6b) reveals the
studied samples plot in the alkali feldspar granite field.
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Table 1. Whole-rock major element oxides (wt%), calculated CIPW norm and trace elements (ppm) of
the analyzed Alkali feldspar granite, Homret El Gergab, North Eastern Desert, Egypt.

Samples G1 G2 G3 G4 G5 G6 G7 G8 G9 G10
510, 729 72.3 734 747 72.6 72.9 72.4 73.5 719 712
Al O3 14.4 14.8 14.5 13.7 15.4 14.9 14.9 14.6 14.8 15.2
K,O 6.10 5.90 4.90 5.60 5.10 5.20 5.30 5.10 5.70 5.00
Na,O 3.66 4.17 4.12 4.04 4.41 4.4 4.52 4.32 4.23 4.66
FepOs 1.35 1.78 1.44 121 1.25 1.33 1.39 1.10 1.52 1.61
CaO 0.89 0.47 091 0.52 0.78 0.71 0.8 0.76 1.05 1.16
MgO 0.29 0.20 0.40 0.07 0.19 0.23 0.26 0.16 0.14 0.58
TiO, 0.24 0.22 0.15 0.12 0.12 0.15 0.14 0.15 0.17 0.29
MnO 0.04 0.03 0.02 0.02 0.01 0.02 0.02 0.02 0.03 0.06
Py05 0.01 0.03 0.02 0.03 0.02 0.01 0.05 0.01 0.04 0.03
LO.L 0.20 0.10 0.20 0.10 0.10 0.20 0.20 0.30 0.20 0.10
Total 100 99.9 100 99.9 99.9 100 100 100 99.7 99.9
Q 26.0 24.3 28.2 28.6 25.5 25.6 239 27.0 232 21.7
C 0.20 0.80 0.80 0.10 1.30 0.80 0.40 0.60 0.00 0.10
Or 36.0 349 29.0 33.1 30.1 30.7 31.3 30.1 33.7 29.5
Ab 31.0 35.3 349 34.2 37.3 37.2 38.2 36.6 35.8 39.4
An 4.40 2.10 4.40 2.40 3.70 3.50 3.60 3.70 4.60 5.60
Di 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hy 0.70 0.50 1.00 0.20 0.50 0.60 0.60 0.40 0.30 1.40
Mt 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00
Il 0.10 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.10
Hm 1.40 1.80 1.40 1.20 1.30 1.30 1.40 1.10 1.50 1.60
Tn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.30 0.00
Ru 0.20 0.20 0.10 0.00 0.10 0.10 0.10 0.10 0.00 0.20
Ap 0.00 0.10 0.00 0.10 0.00 0.00 0.10 0.00 0.10 0.10
Trace elements (ppm)
Vv 48.0 46.0 36.0 26.0 26.0 38.0 34.0 31.0 29.0 63.0
Cr 44.0 23.0 15.0 11.0 17.0 19.0 18.0 8.00 19.0 37.0
Co 26.0 15.0 10.0 19.0 9.80 66.0 12.0 26.0 7.00 39.0
Cu 3.00 10.0 18.0 8.00 11.0 75.0 6.00 28.0 16.0 7.00
Zn 18.0 28.0 21.0 14.0 32.0 11.0 14.0 11.0 18.0 18.0
As 5.00 2.00 7.00 5.00 4.00 9.00 6.00 2.00 6.00 5.00
Zr 185 202 127 112 138 142 145 142 196 139
Mo 13.0 9.00 5.00 22.0 9.00 8.00 6.00 10.0 8.00 6.00
Cd 21.0 14.0 5.00 4.00 12.0 23.0 18.0 23.0 31.0 12.0
Sn 5.00 21.0 8.00 4.00 3.00 7.60 19.0 5.90 5.00 4.70
Pb 15.0 14.0 14.0 9.00 12.0 9.00 15.0 12.0 11.0 11.0
8] 25.0 23.0 27.0 21.0 26.0 29.0 27.0 23.0 25.0 22.0
Th 34.0 39.0 42.0 44.0 33.0 45.0 43.0 36.0 46.0 45.0
Rb 224 202 269 281 289 252 232 245 277 210
Sr 37.0 41.0 27.0 16.0 16.0 35.0 27.0 21.0 26.0 39.0
Ni 5.30 4.60 3.00 6.50 6.00 8.00 4.00 9.00 5.00 3.00
Nb 74.0 66.0 84.0 59.0 74.0 66.0 71.0 80.0 52.0 59.0
Ga 16.0 22.0 26.0 15.0 8.00 19.0 23.0 9.50 28.0 22.0
Y 67.0 54.0 89.0 69.0 73.0 82.0 44.0 73.0 71.0 60.0
Hf 2.30 3.10 0.90 2.10 0.80 0.70 2.10 3.50 3.90 4.40
Ba 115 120 143 180 98.0 150 144 167 84.0 139
TZr °C 795 805 767 753 775 775 773 775 794 766
Th/U 0.74 0.59 0.64 0.48 0.79 0.64 0.63 0.64 0.54 0.49
Rb/Sr 6.05 4.93 9.96 17.56 18.06 7.20 8.59 11.67 10.65 5.38

TZr °C (zircon saturation temperature).
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Figure 5. Harker variation diagrams illustrate the distributions of major oxides and trace elements in

relation to silica in the studied granite.
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Figure 6. Geochemical discrimination diagrams present the nomenclature of the studied granite.
(a) Ternary An—Ab-Or normative diagram by Barker [23]. (b) Binary diagram shows the total alkalis
versus silica, according to Middlemost [24].

The concentrations of multiple elements were normalized to those of the primitive
mantle values of Sun and McDonough [25], which could provide a general indication of
the source and tectonic affinities of the studied granite (Figure 7). The analyzed alkali
feldspar granite is strongly enriched in Rb, as a large ion lithophile element (LILE), when
compared with high-field strength elements (HFSE; Nb, Zr, Y), but depleted in Ba, Sr, P,
and Ti elements with marked troughs. The negative anomalies in P and Sr elements could
mark fractionation of apatite and feldspars at the source or during differentiation. The
differences in trace element contents in the studied granite may be a clue to the different
degrees of partial melting or fractional crystallization. Ti depletion could be related to the
fractionation of biotite or titanomagnetite.

1000

100

Rock/Primitive Mantle
(oY
— (=)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
\4

‘—_—————_——
T 35 e
G ———————

Rb Th Nb Pb P Zr Y

Figure 7. Normalized multi-element pattern according to Sun and McDonough [25] of the studied
granite.

Figure 8 illustrates the geochemical behavior of U and Th in the studied alkali feldspar
granite. The histograms show that Th ranges from 33 to 46 ppm and U ranges from 21
to 29 ppm (Table 1). The Th/U ratio of the analyzed alkali feldspar granite ranges from
0.48 to 3.8, which is lower than the upper crust value of 3.8 [26]. Thorium is an immobile
element; therefore, this ratio mainly depends on the content of uranium, which is a mobile
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element. The analyzed granite samples have a lower Th/U ratio, which could be related to
U enrichment.

BU (ppm) MW Th(ppm)

G1 G2 G3 G4 G5 G6 G7 G8 G9 G10

Figure 8. Histograms showing the concentrations of U and Th in the studied granitic samples from
Homret El Gergab, North Eastern Desert, Egypt.

6. Mineral Chemistry
6.1. Radioactive Minerals
6.1.1. Uranothorite

It usually occurs as tiny individual crystals (<10 pm) that are anhedral and are often
associated with monazite (Figure 9a). The EPMA data show that uranothorite is composed
essentially of ThO,, ranging from 53.74 to 54.24 wt%; SiO,, from 15.66 to 16.27 wt%; and
UO,, from 13.25 to 14.21 wt%. LREEs, including La, Ce, Nd, and Sm, have been reported,
and XLREE,O3 (La—Sm) ranges from 3.71 to 4.45 wt%. Fe,O3, CaO, and P05 are well
documented in small amounts (Table 2).

Table 2. Representative EMPA of uranothorite (oxides in wt%) from Alkali feldspar granite at Homret
El Gergab, North Eastern Desert, Egypt.

ThO, 53.85 53.79 54.24 53.74
SiO, 15.98 16.01 16.27 15.66
U0O, 13.25 14.21 14.12 13.92
La,O3 0.25 0.31 0.34 0.27
Cep O3 1.78 1.86 1.91 1.81
Nd,O3 1.24 1.61 1.58 1.31
Sm;,03 0.44 0.67 0.53 0.46
CaO 1.53 1.78 1.12 1.45
P,0s5 0.84 0.68 0.61 0.43
Fe;O3 1.49 1.57 1.56 1.61
Total 90.65 92.49 92.28 90.66
YLREE;O3 3.71 445 4.36 3.85
Calculated formulae (apfu)
Th 0.71 0.70 0.70 0.72
Si 0.92 091 0.93 0.92
U 0.17 0.18 0.18 0.18
La 0.01 0.01 0.01 0.01
Ce 0.04 0.04 0.04 0.04
Nd 0.03 0.03 0.03 0.03
Sm 0.01 0.01 0.01 0.01
Ca 0.09 0.11 0.07 0.09
P 0.04 0.03 0.03 0.02
Fe 0.06 0.07 0.07 0.07
Sum 2.07 2.09 2.07 2.08

Calculated chemical formula based on 4 oxygen (apfu) for uranothorite.
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Figure 9. Back-scattered images (BSE) of radioactive minerals associated with other accessory
minerals from alkali feldspar granite, Homret El Gergab, North Eastern Desert, Egypt. (a) Fine-
grained uranothorite is associated with monazite and is enclosed in feldspar. (b) Fine-grained
xenotime and thorite are associated with rutile. (c) Fine-grained xenotime and thorite occur along
the rims of zircon. (d) Thin films of thorite occur along the periphery of zircon. (e) Thorite and
zircon are enclosed in biotite. (f) Columbite crystals are enclosed in quartz. (g) Highly deformed
columbite crystals are enclosed in K-feldspar. (h) Large zircon crystals enclose microinclusions of
columbite. Abbreviations: uthr, uranothorite; thr, thorite; Zrn, zircon; Mnz, monazite; Xtm, xenotime;
Col, columbite; Rt, rutile; Qz, quartz; Ab, Albite; Kfs, K-feldspar; Bt, Biotite.
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6.1.2. Thorite

Th-silicate minerals are abundant and predominant in the investigated alkali feldspar
granite in the study area. These grains occur as fine individual crystals and/or adjacent
thin films (bright colors) along the peripheries of zircon crystals (Figure 9b—e). It consists of
anhedral crystals that are <10 pum in length, is accompanied by zircon, xenotime, and rutile,
and is always enclosed in feldspar and quartz crystals. It occurs as bright microinclusions
and/or adjacent to zircon crystals (Figure 9b—e). The analyzed EPMA data (Table 3)
show that thorite is essentially composed of ThO, ranging from 51.27 to 52.73 wt% and
SiO; ranging from 16.17 to 18.35 wt%. UO; is well represented in thorite, with higher
concentrations reaching up to 7.1 wt% (Table 3). Y,Os-bearing thorite is present and ranges
from 2 to 3.2 wt%. The higher concentrations of XREE,O3 (La—Er) range from 9.35 to
14.1 wt%. CepO3 is the most abundant REE and reaches up to 4.3 wt% of the other elements.
Moreover, CaO, P05, Fe;O3, and Al,O3 are well represented in the analyzed thorite at low
concentrations (Table 3).

Table 3. Representative EMPA of thorite (oxides in wt%) from alkali feldspar granite at Homret E1
Gergab, North Eastern Desert, Egypt.

ThO, 51.35 51.27 52.73 52.17 51.33 52.22
SiO, 18.35 17.27 17.73 16.17 17.33 16.22
U0, 2.94 5.66 3.16 7.1 4.73 293
LayO3 0.54 1.31 1.23 1.24 1.29 1.76
CeyO3 1.98 1.32 1.51 1.92 0.96 4.30
Nd,O3 1.29 1.17 1.33 1.66 1.45 2.30
Sm;03 1.32 1.29 1.37 1.40 1.46 1.48
Gd,O3 1.74 1.61 1.81 1.87 1.94 1.97
Dy,0s3 2.10 2.15 1.99 2.00 1.94 1.97
Er,Os 0.54 1.19 0.73 0.66 0.31 0.32
Y;03 3.20 2.51 1.84 2.59 2.89 2.01
P>0s5 1.73 1.28 1.08 1.65 1.58 2.06
CaO 0.77 0.92 0.78 1.04 1.04 0.74
Fe, O3 1.69 1.76 2.02 1.39 1.34 1.22
Al O3 0.91 0.87 0.76 0.69 0.85 0.94
Total 90.45 91.58 90.07 93.55 90.44 92.44
>REE,O3 9.51 10.04 9.97 10.75 9.35 14.1
Calculated formulae (apfu)
Th 0.61 0.62 0.65 0.64 0.63 0.64
Si 0.96 0.92 0.96 0.87 0.93 0.87
U 0.03 0.07 0.04 0.09 0.06 0.03
La 0.01 0.03 0.02 0.02 0.03 0.03
Ce 0.04 0.03 0.03 0.04 0.02 0.08
Nd 0.02 0.02 0.03 0.03 0.03 0.04
Sm 0.02 0.02 0.03 0.03 0.03 0.03
Gd 0.03 0.03 0.03 0.03 0.03 0.03
Dy 0.04 0.04 0.03 0.03 0.03 0.03
Er 0.01 0.02 0.01 0.01 0.01 0.01
Y 0.09 0.07 0.05 0.07 0.08 0.06
P 0.08 0.06 0.05 0.08 0.07 0.09
Ca 0.04 0.05 0.05 0.06 0.06 0.04
Fe 0.07 0.07 0.08 0.06 0.05 0.05
Al 0.06 0.05 0.05 0.04 0.05 0.06
Sum 2.10 211 2.10 2.10 2.10 2.11

Calculated chemical formula based on 4 oxygen (apfu) for thorite.
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6.2. Columbite

Columbite occurs as tabular, subhedral to anhedral crystals that are massive and vary
in size from 100 to 400 um (Figure 91,g). They are commonly enclosed in K-feldspar, quartz,
and plagioclase crystals, whereas others are commonly dispersed as microinclusions in
zircon crystals (Figure 9f,g). The EPMA data show that columbite is composed of Nb,Os
at concentrations ranging from 66.49 to 74.7 wt% and Fe,O3 at concentrations ranging
from 17.27 to 26.42 wt%, whereas MnO has a lower concentration ranging from 0.5 to
5.78 wt%. TiO,, TapOs, and Y,03 have low concentrations (Table 4). The radioactive
elements uranium and thorium have low contents in the analyzed columbite, reaching
3.09 wt% for UO; and 1.53 wt% for ThO,.

Table 4. Representative EMPA of columbite (oxides in wt%) from alkali feldspar granite at Homret El
Gergab, North Eastern Desert, Egypt.

Taz 05
TiO,
F82 03
MnO
Y,0;
ThO,
[8[0))
Total

Nb
Ta
Ti
Fe
Mn
Y
Th
U
Y cation
Ta/(Ta + Nb)
Mn/(Mn + Fe)

70 69.21 70.09 74.7 70.95 72.8 66.49 67.76 70.84
0.77 n.d. n.d. n.d. 3.44 3.44 3.03 n.d. 2.55
2.67 0.80 1.73 2.82 1.78 0.63 2.84 1.33 1.51

23.56 23.39 25.35 20.93 19.44 17.27 23.91 26.42 22.6
1.58 0.57 1.01 1.46 1.25 5.78 n.d. 0.68 0.50
n.d. 2.92 n.d. n.d. n.d. n.d. 2.46 1.74 1.93
0.44 1.53 0.64 n.d. n.d. n.d. 1.40 1.11 n.d.
1.00 1.53 1.24 n.d. 3.09 n.d. n.d. 0.98 n.d.
100 100 100 100 100 100 100 100 100

Calculated formulae (apfu)
1.69 1.71 1.70 1.78 1.76 1.80 1.62 1.65 1.72

0.01 0.05 0.05 0.04 0.04
0.11 0.03 0.07 0.11 0.07 0.03 0.12 0.05 0.06
0.95 0.96 1.02 0.83 0.80 0.71 0.97 1.07 0.91
0.07 0.03 0.05 0.07 0.06 0.27 0.03 0.02

0.08 0.07 0.05 0.06

0.01 0.02 0.01 0.02 0.01
0.01 0.02 0.01 0.04 0.01
2.85 2.85 2.85 2.79 2.78 2.85 2.84 2.88 2.81
0.01 0.03 0.03 0.02 0.02
0.07 0.03 0.05 0.08 0.07 0.28 0.03 0.02

The chemical formula was calculated for columbite based on 6 oxygen atoms (apfu). n.d. not determined.

6.3. Zircon

Zircon crystals occur in various shapes, ranging from prismatic to subhedral or an-
hedral crystals (Figures 9 and 10). Zircon inclusions can range in size from being as small as
microinclusions in K-feldspar crystals to larger single crystals that can reach up to 50 pm in
size. Some of these zircon crystals appear to be heavily corroded and contain dark patches.
In addition, bright xenotime and thorite can be found at the edges of the zircon crystals.
The EPMA data show that the zircon crystals are composed of ZrO,, which ranges from
58.05 and 61.1 wt%, and SiO,, which ranges from 29.1 and 32.67 wt%. Other elements
present include HfO,, which ranges from 1.43 to 3.61 wt%, and Sc;O3 which from 0.26 to
0.64 wt%. Al,O3, CaO, MnO, and Fe; O3 are recorded in low concentrations (Table 5). The
two radioactive elements reached 4.38 wt% for UO, and 3.89 wt% for ThO».
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25um

50um

Figure 10. Back-scattered images (BSE) of Zr and REE minerals associated with other accessories from
alkali feldspar granite, Homret El Gergab, North Eastern Desert, Egypt. (a) Zoned zircon crystals are
enclosed in feldspar. (b) Fine-grained monazite and zircon are enclosed in feldspar. (c) Xenotime is
overgrown along the rims of zircon. (d) Fine-grained xenotime is adjacent to zircon. (e) Hematite is
along the periphery of monazite. (f) Quartz encloses monazite. (g) Pyrite encloses rutile. (h) Quartz
encloses rutile. Abbreviations: Zrn, zircon; Mnz, monazite; Xtm, xenotime; Rt, rutile; Hem, hematite;
Qz, quartz; Ab, Albite; Kfs, K-feldspar.
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Table 5. Representative EMPA of zircon (oxides in wt%) from alkali feldspar granite at Homret El
Gergab, North Eastern Desert, Egypt.

SiO,
Zr02
HfO,
SC203
CaO
Fe2 03
Al O,
MnO
ThO,
U0,
Total

Si
Zr
Hf
Sc
Ca
Fe
Al
Mn
Th

Sum

30.09
58.25
2.84
0.38
0.84
1.53
0.59
0.5
3.89
1.17
100

0.96
091
0.03
0.01
0.03
0.04
0.02
0.01
0.03
0.01
2.04

31.2
60.33
3.61
0.31
0.76
0.7
0.49
0.61
1.32
0.67
100

0.98
0.92
0.03
0.01
0.03
0.02
0.02
0.02
0.01
0.00
2.03

31.04
59.28
3.57
0.41
1.12
0.79
0.79
0.56
1.15
1.33
100

0.98
091
0.03
0.01
0.04
0.02
0.03
0.01
0.01
0.01
2.04

31.75 31.12 30.11 30.07 3216 3213 2956 2997 291 3267 305 3114
59.59 61.1 5825 5824 59.78 5855 58.05 5825 5815 5936 61.03 59.33
3.25 3.53 3.02 3.31 291 1.90 143 1.51 1.52 1.76 3.60 3.57
0.26 0.28 0.34 0.38 0.35 0.29 0.31 0.38 0.64 0.39 0.42 0.41
1.05 0.62 0.92 0.69 0.81 0.97 1.01 0.85 1.15 0.81 0.76 1.12
1.06 0.56 1.02 1.09 0.97 0.89 1.04 2.27 1.46 1.03 0.70 0.79
053 036 066 047 059 064 042 054 058 059 049 079
0.6 044  0.39 045 045 041 0.53 038 057 064 0.61 0.56
0.97 1.12 3.29 3.35 0.91 0.85 3.31 3.41 3.57 1.25 1.21 1.05
1.00 0.93 2.00 1.95 1.10 3.46 4.38 2.44 3.27 1.59 0.67 1.33
100 100 100 100 100 100 100 100 100 100 100 100
Calculated formulae (apfu)

099 098 096  0.96 1.00 1.00 096 098 094 1.01 096  0.98
0.91 0.94 0.91 0.91 0.91 0.89 0.92 0.90 0.92 0.89 0.94 0.91
0.03 0.03 0.03 0.03 0.03 0.02 0.01 0.01 0.01 0.02 0.03 0.03
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
0.04 0.02 0.03 0.02 0.03 0.03 0.04 0.00 0.04 0.03 0.03 0.04
0.02 0.01 0.02 0.03 0.02 0.02 0.03 0.05 0.04 0.02 0.02 0.02
0.02  0.01 002 002 002 002 002 0.02 002 0.02 0.02 003
0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01
0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.02 003 0.01 0.01 0.01
0.01 0.01 0.01 0.01 0.01 0.02  0.03 0.02 002 0.01 0.00 0.01
2.04 2.03 2.04 2.03 2.03 2.04 2.04 2.03 2.05 2.04 2.03 2.04

Calculated chemical formula based on 4 oxygen (apfu) for zircon.

6.4. REE Phosphates

Phosphate minerals are recorded in alkali feldspar granite. They include monazite
and xenotime, and they are considered good sources of LREEs and HREEs, respectively, as
well as Y (Section 6.4.2).

6.4.1. Monazite-Ce

Monazite-Ce is a common LREE phosphate mineral that occurs as euhedral to anhedral
and fine- to medium-grained (Figure 10b,e,f). From the analyzed EPMA data, monazite
chemistry reveals that P,Os ranges from 27.37 to 29.84 wt%, with a marked enrichment
in LREEs, while the ) REE;O3 (LayO3-GdO3) concentration ranges from 59.15 wt% to
65.75 wt% (Table 6). Ce;O3 is the most abundant LREE in the analyzed monazite grains,
reaching 30.51 wt%, followed by Nd,O3, reaching 16.76 wt%, LayO3, reaching 12.93 wt%,
and others (Table 6). Gd,O3 is the only recorded HREE in the analyzed monazite and
ranges from 1.29 to 3.19 wt%. Enrichment in ThO, was clearly observed in the mon-
azite grains, ranging from 4.85 to 10.41 wt% (Table 6). CaO was recorded in smaller
amounts, ranging from 0.69 to 3.37 wt%. The average empirical formula for monazite is
(Cep.42Nd 19Lag 15Pr0,055m0,06Gdg 03 Tho 07)(Po.98)O4. Monazite has shown a predominance
of Ce (0.42 apfu) over other REEs corresponding to monazite-Ce. The geochemical com-
positions of the monazite crystals are remarkably similar, and the chemical reactions are
carried out by the following substitutions:

Th*" + Si** s REE>* + P°*

Th*" + Ca** +» 2REE®*
As recorded by Watt [27], Abd El Ghaffar [28], and Abdel Gawad [29].
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Table 6. Representative EMPA of monazite (oxides in wt%) from alkali feldspar granite at Homret El
Gergab, North Eastern Desert, Egypt.

P,05 27.45 27.37 29.69 29.84 29.04 28.5 28.53 29.17 29.48 28.45 28.2 28.88 27.42
CaO 1.06 1.16 1.19 1.15 3.37 1.11 0.70 0.69 2.69 0.71 1.19 1.19 0.84
LayO3 8.03 12.29 11.9 11.99 12.93 9.69 10.71 8.39 10.92 8.78 7.00 10.17 8.89
CepO3 2831 29.48 28.52 29.95 29.61 28.46 30.18 28.05 30.51 28.38 28.42 27.35 28.11
Pr,O3 3.92 4.22 3.75 2.66 4.07 4.04 3.97 2.72 2.98 3.23 3.71 3.73 3.87
Nd,O3 14.13 11.57 10.25 9.70 11.13 15.2 13.44 15.92 11.85 15.27 13.41 15.98 16.76
Sm, 03 4.26 4.24 3.31 3.64 3.06 4.58 3.79 4.96 2.74 4.59 4.95 3.99 5.04
Gd,O3 2.46 1.29 142 1.52 1.75 2.26 2.46 2.59 1.83 3.19 3.01 1.96 3.08
ThO, 10.41 8.46 9.92 9.14 4.85 6.15 6.19 7.60 6.65 7.39 10.18 6.85 6.00
Total 100 100 99.95 99.59 99.81 100 100 100 99.65 100 100 100 100
YREE,O3 61.11 63.09 59.15 59.46 62.55 64.23 64.55 62.63 60.83 63.44 60.5 63.18 65.75
Calculated formulae (apfu)

P 0.96 0.95 1.00 1.00 0.97 0.97 0.98 0.99 0.98 0.98 0.97 0.98 0.95
Ca 0.05 0.05 0.05 0.05 0.14 0.05 0.03 0.03 0.11 0.03 0.05 0.05 0.04
La 0.12 0.19 0.17 0.18 0.19 0.14 0.16 0.12 0.16 0.13 0.11 0.15 0.13
Ce 0.43 0.44 0.41 0.43 0.43 0.42 0.45 0.41 0.44 0.42 0.42 0.4 0.42
Pr 0.06 0.06 0.05 0.04 0.06 0.06 0.06 0.04 0.04 0.05 0.05 0.05 0.06

Nd 0.21 0.17 0.15 0.14 0.16 0.22 0.19 0.23 0.17 0.22 0.19 0.23 0.25
Sm 0.06 0.06 0.05 0.05 0.04 0.06 0.05 0.07 0.04 0.06 0.07 0.06 0.07
Gd 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.04 0.04 0.03 0.04
Th 0.10 0.08 0.09 0.08 0.04 0.06 0.06 0.07 0.06 0.07 0.09 0.06 0.06
Sum 2.01 2.02 1.99 1.99 2.05 2.01 2.01 1.99 2.03 2.00 2.01 2.01 2.02

Calculated chemical formula based on 4 oxygen (apfu) for monazite; “REE;O3 (LayO3-Gd,03).

6.4.2. Xenotime

Xenotime is anhedral to subhedral, fine-grained, and often enclosed in K-feldspar crys-
tals. It is predominantly accompanied by zircon, thorite, and rutile (Figures 9b,c and 10c,d).
EPMA data show that the analyzed xenotime is a good source of HREEs (Table 7). The
chemical data show that P,Os5 ranges from 30.23 to 32.15 wt%, Y,O3 ranges from 45.22 to
48.64 wt%, and )_HREE,O3 (GdyO3-LuyO3) ranges from 15.45 to 17.9 wt%. In addition,
xenotime has higher concentrations of Dy,03, Er,O3, and Yb,O3 (Table 7). It has higher
concentrations of radioactive elements, especially ThO, which ranges from 1.55 to 5.44
wt%, whereas UO, reaches up to 1.51 wt%. CaO and Fe,O3; were presented as minor
constituents.

Table 7. Representative EMPA of xenotime (oxides in wt%) from studied alkali feldspar granite at
Homret El Gergab, North Eastern Desert, Egypt.

Y,05 48.64 4536 46.4 45.22 463
Gd,03 2.69 2.74 2.26 2.49 2.39
Dy,03 450 4.40 3.09 411 421
Ho,05 1.15 0.77 0.78 1.09 0.66
Er, O3 3.02 2.79 2.98 3.46 3.46
Tm,Os 1.61 1.54 1.51 1.67 1.62
Yb,0; 2.16 2.13 3.11 3.33 3.33
Lu,Os 1.34 1.36 1.72 1.75 1.69

P,05 30.35 30.23 31.33 32.15 31.65

CaO 1.33 1.36 1.41 1.38 1.36
Fe,03 0.81 0.75 0.83 0.79 0.80
ThO, 155 5.44 3.07 1.64 1.64

UO, 0.93 1.13 1.51 0.94 0.94

Total 100 100 100 100 100

YHREE,O; 16.47 15.73 15.45 17.90 17.36

Calculated formulae (apfu)
Y 091 0.85 0.86 0.83 0.85
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Table 7. Cont.

Gd 0.03 0.03 0.03 0.03 0.03
Dy 0.05 0.05 0.03 0.05 0.05
Ho 0.01 0.01 0.01 0.01 0.01
Er 0.03 0.03 0.03 0.04 0.04
Tm 0.02 0.02 0.02 0.02 0.02
Yb 0.02 0.02 0.03 0.03 0.04
Lu 0.01 0.01 0.02 0.02 0.02
P 0.90 0.91 0.92 0.94 0.93
Ca 0.05 0.05 0.05 0.05 0.05
Fe 0.02 0.02 0.02 0.02 0.02
Th 0.01 0.04 0.02 0.01 0.01
U 0.01 0.01 0.01 0.01 0.01
Sum 2.08 2.06 2.06 2.05 2.06

Calculated chemical formula based on 4 oxygen (apfu) for xenotime; XREE;O3 (Gd,O3-LuyO3).

6.5. Other Accessory Minerals

Pyrite occurs as coarse-grained, equant plates, euhedral to subhedral, and encloses
rutile microinclusions (gray to black colors) (Figure 10g). It is enclosed in feldspar. The
analyzed EPMA data show that pyrite is essentially composed of Fe ranging from 46.25 to
47 wt% and S ranging from 53 to 53.75 wt%.

Rutile is the most abundant accessory mineral. It occurs as anhedral to subhedral,
fine- to medium-grained microinclusions in ilmenite and is associated with thorite, zircon,
monazite, xenotime, and ilmenite (Figures 9b and 10c,h). The EMPA data indicate that
rutile is composed of TiO; in the range of 98.12 to 99.9 wt%, Fe;O3 from 0.61 to 3.66 wt%,
and Nb,Os from 3 to 4.62 wt%.

IImenite occurs along the periphery of rutile and is enclosed in feldspars. It is associ-
ated with monazite and zircon. The EMPA data show that ilmenite is mainly composed of
TiO,, ranging from 46.25 to 47.66 wt%; Fe;O3 from 51.01 to 53.2 wt%; and MnO, from 0.45
to 0.87 wt%.

7. Discussion
7.1. Magma Type and Tectonic Setting Signature

Several discrimination diagrams have been proposed and used to elucidate the magma
types of igneous rocks. Maniar and Piccoli [30] used (Al,O3)/(NayO + K,O + CaO) versus
(Al,O3)/(NapO + K,0) to distinguish between peraluminous, metaluminous, and peral-
kaline rocks. Figure 11a shows the granite under study concentrated in the peraluminous
field. For the subalkaline rocks, Rickwood [31] used the K,O versus SiO, discrimination
diagram (Figure 11b) to differentiate between the shoshonite series, high-K calc-alkaline
series, medium-K calc—alkaline series, and low-K tholeiites. The studied granite samples
plot in the calc-alkaline series high-K field.

Several tectonic setting discrimination variation diagrams have been proposed for
granites. Rb versus (Y + Nb) and Nb versus Y discrimination diagrams by Pearce et al. [32]
are used to distinguish between volcanic arc granite (VAG), syn-collision granite (Syn-
COLQG), ocean ridge granite (ORG), and within-plate granite (WPG). The figures show
that the study samples are plotted in the within-plate regime field (Figure 12a,b). By
utilizing various diagrams, Whalen et al. [33] distinguished between two groups of granites
with different tectonic settings. Granites are subdivided into (1) those generated during
the evolution of fold belts (orogenic), such as I-, S-, and M-types [34-36], and (2) those
associated with uplift and major strike-slip faulting (anorogenic), such as A-types [37-39].
In Figure 12¢,d, the plotting of 10,000*Ga/ Al versus K,O/MgO and Nb indicates that the
studied alkali feldspar granite is plotted in A-type granite.
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Figure 11. Magma-type discrimination diagrams of the studied granite. (a) Binary molar
Al,O3/(NapO + Ky0) versus Al,O3/(CaO + NayO + K,0) diagram of Maniar and Piccoli [30].
(b) Binary K,O versus SiO, diagram of Rickwood [31].
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Figure 12. Tectonic setting discrimination diagrams of the studied granite. (a) Binary Rb versus (Y +
Nb) diagram of Pearce et al. [32]. (b) Binary Nb versus Y diagram of Pearce et al. [32]. (c) Binary dis-
crimination K,O/MgO versus 10,000*Ga/Al diagram of Whalen et al. [33]. (d) Binary discrimination
Nb versus 10,000*Ga/Al diagram of Whalen et al. [33].

7.2. Petrogenesis of Homret El Gergab Alkali Feldspar Granite

The relationships between Rb, Sr, and Ba are helpful in inferring the origin of granites,
either from partial melting or fractional crystallization. The K/Rb ratio is considered a good
petrogenetic indicator that decreases during magmatic fractionation. K,O concentration
could reflect the enrichment of Rb in igneous rock types. K,O versus Rb discrimination
diagram shows that the alkali feldspar granite samples plot in the field of the Ras ed Dome
ring complex, Sudan [37]. In addition, the analyzed granite samples plotted very closely
to the pegmatitic-hydrothermal trend of Shaw [40] (Figure 13a), and some samples that
deviated could be post-magmatic and/or auto-metasomatic alterations [41]. The behavior
of these elements in granitic systems is strongly controlled by plagioclase, K-feldspar, and
mica. A binary discrimination diagram of Rb versus Sr (Figure 13b) confirms the role
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K,O wt%

1
10

of K-feldspar fractionation in the studied granite. The average Ba/Rb ratio in the crust
is approximately 4.4 [42]. Figure 13c shows that the studied granite samples occurred
between 1 and 0.4 and are strongly enriched in Rb, which indicates the contribution of
crustal material to the magmatic differentiation in the studied rock.
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Figure 13. Petrogenesis discrimination diagrams show the distribution of the analyzed alkali feldspar
granite samples. (a) Binary K,O versus Rb diagram, where MT refers to the magmatic trend and PH
refers to the pegmatitic hydrothermal trend, according to Shaw [40]. The shaded area illustrates the
field of the Ras ed Dome ring complex, Sudan, according to O’Halloran [37]. (b) Binary Rb versus Sr
diagram. (c) Binary Ba versus Rb diagram of Mason [42].

7.3. Zircon-Saturation Temperatures

The relationship between zircon solubility and the temperature of the melt is important
for the Zr geothermometer. This approach could help determine the temperature and
amount of Zr required for zircon formation in specific granite samples. Experimental
research conducted by Watson and Harrison [43] on zircon saturation in various igneous
rocks provides valuable data. The zircon saturation temperatures for the granite samples
are listed in Table 1. The average estimated temperature for the alkali feldspar granite
samples is close to 778 °C. The higher temperatures could suggest that the granite formed
from a hotter magmatic source, potentially indicating the involvement of more evolved
silica-rich melts. This could be crucial for understanding the most important conditions
under which alkali feldspar granite has formed.

7.4. Insights into Rare Metals Mineralization

The enriched rare metal mineralization could being attributed to be crystallized from
late magmatic melts. In addition, the higher concentrations of high-field strength elements
(HFSEs) in the Homret El Gergab granite are considered good indicators of late-stage
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differentiation. Thorite can be crystallized from a melt of Th-Y-Zr-rich silicate. Abdel-
Karim [44] and Abdel Gawad [29] stated that during the progressive phase of magmatic
crystallization, the residual melts of SiO; could have forced most of the monazite to
crystallize in the early phase. Radioactive minerals such as uranothorite and thorite
have been recorded in the investigated granite. They were of syngenetic origin during
the emplacement of the alkali feldspar granite. The total oxide content of the analyzed
uranothorite and thorite from alkali feldspar granite in the study area is approximately
close to ~90 wt% (Tables 2 and 3), which could be related to the hydration processes and/or
extensive metamictization [45,46]. Some thorite grains are spread in hematite (Figure 9be),
which could indicate an extensive alteration. The presence of REEs in uranothorite and
thorite could be related to their similarity in ionic radii compared to U and Th. This is
responsible for allowing the REEs to occupy the same structural sites in these minerals.
The crystallization of monazite may remove thorium from the residual melts, and the
substitution in A-site could involve a marked replacement of P and REEs by Si and Th
and/or replacement of REEs by Ca and Th as recorded by Williams et al. [47] as follows:

P>* + REE3* « Si** + Th**

2REE3* <3 Ca%t + Th**

It is important to know the relationship occurring between the metallogenitic stages
of valuable rare metals mineralization. Nb-, Ta-rich minerals are often associated together,
whereas Nb*® and Ta*® are very close to each other. Hydrothermal fluids rich in Nb and
Ta could be responsible for the formation of columbite. The Ta/(Ta + Nb) ratios of the
analyzed columbite spots ranged from 0.01 to 0.03, whereas the Mn/(Mn + Fe) ratios
showed a much wider range, varying from 0.02 to 0.28 (Table 4). These ratios indicate a
marked enrichment of iron in the analyzed columbite, revealing its typical ferrocolumbite
composition according to Cerny and Ercit [48].

Zircons are considered valuable carriers of rare metal ores such as Nb, Ta, Y, REEs, Hf,
U, and Th. It is well noted that some thorite and xenotime grains occur in the form of fine
grains along the rims of zircon crystals (Figures 9¢,d and 10c,d). The spatial association
of zircon with thorite and xenotime could suggest that they were crystallized from a
highly fractionated fluid-rich magma. Additionally, xenotime (Y) is found in association
with zircon and can vary in morphology from euhedral, igneous-like grains to irregular
secondary grains formed by the dissolution of zircon in the presence of phosphorus-bearing
fluids [49]. The average hafnium content in zircon (approximately 3.6; Table 5) is relatively
higher than the normal value (approximately 1%). The presence of hafnium-rich zircons
in the El Gergab granite is significant because it could be suggested that these rocks have
undergone extensive differentiation and fractionation processes that occurred during their
formation. This could be related to prolonged magma cooling and crystallization, as well
as fractional crystallization [15]. EPMA data for zircons (Table 5) and their pleochroic
halos indicate their enrichment in radioactive elements, especially U and Th. However, a
detailed study of zircon grains revealed multistage zonation accompanied by changes in
morphology. Some interstitial zircons associated with xenotime are evidence of subsequent
formation by hydrothermal fluids (Figures 9 and 10). The presence of a combination of
zircon, xenotime, and thorite could suggest an intermediate solid solution reaction, whereas
the presence of zircon, columbite, and xenotime with anhedral habits could be related to
the effect of fluorine on high-field strength elements, which increases their solubility [18].

Monazite and xenotime are the main sources of phosphatic-REE minerals. Igneous
and hydrothermal monazite have been distinguished by their ThO, contents, vary from
3 to >5 wt% for igneous monazite and <1 wt% for hydrothermal ones [50]. The EPMA
data show that the Th content is consistent with its igneous or magmatic origin (Table 6).
Xenotime is considered the main source of Y and HREEs, and is distinguished by its Th
concentration, which is similar to that of Cinovec granite [51].
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Upper crust

7.5. Geodynamic Evolution

The geodynamic evolution of granites remains a subject of debate, and many studies
have been conducted to understand the origin of different granitic rock types. Several
petrogenetic schemes have been reconstructed to explain the origin of granites, including
the following: (1) dehydration melting of tonalite-granodiorte rocks [52]; (2) fractional
crystallization of basaltic magma that is derived from the mantle [53]; (3) partial melting
of the residual sources after I-type granite extraction [33]; (4) low-pressure melting of the
calc-alkaline magmas at the upper crust [54]; and (5) hybridization of the mantle-derived
magmas with those of crustal melts [55].

In the ANS region, several models have been proposed in which A-type granites could
originate from mantle derived magmas and the partial melting of the lower continental
crust. In addition, extreme fractionation of the basaltic source magma has been proposed for
A-type granites from El Ineigi [56]. In general, the lithospheric delamination process could
have played a markedly useful role in the formation of A-type post-collision granite in
response to the upwelling of asthenospheric magmas [20,39]. The heat required for partial
melting can arise from various sources, and fluids such as water or carbon dioxide can
lower the melting temperature of rocks, which could facilitate the partial melting processes.
Once the magma forms, it could undergo further compositional changes during its ascent,
contributing to the diversity of granites.

Figure 14 shows a simple petrogenetic model for the Homret El Gergab alkali feldspar
A-type granite. This model suggests that the continental lithosphere underwent extension,
resulting in upwelling, stretching, and thinning of both the mantle and crust. This model
proposes the following: (1) The continental lithosphere underwent a markedly wide exten-
sion, which is responsible for the rising, stretching, and thinning of both the mantle and
lower crust. This process is accompanied by basaltic magma injection, which is derived
from the mantle into the continental lower crust. (2) The transfer of heat and fluids rich
in volatiles percolation from basaltic magma into the continental lower crust could have
led to a partial melting process of the lower crust materials. (3) The A-type granite could
have resulted from the intrusion of the basaltic magma from the mantle into the lower
crust [57-59].

Dokhan volcanics Alkali feldspar granite

(A-type granite)

Figure 14. Simplified geodynamic model for the origin of the Homret El Gergab alkali feldspar
granite modified after Tavakoli et al. [59].
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8. Conclusions

Detailed petrological, geochemical, and mineralogical investigations indicate that
the Homret El Gergab alkali feldspar granite is peraluminous, calc-alkaline series high-K,
and emplaced within-plate environments. The alkali feldspar rare metal granite in the
study area is distinguished by the higher content of alkali feldspar minerals, which form
at higher temperatures and are more insoluble than others, indicating a greater degree of
differentiation.

Mineralogical studies have identified various minerals, including uranothorite, thorite,
columbite, zircon, monazite, and xenotime, as well as other accessory minerals. The close
proximity of zircon to thorite and xenotime indicates that they could be formed from
fluid-rich magmas and underwent a significant degree of fractionation.

Basaltic magmas play two main roles: (1) they supply the necessary heat to melt the
Earth’s crust, and (2) they provide volatile substances that seep into the lower continental
layers, resulting in the formation of A-type granite by partial melting of the crust.
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Abstract: The Neoproterozoic Bure adakitic rock in the western Ethiopia shield is a newly discovered
magmatic rock type. However, the physicochemical conditions during its formation, and its source
characteristics are still not clear, restricting a full understanding of its petrogenesis and geodynamic
evolution. In this study, in order to shed light on the physicochemical conditions during rock
formation and provide further constraints on the petrogenesis of the Bure adakitic rock, we conduct
electron microprobe analysis on K-feldspar, plagioclase, and biotite. Additionally, we investigate the
trace elements and Hf isotopes of zircon, and the Sr-Nd isotopes of the whole rock. The results show
that the K-feldspar is orthoclase (Or = 89.08~96.37), the plagioclase is oligoclase (Ab = 74.63~85.99),
and the biotite is magnesio-biotite. Based on the biotite analysis results, we calculate that the
pressure during rock formation was 1.75~2.81 kbar (average value of 2.09 kbar), representing a
depth of approximately 6.39~10.2 km (average value of 7.60 km). The zircon thermometer yields a
crystallization temperature of 659~814 °C. Most of the (Ce/Ce*)p values in the zircons plotted above
the Ni-NiO oxygen buffer pair, and the calculated magmatic oxygen fugacity (logfO,) values vary
from —18.5 to —4.9, revealing a relatively high magma oxygen fugacity. The uniform contents of FeO,
MgO, and K;O in the biotite suggest a crustal magma source for the Bure adakitic rock. The relatively
low (37Sr /86Sr); values of 0.70088 to 0.70275, positive exg(t) values of 3.26 to 7.28, together with the
positive egf(t) values of 7.64~12.99, suggest that the magma was sourced from a Neoproterozoic
juvenile crust, with no discernable involvement of a pre-Neoproterozoic continental crust, which is
coeval with early magmatic stages in the Arabian Nubian Shield elsewhere. Additionally, the mean
Nd model ages demonstrate an increasing trend from the northern parts (Egypt, Sudan, Afif terrane
of Arabia, and Eritrea and northern Ethiopia; 0.87 Ga) to the central parts (Western Ethiopia shield;
1.03 Ga) and southern parts (Southern Ethiopia Shield, 1.13 Ga; Kenya, 1.2 Ga) of the East African
Orogen, which indicate an increasing contribution of pre-Pan-African crust towards the southern
part of the East African Orogen. Based on the negative correlation between MgO and Al;Oj3 in the
biotite, together with the Lu/Hf-Y and Yb-Y results of the zircon, we infer that the Bure adakitic rock
was formed in an arc-arc collision orogenic environment. Combining this inference with the whole
rock geochemistry and U-Pb age of the Bure adakitic rock, we further propose that the rock is the
product of thickened juvenile crust melting triggered by the Neoproterozoic Pan-African Orogeny.

Keywords: Bure adakitic rock; mineralogical characteristics; Sr-Nd-Hf isotopes; Western Ethiopia Shield
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1. Introduction

The East African Orogen (EAO) has recorded a complex history of intra-oceanic and
continental margin magmatic and tectono-thermal events from the Neoproterozoic to the
Early Cambrian. It mainly consists of the juvenile Arabian Nubian Shield (ANS) and the
largely older continental crust of the Mozambique Belt (MB) from north to south [1-3].
The Western Ethiopian Shield (WES) is situated in a key location, relatively close to the
transition between the Arabian Nubian Shield and the Mozambique Belt. It is also adjacent
to and east of the ‘Eastern Saharan Meta-craton’ [4]. It is a metamorphic terrane that
includes high-grade gneisses and low-grade metavolcanic and metasedimentary rocks with
associated intrusions. The granitoid rocks, which have either intruded into greenschist
facies volcano—sedimentary sequences or been emplaced at the contact between low- and
high-grade terranes, constitute a significant proportion of plutonic rocks in the Precambrian
rocks of the WES. Many researchers have focused on the granitoid rocks in the WES,
significantly advancing our understanding of regional tectonic evolution [5-11]. However,
the magma source of these granitoid rocks in the WES, especially those intruding into the
low- and high-grade rock associations within the eastern part of the WES, remains unclear.
Also unclear is whether the magma source derived from mixing with pre-Neoproterozoic
crustal material or not.

The Bure granite in the WES formed in the Pan-African Orogeny Period (750-650 Ma; [5]).
It has an LA-ICP-MS U-Pb age of 773.8 = 8.1 Ma and is characterized by high Sr
(310~401 ppm), Sr/Y (64.9~113.6), and La/Yb (25.7~51.6), and low MgO (0.27~0.41 wt%), Y
(2.71~4.78 ppm), and Yb (0.20~0.31 ppm) values [7]. Based on the study by Xu et al. [12],
Jiang et al. [7] defined the Bure granite as an adakitic rock. This rock is called the Bure
adakitic rock in this study. It is a newly discovered magmatic rock type in this area. How-
ever, the magma source and physicochemical conditions of the Bure adakitic rock remain
unknown, hindering a comprehensive understanding of its petrogenesis and geodynamic
evolution during the Pan-African period. Its mineralogical and isotopic compositions vary
significantly depending on the type of precursor rocks and/or igneous processes during
the evolution of its parental magma. Thus, knowledge of the mode of origin of these rocks
contributes to our understanding of the Neoproterozoic evolutionary history of the WES.

This study investigates the major elements of typical minerals (K-feldspar, plagioclase,
and biotite), trace elements and Hf isotopes of zircon, and Sr-Nd isotopes of the whole
rock from the Bure adakitic rock in the eastern part of the WES. Combined with local and
regional geological, geochemical, and geochronological data, the results shed light on the
degree of pre-Neoproterozoic crustal material involvement in the source magmas, and the
Neoproterozoic geological evolution of the WES.

2. Geological Setting

The EAO is a Neoproterozoic to early Cambrian mobile belt that reflects the collision
between Neoproterozoic India and the African Neoproterozoic continents [1,2,13,14]. Based
on its lithological and metamorphic characteristics, the EAO can be broadly subdivided
into two terranes, the Arabian Nubian Shield in the north and the Mozambique Belt in the
south. The ANS is dominated by low-grade volcano-sedimentary rocks associated with
plutons and ophiolitic remnants [4,15-19], and represents the juvenile terrane. However,
the MB in the south part of the EAO is a tract of largely older continental crust that was
extensively deformed and metamorphosed in the Neoproterozoic/Cambrian ([10,20-22];
Figure 1).
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Figure 1. Geological map of the Arabian-Nubian Shield, northeast Africa (after [14]).

The WES is also called the Tuludimtu Orogenic Belt, which is understood to have
formed during the amalgamation of western Gondwana before the final closure of the
Mozambique Ocean [15]. It can be subdivided into five litho-tectonic domains from west to
east—the Daka, Sirkole, Dengi, Kemashi, and Didesa Domains. The Daka Domain lies in
the southwest corner of the WES (Figure 2) and consists of pre-Neoproterozoic basement
gneisses representing the western basement margin of the Tuludimtu Belt. The Sirkole
Domain, composed of gneissic and volcano—sedimentary rocks intruded by granites, is
located in the northwestern portion of the WES that extends into Sudan. The Dengi Domain
is characterized by a deformed and metamorphosed volcano-sedimentary sequence and the
Jamoa-Ganti orthogneiss; there are several intrusive bodies in this domain. It is generally
thought to be a volcanic arc sequence related to the closure of the ocean represented
by the Tuludimtu Ophiolite to the east. The Kemashi Domain consists of a sequence
of metasedimentary rocks and abundant mafic to ultra-mafic volcanic material that has
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been metamorphosed to upper greenschist/epidote-amphibolite facies. The nature of
these ultra-mafic/mafic plutonic rocks within the Kemashi Domain is controversial, with
some scholars holding that they represent an ophiolite sequence [4,15,23], named the
Tuludimtu Ophiolite. However, others [24-26] hold that these ultra-mafic/mafic plutonic
rocks represent Alaskan-type, concentrically zoned intrusions, which were emplaced into an
extensional arc or back-arc environment. The Didesa Domain within the eastern boundary
of the WES is characterized by amphibolite facies paragneiss and orthogneiss intruded by
Neoproterozoic intrusive rocks. It is located in the transition between the Arabian Nubian
Shield and the Mozambique Belt.

— 34°N
=
o Bure o
—
Kemashi
Dengi Ille Ile
[ ]
Ghimbi z
0 N
37°|E
+ T - Sirkolo volcanic Dengi volcanic I:I Tulu Dimtu
Geranitoid sedimentary rock sedimentary rock sedimentary rock

- Ultramafic rock - Gneiss and migmatite Mega shear zone Sample site

Figure 2. Sketch of the regional geology of the western Ethiopian terrain (after [15]).

Three generations of magmatism at ca. 850-810 Ma, 780-700 Ma, and 650-550 Ma [5,8-
10,27,28], which represent pre-, syn-, and post-tectonic environments, respectively, have
been recognized by previously limited ages from elsewhere in the WES [10,21]. These
intrusions are usually present as strains and dikes and are developed as ductile fault
contact or intrusive contact with the surrounding rock. The main types of intrusions are
granite, granodiorite, monzogranite, and tonalite. The Bure adakitic rock is located at the
eastern boundary of the Didesa Domain, with the surrounding rocks comprising gneisses.
This rock assemblage suggests that it not only inherited the unique rock assemblages of
the Arabic-Nubian Shield but also developed the typical middle-high grade metamorphic
rocks of the Mozambique Belt.
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3. Samples and Analytical Methods
3.1. Petrography

The Bure adakitic rock appears light gray in the field, with a fine granitic texture. It is
mainly composed of K-feldspar (45-48 wt%), plagioclase (20-23 wt%), quartz (23-25 wt%),
biotite (4-5 wt%), and minor amounts of muscovite (1-2 wt%) (Figure 3a). The K-feldspar is
heteromorphic granular, with a size of 0.2-1.5 mm, some of which show slight kaolinization
on the surface. The plagioclase is granular and 0.1 to 1 mm in size, with characteristics of
polysynthetic twins and Carlsbadal bite compound twins. The surface of the plagioclase is
usually altered, displaying light sericitization. The quartz is xenomorphic-granular, with a
size of 0.05-0.7 mm (Figure 3b).

Figure 3. Hand specimen photograph (a) and microphotograph (b) for the Bure adakitic rock.
Qtz—quartz; Bt—biotite; Kfs—K-feldspar.

3.2. Analytical Methods

Electron microprobe analysis (EMPA) was performed on the K-feldspar, plagioclase,
and biotite at the Zhongnan Mineral Resources Supervision and Test Center for Geoanalysis,
Wuhan Center, China Geological Survey. During the analysis, a 10-um spot size was used
for the plagioclase and K-feldspar, and a 1-pm spot size was used for the biotite, with an
accelerating voltage of 20 kV and a beam current of 20 nA. The integration times for the Ti
and Mn peaks were 20 s and that for the remaining elements was 10 s. The SPI and ZBA
mineral standards and ZAF calibration were employed for all minerals.

Trace element analyses of zircon were conducted synchronously using LA-ICP-MS at
the Wuhan Sample Solution Analytical Technology Co., Ltd. Laser sampling was performed
using a GeolasPro laser ablation system consisting of a COMPexPro 102 ArF excimer laser
(wavelength of 193 nm and maximum energy of 200 mJ) and a MicroLas optical system.
An Agilent 7700e ICP-MS instrument was used to acquire ion-signal intensities. Zircon
91,500 and glass NIST610 were used as external standards for trace element calibration.
Helium was applied as a carrier gas. Argon was used as the make-up gas and mixed with
the carrier gas via a T-connector before entering the ICP. The spot size and frequency of the
laser were set to 32 pum and 10 Hz, respectively. Each analysis incorporated a background
acquisition of approximately 20-30 s followed by 50 s of data acquisition from the sample.
Excel-based software ICPMSDataCal 11.8 was used to perform quantitative calibration for
trace element analysis [29].

About 0.1-0.2 g of whole rock powder of each sample was dissolved in digestion
bombs with a mixture of double distilled HNO3, HF, and HCIO4. They were then placed in
an electric oven and heated to 190 °C for 48 h. Columns of DoweAG50WX8 and HDEHP
resin were used successively for the separation and purification of rare earth elements
(REEs) and finally for the separation of Nd and Sm by HCI eluant. The Sr-Nd isotopic
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measurements were performed using the Triton Ti thermal ionization mass spectrometer
(TIMS) at the Laboratory of Isotope Geochemistry, Wuhan Center of China Geological
Survey. 143N d /144Nd and 8 Sr/86Sr ratios were normalized to 1#3Nd/*Nd = 0.7219 and
875r /86Sr = 8.375209, respectively. Measurements of the La Jolla and SRM NBS987 standards
during this course gave average “*Nd/*Nd and 8Sr/%Sr ratios of 0.511847 + 3 (2o,
n = 25) and 0.710254 + 8 (20, n = 22), respectively. 1¥’Sm/14*Nd and 8 Rb /%Sr ratios of
the samples were calculated using Sm, Nd, Rb and Sr concentrations as measured by the
ICP-MS, and their relative uncertainties are ~0.3% and ~1%, respectively, based on USGS
standard analyses [30].

In situ Hf isotope ratio analysis was conducted using a Neptune Plus MC-ICP-MS
(Thermo Fisher Scientific, Dreieich, Germany) in combination with a Geolas HD excimer
ATF laser ablation system (Coherent, Gottingen, Germany) at the Wuhan Sample Solution
Analytical Technology Co., Ltd., Hubei, China. A single spot ablation mode at a spot
size of 44 um was used, and the energy density of the laser ablation was ~7.0 J-cm 2.
Each measurement consisted of 20 s of acquisition of the background signal followed by
50 s of ablation signal acquisition. The detailed operating conditions of the laser ablation
system and the MC-ICP-MS instrument and analytical method are the same as described
by [31]. The normalized 7Hf/177Hf = 0.7325 and 73Yb/!71Yb = 1.132685 were used to
calculate the mass bias of Hf (3Hf) and Yb (BYDb), respectively [32]. The interference of
176Yb on 76Hf was corrected by measuring the interference-free 17>Yb isotope and using
176yb /173Yb = 0.79639 to calculate 0Yb /177Hf [31]. Similarly, the relatively minor inter-
ference of 17°Lu on 17°Hf was corrected by measuring the intensity of the interference-free
175Lu isotope and using the recommended 7°Lu /75 Lu = 0.02656 to calculate 7Lu/177Hf.
Off-line selection and integration of analyte signals and mass bias calibrations were per-
formed using ICPMSDataCal [33]. In order to ensure the reliability of the analysis data,
three international zircon standards of Plesovice, 91,500, and GJ-1 were analyzed simulta-
neously with the actual samples. PleSovice was used for the external standard calibration
to further optimize the analysis and test results. 91,500 and GJ-1 were used as the sec-
ond standard to monitor the quality of data correction. The external precision (25D) of
PlesSovice, 91,500, and GJ-1 was better than 0.000020. The test value is consistent with the
recommended value within the error range. At the same time, we used the internationally
recognized high Yb/Hf ratio standard sample, Temora 2, to monitor the test data of the
high Yb/Hf ratio zircon. The Hf isotopic compositions of Plesovice, 91,500, and GJ-1 have
been reported by Zhang et al. [34].

4. Results
4.1. Mineral Compositions
4.1.1. K-Feldspar

The K-feldspar crystals of the Bure adakitic rock show relatively uniform composi-
tional variation in the major elements (Table 1), with 11.23-16.66 wt% of K,O (average value
of 15.74 wt%), 0.37-1.20 wt% of NayO (average value of 0.62 wt%), and 10.81-19.36 wt% of
Al,Os3 (average value of 18.51 wt%). The low contents of CaO, MgO, TiO,, and MnO indi-
cate that there is less isomorphism and the formation temperature of K-feldspar is low [35].
The orthoclase (Or) value is high (89.08-96.37), the albite (Ab) value is low (3.57-10.59),
and the anorthite (An) value is almost negligible (0-0.38), suggesting that the K-feldspar
in this area is orthoclase (Figure 4a). The Or and Al,O3 values in the K-feldspar crystal
show the same zigzag variation trend from the core to the edge, but the content of the
whole porphyry is relatively stable (Figure 5a,b). This shows that the physical and chemical
conditions during the formation of the potassium feldspar did not change much.
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Figure 4. Ternary classification diagram for feldspar (a), [36]); Mg—(A1V! + Fe3* + Ti)~(Fe?* + Mn)
classification diagram for biotite (b), [37]).
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Figure 5. Electron microprobe line profile analysis of K-feldspar (a,b), plagioclase (c,d) and biotite (e,f)
for the Bure adakitic rock.
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4.1.2. Plagioclase

The major elements in the plagioclase crystals of the Bure adakitic rock show a small
range of compositions (Table 2). The SiO; content is relatively high, ranging from 62.57
to 67.75 wt% (average value of 65.18 wt%), with small variations of 6.71-10.02 wt% of
Na,O (average value of 8.88 wt%), 0.09-0.74 wt% of K,O (average value of 0.16 wt%), and
2.52-4.28 wt% of CaO (average value of 3.51 wt%). In addition, the contents of FeO, MnO,
and MgO in the plagioclase are below the detection limits. The Ab has high values of
74.63-85.99 (average value = 81.14), while the Or values are almost negligible (0.56-4.87,
with an average of 1.00). The An values range from 12.31-24.15, with an average of 17.86.
Thus, all the plagioclases of the Bure adakitic rock are macro-feldspar (Figure 4a). In the
plagioclase porphyry of the Bure adakitic rock, the content of An and Al,Oj3 has a relatively
coupled synchronous change trend (Figure 5c,d). The contents of An are higher in the core
and mantle, with an increasing trend from the core to the mantle, and a decreasing trend
from the mantle to the edge.

4.1.3. Biotite

The Fe?* and Fe®* in the biotite of the Bure adakitic rock were adjusted using the
method proposed by [38], and the number of cations and related parameters of the biotite
were calculated using 22 oxygen atoms as the unit. In the major element content of the Bure
adakitic rock, there is 35.19-39.67 wt% of SiO,, with an average value of 37.65 wt%. The
biotite has relatively high contents of FeO (16.11-20.99 wt%,; average value of 19.12 wt%),
Al,O3 (13.96-19.13 wt%,; average value of 15.77 wt%), and TiO; (2.01-3.84 wt%,; average
value of 2.90 wt%). In comparison, the MgO, K;O, Na,O, and CaO contents in biotite
are relatively low, with values of 6.54-9.59 wt% of MgO (average value of 8.33 wt%),
7.07-9.85 wt% of K,O (average value of 8.33 wt%), 0.01-0.16 wt% of NayO (average value
of 0.08 wt%), and 0.08-0.33 wt% of CaO (average value of 0.16 wt%) (Table 3; Figure 4b).

The low Ca content of the biotite indicates that it was not, or only rarely, affected
by chlorite and sericite alteration caused by primary metamorphism after the magmatic
stage [39]. In addition, the Ti atomic numbers of the biotite in this study range from 0.13
to 0.22 (mean of 0.17), which is consistent with the fact that the Ti atomic number in the
magmatic biotite is less than 0.55. The Fe?*/(Mg + Fe?*) ratio in the biotite presents a
small variation (0.26-0.52, with an average value of 0.38), also suggesting that the biotite
is of magmatic origin. The FeO, MgO, and K,O contents from the core to the edge of the
biotite fluctuate slightly, showing a gentle trend and indicating that there was no mixing of
basic magmatic components during crystallization (Figure 5e,f). Generally, the substitution
modes of Mg?* and AI** are crucial in calc-alkaline and peraluminous magmatic systems.
The obvious negative correlation of MgO and Al,Oj in the biotite implies that the displace-
ment reaction of Mg?* and AI** may have occurred during the crystallization process of
the calc-alkaline and peraluminous magmatic system (Figure 6; [40]).
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Figure 6. Diagram of the chemical variation of Al;O3 vs. MgO in the biotite.
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4.2. Trace Element Compositions of Zircon

The zircon trace elements and calculated oxygen fugacity parameters from the Bure
adakitic rock are shown in Table 4, respectively. They are depleted in LREEs and enriched
in HREEs, with significant positive Ce anomalies and weak negative Eu anomalies in
the chondrite-normalized REE patterns (Figure 7), indicating that they are magmatic
zircons [41]. The magmatic crystallization temperatures of the Bure adakitic rock calculated
based on Ti-in-zircon thermometry [42] vary from 659 to 814 °C (mean of 705 °C). The
corresponding logfO, values of the zircons from the Bure adakitic rock range from —11.5
to —5.2, with a median of —8.6 [43-45].

1000
102000 (a) (b) Zircon of Bure
1000 ® adakitic rock
o L Magmatic
'Z 100 \ ; 100 £
2 Magmatic
S 10 . *u )
6 Zircon of Bure ) 10 Hydrothermal
o adakitic rock o
=S| O
o
=
»w 0.1 1
0.01
LaCePrNd SmEuGdTbDyHoErTmYbLu 10000 1000 100 10 1 0.10
Smy/Lay

Figure 7. Chondrite-normalized REE patterns (a) and Ce/Ce* vs. Smy;/Lay (b); [41]). The Chondrite
data for the normalization and plotting are from [46].

Table 4. Trace element compositions of zircon (ppm) for the Bure adakitic rock.

t°C  (Ce/Ce*)p logfO, AFMQ

No. la C Pr Nd Sm Eu Gd Tb Dy Ho E Tm Yb Lu Y LA o o8l o]
BROLOL 001 1039 004 087 266 024 1551 608 7730 3203 15074 3278 30781 6394 95716 449 6751 3831 96 7.9
BROWOL 022 4994 021 213 536 127 3286 1194 14611 5528 24064 4674 41350 8428 151341 363 6590 5607 9.1 89
SROIOT 013 2775 029 399 762 349 4070 1341 16341 6489 29934 6448 61510 13245 189088 2177 8142 1901 52 9.0
CROIOL 063 8837 094 1003 1387 447 6297 2056 23948 8935 38239 7431 65828 13513 238080 813 7230 1775 98 64
EROIOL 026 16118 039 473 997 261 7127 2637 33642 13264 58823 11567 100519 19990 363732 3.06 6463 9711 78 105
BROIOL 041 18447 069 619 1169 374 6689 2561 32523 13475 60907 12147 107909 21781 383812 538 6891 8747 57 115
BROIO) 020 1783 027 220 399 080 2021 706 8607 3479 16139 3370 31524 6803 101732 803 7218 2245 90 7.3
CROIOL 000 749 009 179 376 053 2591 891 11030 4279 19276 3988 35963 7473 122430 790 7205 1166 115 438
CROIOL 080 9302 058 605 1351 377 7729 2639 29801 10837 44854 8463 70325 13754 279750 560 6923 2841 97 7.3

4.3. Zircon Lu-Hf Isotopes and Whole-Rock Sr-Nd Isotopes

Ten Lu-Hf isotopic analyses were conducted on the zircons of the Bure adakitic rock
sample, yielding 76Hf/!77Hf ratios of 0.282572~0.282734, and epy(t) values from 7.64 to
12.99 (average value = 11; Table 5). On the Age-eyy¢(t) diagram, the corresponding two-
stage Hf model ages vary from 802-1161 Ma (Figure 8a). The Sr-Nd isotopic results of the
Bure adakitic rock are shown in Table 6. The 8 Sr/80Sr ratios ranging from 0.707381 to
0.70745 (average value = 0.70741) are higher than that of the current original mantle value
(®7Sr/86Sr = 0.7045; Table 6). Correspondingly, the calculated (87Sr /86Sr)i ratios vary from
0.70088 to 0.70275 (average value = 0.70184), and the engq(t) values have a relatively large
variation of 3.26 to 7.28 (average value = 4.72; Figure 8b). Their two-stage Nd model ages
range from 820 to 1210 Ma.
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Table 5. Zircon Hf isotopic data for the Bure adakitic rock.

176 1y¢/177 1767 . /177 1761, /177 Age (Ma) ey TDM;
No. Hf/*""Hf 1o Lu/*""Hf 1o Yb/* Hf 1o 7] [47] (Ma)

BR0101Grt1-02 0.282734 0.000020 0.001766 0.000051 0.064510 0.001820 660 12.44 803

BR0101Grt1-05 0.282623 0.000013 0.000892 0.000018 0.029611 0.000544 753 1091 974

BR0101Grt1-07 0.282680 0.000021 0.001743 0.000019 0.055813 0.000457 743 12.29 877

BR0101Grt1-12 0.282702 0.000017 0.002429 0.000022 0.070191 0.000389 743 12.73 849

BR0101Grt1-17 0.282599 0.000020 0.003626 0.000051 0.129672 0.002161 744 8.50 1122

BR0O101Grt1-21 0.282689 0.000022 0.002049 0.000063 0.067411 0.002036 696 11.48 893

BR0101Grt1-26 0.282718 0.000021 0.003151 0.000071 0.109087 0.002564 746 12.99 834
BRO101GRT1-10  0.282631 0.000019 0.002470 0.000074 0.056882 0.001625 715 9.63 1027
BRO101GRT1-15 0.282645 0.000020 0.002279 0.000038 0.060088 0.001038 728 10.46 983
BRO101GRT1-22  0.282667 0.000017 0.000706 0.000009 0.017882 0.000247 729 12.02 883
BRO101GRT1-28 0.282657 0.000022 0.001282 0.000020 0.033778 0.000571 735 11.54 919
BRO101GRT1-31 0.282644 0.000021 0.001278 0.000002 0.034658 0.000082 713 10.61 962
BRO101GRT1-32  0.282620 0.000023 0.000766 0.000016 0.020989 0.000557 731 10.38 991
BRO101GRT1-35 0.282644 0.000020 0.001313 0.000004 0.033838 0.000049 753 11.44 940
BR0O101GRT1-39 0.282572 0.000029 0.002650 0.000025 0.072997 0.000613 724 7.64 1161

Table 6. Sr-Nd isotopic data for the Bure adakitic rock.

S“;“(f’le S7Rb/%6Sr  87Sr/%6Sr 120 G7Sr/%0Sy);  WSm/MNd  MNd/MNd 420 ena(®) T(md)z
BR0101Grt1 ~ 0.523 0.707381 0.000006 0.701898 0.122 0.512463 0.000009 3.62 1140
BR0101Grt2 0.623 0.707409 0.000006 0.700880 0.115 0.512618 0.000007 7.28 820
BR0101Grt3  0.449 0.707450 0.000010 0.702746 0.130 0.512485 0.000007 3.26 1210

Note: eng(t) = [(*PNd/Nd)sample(y / PN/ Nd)crurg — 11 % 1074 Tpaz =1/ x {1+ [(*¥Nd/*Nd)sample
- ((147sm/144Nd)sample - (147sm/144Nd)crust) X (erl) - (143Nd/144Nd)DM]/((147sm/144Nd)crust -

(147Sm/144Nd)DM)}. (147Sm/]44Nd)CHUR = 0.1967, and (143Nd/144Nd)CHUR =0.512638 [48]; (147Sm/144Nd)DM =
0.2136, and (*3Nd /"™ Nd)py = 0.51315 [49]; (**7Sm /N d)crust = 0.118 [50].
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Figure 8. Diagrams of Hf (a) and Sr-Nd isotopes (b) for the Bure adakitic rock. Zircon Hf isotope-age
data obtained from the Arabian Nubian Shield [51]; Mozambique Belt [52]; ranges for depleted
mantle (DM), chondritic uniform reservoir (CHUR), and juvenile crust from Griffin et al. [53]. Sr-Nd
isotopic data of the Depleted Mantle [54] and the Arabian Nubian Shield [10,28,55].

5. Discussion
5.1. Physicochemical Condition of Magma Crystallization

Zircon, a mineral that typically crystallizes early in acidic magma, usually at tem-
peratures close to the magma formation temperature, serves as an indicator of initial
crystallization in granitoids. Thus, the magmatic crystallization temperature of the Bure
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adakitic rock calculated based on Ti-in-zircon thermometry varies from 659 to 814 °C, with
a mean of 705 °C. In conclusion, we propose that the crystallization temperature of the
Bure adakitic rock was concentrated between 659 to 814 °C.

Emplacement pressure can be estimated from biotite compositions using the empirical
formula of the biotite all-aluminum manometer in granitoids based on the hornblende
manometer: p x 100 = 3.03 x TA! — 6.53 (+:0.33) [56]. The estimated pressures show a
range from 1.75 x 10° to0 2.81 x 10° Pa (mean 2.09 x 10° Pa) for the Bure adakitic rock. The
calculated emplacement depth of the Bure adakitic rock is 6.39~10.2 km (mean 7.60 km)
according to the empirical formula p = pgh (p =2800 kg/m?; g = 9.8 m/s?), which indicates
that the magmatic emplacement depth was relatively deep.

Generally, the Fe3*, Fe?*, and Mg2+ values in biotite can be used to estimate the oxygen
fugacity during crystallization. The electron probe data of the biotite in the Bure adakitic
rock projected into the correlation diagram of biotite composition and oxygen buffer pairs
show that all the data fall between the Ni-NiO and Fe,O3-Fe3Oy4 buffer lines and all are close
to the Ni-NiO buffer lines, implying that the biotite in the Bure adakitic rock crystallized in a
high oxygen fugacity environment (Figure 9). The presence of the variable valence elements
of Ce and Eu in zircon makes it an ideal candidate for calculating the oxygen fugacity in
coexisting magmas [42]. Unlike most rare earth elements, which exist in the +3 valence, the
Ce element can exist in the form of Ce** in magmas. The similar radius of Ce** and Zr**
leads to Ce** being more likely than Ce3* to enter the zircon lattice due to isomorphism.
Thus, Ballard et al. [43] proposed that the positive Ce anomaly of zircon can reflect the
oxidation state in magma. Most of the points of the Bure adakitic rock are in the FMQ-HM
range, and nearly half of the calculated zircon points reach the magmatic oxygen fugacity
level of MH, suggesting a high oxygen fugacity of the magma (Figure 10a,b).

Fe'
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Figure 9. Correlative diagram between biotite composition and oxygen buffer-reagents [57].
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Figure 10. (Ce/Ce*)p of the zircons vs. 10,000/ T (a); [58]) and logfO, vs. T (b); [59]) diagrams for the
Bure adakitic rock.
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5.2. Magma Source and Genesis

The relationship between the MB and ANS, collectively referred to as the EAO by
Stern [4], is not well understood. The inherited zircons of Mesoproterozoic age reported
from the different granitic populations in the contrasting low- and high-grade terranes
by Kebede et al. [8,9] indicate a contribution of pre-Neoproterozoic crustal material to
the source magmas of these rocks. In eastern Ethiopia, Teklay et al. [60] suggested pre-
Neoproterozoic crustal reworking based on Paleoproterozoic zircon inheritance and Meso-
proterozoic to Archean crust residence ages for the granitoids. Kroner and Sassi [61] also
reported a Mesoproterozoic to Paleoproterozoic crystalline basement intruded by Neo-
proterozoic granitoids in northern Somalia. Farther north in the ANS, studies [62-64]
rule out the involvement of pre-Neoproterozoic crust. These studies seem to indicate the
increasing importance of pre-Neoproterozoic crust southwards in the EAO, but detailed
and systematic investigations are necessary to fully understand the issue.

As mentioned above, the biotite in the Bure adakitic rock enriched in iron and alu-
minum [7], together with the major elements plotted onto the MgO-FeO-Al,O3 and TFeO/
(TFeO + MgO)-MgO diagrams, suggest that the rock is a calc-alkaline orogenic granite
(Figure 11a), with a crustal magmatic source affinity (Figure 11b). The positive ep(t) values
> 7 (ranging from 7.64 to 12.99) of the Bure adakitic rock fall above the Hf isotope evolu-
tion line of the chondrites, and completely fall into the ANS area [51], implying generation
from a juvenile source. The Sr-Nd isotope results show that the Bure adakitic rock has low
(®”Sr /8Sr)i values of 0.70088-0.70275 and positive eng(t) values of 3.26 to 7.28, suggesting
that the rock was sourced from a juvenile crust rather than lithospheric mantle material [54].
The (87Sr /8Sr);i-enq (t) map shows that the Bure adakitic rock is consistent with the magmatic
rocks in the ANS [10,28,55], which further indicates that the magma was derived from a
juvenile crust. Although the Nd isotope depleted mantle model age of 820 Ma to 1210 Ma
(average age = 1060 Ma) of the Bure adakitic rock is older than that of the crystallization
age of 733.8 Ma [7], it is obviously younger than the Mesoproterozoic and Archaean ancient
crust. This result further demonstrates that the Arab-Nubian Shield in the Neoproterozoic
was characterized by a juvenile crust. The mean Nd model age for the WES is 1.03 Ga, which
is between those calculated by Stern [22] based on existing Nd isotopic data from northern
Ethiopia and Eritrea (mean value of 0.87 Ga; [22,55,65]) and the Southern Ethiopia Shield
(1.13 Ga), respectively. This indicates that the transition between northern and southern
Ethiopia lies in the Western Ethiopia Shield, reflecting a gradual transition between the
northern ANS and the southern MB of the EAO. Additionally, the mean Nd model ages
from the northern parts (Egypt, Sudan, Arabia Shield, and Eritrea and northern Ethiopia)
to the central parts (western Ethiopia shield) and southern parts (southern Ethiopia shield,
Kenya) of the EAO show an increasing trend, which indicates an increasing contribution of
pre-Pan-African crust towards the southern part of the EAO (Figure 12).
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Figure 11. MgO-FeO-Al,O; discrimination diagram of the tectonic setting (a); [66]) and TFeO/(TFeO +
MgO) vs. MgO diagram (b); [67]) of biotite. A: anorogenic alkaline suites; C: calc-alkaline orogenic suites;
P: peraluminous suites; C: crustal source; M: mixing source between crust and mantle; M: mantle source.
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5.3. Tectonic Environment

The plagioclase in the Bure adakitic rock shows no distinct zonal structure, indicating
that the magma chamber was almost undisturbed, and the original molten slurry was
in a balanced crystalline environment. In general, the crystallized minerals from the
molten slurry easily reacted with the melt to form a uniform composition of minerals,
leading to no zonal characteristics in the crystallized minerals. In the Lu/Hf-Y and Yb-
Y diagrams of zircon, the trace elements of zircon from the Bure adakitic rock fall into
the volcanic arc environment (VAB) and the area towards the within plate environment
(WPB; Figure 13a,b). As mentioned above, the zircon U-Pb age of 750~710 Ma from
the Bure adakitic rock [7] corresponds to the tectono-thermal event of approximately
780-700 Ma measured in previous studies of other locations in the ANS. This suggests a
syn-tectonic environment [5,8-10,22]. In addition, the high SiO, (72.26-72.78 wt%), Al,O3
(14.91-15.82 wt%), Sr (310-401 ppm), Sr/Y (64.9-113.6), and La/Yb (25.7-51.6), low MgO
(0.27-0.41 wt%), Y (2.71-4.78 ppm), and Yb (0.20-0.31 ppm), and Na,O/K,O values of
1.13-1.38 [7] of the Bure adakitic rock suggest that it was mainly formed by the partial
melting of a thickened juvenile lower crust. Consequently, we propose that the Bure
adakitic rock is the product of thickened juvenile crust melting triggered by the Pan-African
Orogeny during the Neoproterozoic [68].
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6. Conclusions

The petrological, mineralogical, and geochemical features of the Bure adakitic rock
lead to the following conclusions:

(1) The crystallization temperature of the Bure adakitic rock ranges from 659 to 814 °C,
and its calculated emplacement depth was 6.39~10.2 km (average of 7.60 km). The Fe3*,
Fe?*, and Mg?* values of biotite, and the positive Ce anomaly and calculated magmatic
oxygen fugacity values of zircon reveal a high oxygen fugacity of the magma.

(2) The major elements of biotite and the Sr-Nd-Hf isotopes indicate that the Bure adakitic
rock was derived from juvenile crustal materials. Additionally, the mean Nd model
ages progressively increase from the northern to the central and southern parts of the
EAOQ, which indicates an increasing contribution of the pre-Pan-African crust towards
the southern part of the EAO.

(3) The Bure adakitic rock is the product of thickened juvenile crust melting triggered by
the Pan-African Orogeny during the Neoproterozoic.
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Abstract: Near the Segura pluton, hyper-differentiated magmas enriched in F, P, and Li migrated
through shallowly dipping fractures, which were sub-perpendicular to the schistosity of the host
Neoproterozoic to Lower Cambrian metasedimentary series, to form two swarms of low-plunging
aplite—pegmatite dykes. The high enrichment factors for the fluxing elements (F, P, and Li) compared
with peraluminous granites are of the order of 1.5 to 5 and are a consequence of the extraction of
low-viscosity magma from the crystallising melt. With magmatic differentiation, increased P and
Li activity yielded the crystallisation of the primary amblygonite-montebrasite series and Fe-Mn
phosphates. The high activity of sodium during the formation of the albite-topaz assemblage in
pegmatites led to the replacement of the primary phosphates by lacroixite. The influx of external, post-
magmatic, and Ca-Sr-rich hydrothermal fluids replaced the initial Li-Na phosphates with phosphates
of the goyazite-crandallite series and was followed by apatite formation. Dyke emplacement in
metasediments took place nearby the main injection site of the muscovite granite, which plausibly
occurred during a late major compression event.

Keywords: peraluminous aplite and pegmatite; phosphorus; lithium; fluorine; eosphorite; montebrasite;
Raman spectroscopy

1. Introduction

Lithium- and phosphorus-rich pegmatites are often evidence of the transition between
the magmatic and hydrothermal stages in volatile-rich magmatic systems (F, B) active
in orogenic belts. Their relationships with a nearby batholith are highly debated, with
two main genetic processes being frequently opposed as follows: (i) the fractional crystalli-
sation of a parent S-type granitic magma with a progressive enrichment in incompatible
elements during differentiation [1-3] or (ii) anatectic-type melting [4]. Such spatial but
not necessarily genetic associations are also found in the Segura region in the southern
part of the Central Iberian Zone (CIZ) in Portugal, which is close to the Portugal-Spain
border. This swarm of aplites and pegmatites was described by [5] in a pioneering study of
the main features of these intrusive bodies. Detailed maps of the Segura region enabled a
thorough sampling of the granite facies and nearby aplite/pegmatites. They motivated a
more detailed study of the mineral succession from the magmatic to hydrothermal stage.
There, the pegmatite and aplite dykes are hosted by the surrounding metapelitic schist
series but are close to the westernmost edge of the Cabeza de Araya batholith [6-9]. The
perphosphorus feature of the dyke magmas is particularly significant, indicating the role
of P, F, and Li as fluxing agents. The abundance of these elements results in a specific
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mineralogy, especially that of phosphates, which are then particularly sensitive to the
evolution of fluids during magma cooling and to the late introduction of external chemical
components by hydrothermal fluids.

In the present work, we describe the wide variety of Li, Na, Fe-Mn, and Ca-Sr phos-
phates found in the aplite dykes and associated pegmatites of the Segura region, with the
following objectives: (1) to study the petrographic, mineralogical, textural, and chemical
characteristics of the phosphates and establish a paragenetic sequence of the phosphate
phases in relation to the magmatic-hydrothermal evolution; (2) to define the geochemical
characteristics of the magmas in terms of P, Li, and F evolution; (3) to discuss the origin
and behaviour of phosphorus in these magmatic-hydrothermal stages and to understand
why several distinct phosphates crystallised in addition to apatite in all the facies at the
magmatic stage; and (4) to compare the characteristics of the Segura granites with other
similar intrusive suites. The mineralogical and geochemical characteristics of these aplites
and pegmatites display similarities to other peraluminous and leucocratic intrusive bodies
in the region, such as the Argemela intrusion which is located 30 km to the east [10], as
well as with the reference intrusions which are described in detail, such as Beauvoir in the
French Massif Central [11] and Tres Arroyos in Spain [3,12,13]. Therefore, a comparison
was mainly focused on the range of phosphorus content and its potential role with fluorine
on melt mobility.

2. Local Geology

The Segura region is in the southern domain of the CIZ in the easterly part of the
Gois-Panasqueira—Argemela—-Segura strip, which covers an area rich in granitic intrusions
and hydrothermal manifestations associated with different Sn-W-Nb-Ta-Li mineralisation
types (Figure 1a). Many studies have reported evidence of Variscan polyphase deformation,
metamorphism, and multi-stage magmatism throughout the CIZ [14-17]). However, the
bulk of the magmatic intrusions were formed between 320 and 305 Ma, which was roughly
concurrent with the Late Variscan deformation and retrograde metamorphism (D3-M3)
following the main compressional Late Devonian event and Barrovian metamorphism
(D1-M1) as well as the Mississippian regional extensional tectonic event synchronous with
Buchan-type metamorphism (D2-M2), which are particularly well described in the northern
part of the CIZ. The Late Variscan pluton intrusion was contemporaneous with the D3-M3
upright folding and steep axial plane foliation, thereby defining the present-day regional
NW-SE Variscan trend marked by the Ordovician-Silurian synclines and by the conjugated
WNW-ESE and ENE-WSW late-D3 regional transcurrent shear zone activity and related
structures [15-19].

The CIZ is characterised by the high volume of peraluminous granitic rocks [20] that
are syn-to-post kinematic [21-23], and it includes strongly peraluminous, Ca-poor, and
variably P-enriched two-mica leucogranites, which are interpreted as being derived from
the melting of a metasedimentary source along with several series of metaluminous to
weakly peraluminous granites [23,24]. In the Gdis—Panasqueira—Argemela—Segura strip,
many granite intrusions are peraluminous, like those of Segura, Penamacor, Panasqueira,
Orca, and Castelo Branco (Figure 1a). Most of these granites are dated 299-312 Ma with
two stages of Li pegmatites at 310 £ 5 and 301 £ 3 Ma ([21]; synthesis in [25]). Some are
backed by older intrusions, recording an important magmatic event at the Cambrian-Early
Ordovician transition, such as the Fundao, Oledo-Idanha-a-Nova, and Zebreira granites
and granodiorites [26,27].
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Figure 1. (a) Map of main geological units in Portugal and Spain; CIZ—Central Iberian Zone;
OMZ—Ossa—Morena Zone; SPZ—South Portuguese Zone; PLT—Pulo do Lobo Terrane (contiguous
to the SW Iberian suture); PTZ—Porto-Tomar Shear Zone; TBCSZ—Tomar—Badajoz—Cérdoba Shear
Zone. (b) Simplified map of the Géis—Panasqueira—Argemela-Segura Sn-W strip, which is south of
the Central Iberian Zone (CIZ, Portugal) according to the 1:500.000 geological map and the SIORMINP
mineral occurrence map of the Portuguese Geological Survey (LNEG) [28]. Different shades of green
represent the Beiras Group formations, and the blues the Ordovician-Silurian units defining the
upright D3 synclines in this sector of the CIZ NE-SW faults represent late-D3 shear zones that were
systematically reactivated in the Alpine orogenic cycle, thus controlling the shapes and disposition of
the Cenozoic basins (in orange). The remaining colours represent Cadomian (fuchsia), Ordovician
(cherry and dark pink), and Late Variscan (320-300 Ma) granitoids (dark and light orange and
light pink). Coloured small circles indicate mineralisation occurrences as in the official SIORMINP
catalogue (LNEG). (c) Geological setting of the studied Segura area in the northwestern border of the
Segura-Cabeza de Araya Batholith and an indication of the sample location for dykes. The geological
map was adapted from the geological maps of Portugal at 1:500,000 [29]; the coordinate system is
WGS 84 29T, UTM (zone 29).

The Segura granites form the westernmost tip of the Cabeza de Araya batholith, near
the border between Portugal and Spain (Figure 1). The Cabeza de Araya batholith extends
more than 60 km on the Spanish side [7-9], with three sub-facies noted as A, B, and C,
thus forming a zoned structure [30]. In the Segura region (Portugal), a zoned edge with
two outer facies, in particular a two-mica facies and a thin border of the so-called outer
muscovite-rich granite [5] (Figure 2a—c). The pluton has induced an aureole comprising the
contact metamorphism of up to one kilometre. The muscovite-rich and two-mica granite
facies exposed in the Segura region have been dated by TIMS U-Pb on zircon [5] at 312.9 Ma
and 311 & 0.5 Ma, respectively.
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Figure 2. Outcrops of the aplite—pegmatite dykes and granites in the Segura region. (a) Inner
facies of the Cabeza de Araya batholith, with large euhedral cordierite crystals (noted Crd) and
predominant biotite; (b) inner rim of the Cabeza de Araya batholith, showing a two-mica coarse-
grained facies with local tourmaline and showing large retrogressed cordierite crystals; (¢) medium-
to-coarse-grained muscovite leucogranite with tourmaline from the outer rim of the Cabeza de Ayara
pluton in Segura region, intruding spotted schists of the Beiras Group (BG); (d) low-dipping dyke
hosted in BG metasediments in the Cerro Queimado area (see Figure 1b); (e) sub-horizontal dyke
intrusive in BG metasediments in the Cerro Queimado area; (f) aplite dyke from the southern area to
the southwest of Segura; (g) pegmatite exposure at the level of the river (southwest of the Segura
batholith); (h,i) two other views of the dykes intruding on the metasediments, thereby showing
geometric arrays due to the forced intrusion on the schists, which open in several directions and fall
as enclaves within the magma.

Considering the hydroxyl apatite crystal’s chemistry, as well as the decrease in
875r /86Sr and the 180 shift to higher values from the two-mica granite to the lepidolite-type
aplite—pegmatite dykes, [5] ones concludes that (i) the aplite—-pegmatite dykes originate
from muscovite granite magma from the fractional crystallisation of quartz, plagioclase, K-
feldspar and that (ii) aplites cannot derive from the main two-mica granite and correspond
to distinct pulses of magma from the partial melting of heterogeneous metapelitic rocks.
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On the Portuguese side, dykes of fine-grained granites (aplites), which are locally
associated with pegmatites, intrude on the schist-metagraywacke complex of the Neopro-
terozoic to Lower Cambrian ages, thereby forming the Beiras Group (BG [31] (Figure 2d-i).
There, the greenschist facies metasedimentary rocks are occasionally interbedded with the
metaconglomerate layers. Dykes are located in two distinct areas, both on the northern and
southwestern flanks of the westernmost end of the Segura pluton. These bodies, trending
NE-SW, show low dipping angles (<45°) and are sub-perpendicular to the schists, which
are characterised by a vertical or steeply dipping foliation (Figure 2d—f). They are generally
around a metre or are exceptionally several metres thick and vary in length from a several
decameters to a few hundred metres. Smaller dykes are also observed (Figure 2g-h).

3. Materials and Methods

The methodology used is original and based on mapping phosphorus minerals at
the thin section scale by micro-X-ray fluorescence (micro-XRF), followed by imaging and
the semi-quantitative investigation of the phosphates by a Scanning Electron Microscope
(SEM) equipped with an Energy Dispersive Spectrometer (EDS). Then, a (i) SEM-WDS
(Wavelength Dispersive Spectrometer) is used when the complexity of the textures hampers
the use of standard electron microprobe analyses (EMPAs) and (ii) an electron microprobe
in all other cases. Micro-XRF mapping, SEM, and EPMA measurements were performed at
the SCMEM analytical platform of the GeoRessources laboratory, Nancy, France.

This methodology was applied to eighteen thin sections mapped in transmitted light
with a Keyence VHX macroscope before micro-XRF mapping on the selected samples to
establish the paragenetic sequence of the hydrothermal mineral assemblages. Micro-XRF
maps were made choosing the most representative assemblages to render SEM and electron
microprobe investigations easier. Micro-XRF mapping was carried out using a M4 Tornado
instrument (Bruker Nano Analytics, Berlin, Germany) equipped with an Rh X-ray tube
(Be side window) and polycapillary optics, thus giving an X-ray beam with a 25-30 um
diameter on the sample. The X-ray tube was operated at 50 kV and 200 pA. Two 30 mm?
Xflash® SDD detectors (Bruker Nano Analytics, Berlin, Germany) measured X-rays with
an energy resolution of <135 eV at 250,000 cps. All analyses were carried out in a 2 kPa
vacuum. The main elements such as Ca, Mg, Mn, Fe, P, Al, K, Na, and Si were mapped, and
the composite chemical images were generated. Eleven samples were mapped to depict
the mineral assemblages in the veins and their chemical zoning (phosphates).

SEM investigations were performed on eight samples using a JEOL JSM-7600F Schottky-
FEG-SEM (JEOL Ltd, Tokyo, Japan) equipped with an Oxford Instruments 20 mm? SDD-
type EDS spectrometer (Oxford Instruments plc, Abingdon, UK). All elements (including
trace elements) have standard deviations (20) of less than 10%.

Quantitative analysis of the major elements was performed with a CAMECA SX100
EPMA (CAMECA SAS, Gennevilliers, France) equipped with five WDS spectrometers
using an accelerating voltage of 15 kV, a probe current of 12 nA (an accelerating voltage of
25 kV and a probe current of 150 nA for trace elements), and a beam diameter of 1 pm. The
peak and background counting times were 10 and 5 s, respectively. The following crystals
were used: TAP (F Na, Mg, Al, Si, and Rb), LPET (K, Cl, and Nb), LiF (Mn and Fe), and PET
(Cs). The standards were natural minerals and synthetic oxides as follows: topaz (FK«),
albite (Na, SiK«), olivine (MgKw), andradite (CaK«x), Al,O3 (AlK«x), orthoclase (KK),
MnTiO3 (Mn, TiK«), Fe; O3 (FeKw), RbTiPOs (RbLx), SrSO4 (SrL«), and barite (BaL ).

The phosphate crystals were examined with an HR Horiba Jobin Yvon Raman system
(Jobin Yvon, Longjumeau, France) (GeoRessources laboratory, Nancy, France) using a
514.5 nm Ar* laser emission line at a resolution of 2 cm~! in the 100-4000 cm~! range.
Repeated acquisition using the highest magnification was accumulated to improve the
signal-to-noise ratio. Raman spectra were generally obtained after five acquisitions of
10 to 20 s each, both in the low-frequency (200-1200 cm ') and high-frequency ranges
(3550-3800 cm ™ 1).
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Whole-rock major and trace element analyses were performed on field samples at
the «Service d’Analyse des Roches et des Minéraux (SARM)», Centre de Recherches
Pétrographiques et Géochimiques (CRPG), Nancy, France. Major elements were anal-
ysed by inductively coupled plasma optical emission spectrometry on a Thermo-Fischer
ICap 6500 instrument (Thermo-Fischer Scientific, Waltham, MA, USA). Trace elements,
including rare earth elements (REEs), were determined by inductively coupled plasma
mass spectrometry (Thermo-Elemental X7) (Thermo-Fischer Scientific, Waltham, USA).
Detailed analytical procedures are given in [32]. For three samples, data were obtained
by an XRF analytical tool at Lisboa University, and the loss on ignition (L.O.1.) was not
determined but estimated by difference to 100%.

4. Results
4.1. Field Observations

Two main aplite-pegmatite swarms were distinguished, which was mainly based on
field relationships, the mineralogical and geochemical data detailed below, and structural
and textural characteristics.

In the northern border of the Segura pluton, there is the so-called “Cerro Queimado”
mining area where banded aplite-pegmatite dykes are intrusive and have filled sub-
horizontally opened fractures in the metasedimentary sequence. They are sub-perpendicular
to the foliation, striking N140° and dipping between 20 and 45° to the south
(Figures 1b and 2a,b). Other low-dipping (<30° to the south-southwest), N135°-150° aplite—
pegmatite dykes are found in the southern border of the most occidental part of the Segura
pluton (Figure 1b). They occur as multi-decimetric-thick to metre-thick intrusions, which
are well exposed in the river valley (Figure 2c—f).

In both pegmatite and aplite bodies, albite, K-feldspars, and quartz are the main
constituents, with both minerals forming bands parallel to the boundary with the host
schist (Figure 3a). Pegmatite develops as infillings of the opened fractures within the aplite
dykes, usually displaying growth textures that are perpendicular to the aplite boundary
(Figure 3b). A series of phosphates, like amblygonite and other (Fe-Mn, Ca-Sr)-P phases, Nb-
Ta oxides, and topaz are abundant. Both aplites and pegmatites are leucocratic magmatic
facies with low amounts of black constituents, except Nb-Ta oxides and local tourmaline.

Figure 3. Textures of the Segura dykes. (a,b) Contact between the aplite and pegmatite in the samples
from the northern zone of the Segura batholith (Cerro Queimado). Facies are leucocratic with black
dots corresponding to the Nb-Ta oxides (Nb-Ta). The development of pegmatite occurs through
the growth of albite (Ab) and quartz (Qtz) as subparallel crystals and minor K-feldspar (Kspar).
(c) Macroscopic feature of the tourmaline (To) bearing aplite from the southern zone of the Segura
dyke swarm. (d) Pegmatite with comb quartz and albite development.

Thus, tourmaline is only found in places in the northern swarm and is not abundant.
In contrast, tourmaline-rich aplite dykes occur in the southern swarm (Figure 3c).
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Some of the dykes are affected by later magmatic-hydrothermal stages, thereby result-
ing either in the abundant formation of quartz (Figure 3d) or lepidolite that is associated
with cassiterite. The latter assemblage is not the subject of the present work.

4.2. Dyke Mineralogy

Detailed composite chemical maps of the mineral assemblages were obtained using
micro-XRF and are presented in Figure 4. In Figure 4a,b, the typical texture of the pegmatite
developed onto aplite is characterised by the crystallisation of euhedral quartz prisms
and tabular albite perpendicular to the aplite boundary. Li-Na phosphates (amblygonite
series) form euhedral crystals subparallel to the quartz prisms and tabular albite or are
crystallised onto the euhedral K-feldspars and albite. They are also included as small
patches within quartz. The mineral assemblage generally ends by filling the remaining
space with K-feldspar (Figure 4a) or, most frequently, quartz (Figure 4b—d).

Figure 4. Composite micro-XRF chemical maps of aplite and pegmatite dykes. (a) Boundary between
aplite and pegmatite showing the growth of albite (in red), quartz (grey), and amblygonite (light
yellow) perpendicularly to the boundary, as well as K-feldspar (in orange: Al, K); (b) pegmatite
texture with phosphates included in quartz; (c) amblygonite (in green-yellow), albite, K-feldspar,
and quartz; (d) same chemical map with the Fe phosphate in violet-blue; (e) amblygonite on both
sides of the cavities filled with quartz (black arrow indicates how the cavity has been filled) and
apatite (in orange) replaces the K-feldspars; (f) amblygonite as euhedral crystals formed on albite
and cemented by quartz and, in orange, apatite filling microfractures. Toz: topaz; Amb: amblygonite;
Fe-Mn Ph: eosphorite—childrenite Fe-Mn phosphate series; Kspar: K-feldspar; Ab: albite; Ap: apatite;
Qtz: quartz.

The Fe-Mn phosphates are tiny euhedral crystals found within or on albite, which
are frequently at the boundary with the Li-Na-phosphates and seem synchronous with
albite. Albite corrodes the quartz that is deposited as the euhedral crystal palisade onto
the aplite and is accompanied by topaz. Albite also corrodes the K-feldspars. Synchronous
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to the albite stage, Na-rich phosphate replaces the Li phosphate from the amblygonite
series. Apatite later invades the early texture, thereby forming euhedral needles and
microdomains within the albite and earlier phosphate, which frequently occurs along the
former grain boundaries (microdomains presented in orange in Figure 4e,f). Identifying the
few grains of magmatic apatite is difficult because most of the feldspars are rich in small
apatite inclusions or needles linked to hydrothermal alteration.

The Na-Li phosphates show complex textures and relationships. Crystals of the am-
blygonite series are the first phosphate to crystallise as large and sometimes centimetric
crystals (sample GF-SEG3). They are frequently euhedral, and sometimes centimetric
prisms are oriented perpendicular to the aplite layers and grow towards the centre of the
pegmatite veins (microdomain in the yellow-green colour in Figure 5a—c). They are associ-
ated with topaz, which appears in red in the composite micro-XRF maps from Figure 5c,d.
These large crystals are partially replaced by the Na-Al phosphates (lacroixite), which form
replacement patches at the microscale. Microdomains are a few dozen micrometres long
within the initial mass of the Li-phosphate (Figure 5e,f). This pervasive replacement thus
yields a mixture of the two phases (montebrasite, lacroixite) at the microscale (Figure 5f).

Figure 5. (a) Boundary between aplite and pegmatite (macroscopic photograph), with an indication of
the zone mapped in figures (b,c); (b) transmitted light microphotograph of the thick section; (¢) chemical
micro-XRF map showing amblygonite (yellow) on both sides of the cavity filled with quartz and
the Fe-Mn phosphate (in green); (d) magnified detail of zone (c) showing the distribution of the
amblygonite formed onto K-feldspars and topaz as inclusions in quartz (in red); (e) microtextures
of Li-phosphates (Li-ph) (amblygonite and mixed lacroixite/amblygonite); (f) magnification of the
amblygonite/lacroixite at the micron scale; (g,h) crystals of Fe-Mn phosphates (BSE SEM image),
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showing the euhedral growth bands. Toz: topaz; Li-ph: Li phosphates; Amb: amblygonite; Na-ph:
Na-phosphate (lacroixite-dominated); Fe-Mn-Ph: eosphorite—childrenite Fe-Mn phosphate series;
Kspar: K-feldspar; Ab: albite; Ap: apatite; Qtz: quartz.

In addition to the Li (Al, Na) phosphates, Fe-Mn (Al) phosphates crystallised, appar-
ently relatively early as isolated grains (Figure 5c, inset noted g, h and enlargements in
Figure 5g,h). Fe-Mn phosphates show alternated Fe-rich and Mn-rich growth zones with
euhedral development, indicating their early formation in the melt before being included
in albite crystals. They are coated by a late overgrowth enriched in iron, which finally
develops in micro-fissures nearby where insufficient growth space is available, probably
during a relatively late stage (Figure 5h). The external rim corresponds to a late overgrowth,
which fills minor fractures of the surrounding albite around the initial crystal and is par-
ticularly enriched in iron. Raman spectra have shown that the phosphate belongs to the
eosphorite—childrenite solid solution (see below Raman and crystal-chemistry data).

Crandallite forms at the grain boundary or, at the expense of earlier phosphates,
replaces them, particularly Li-Na-phosphates, as shown in Figure 6a. Figure 6b,c illustrate
the microscopic aspect of the amblygonite crystal, showing an intense alteration at the
boundary with albite. Microdomains are small, ranging from a few microns to tens of
micrometres, and they are very complex at a small scale, as shown by the enlargement
from Figure 6d. Along the microfissures affecting the amblygonite (Figure 6d), goyazite—
crandallite develops as euhedral crystals with a very large composition between domains
characterized by variation in the mean atomic number “Z” (from dark grey to light grey),

corresponding to the Ca-Sr exchange (Figure 6e).
“"v: CW . F
£
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Figure 6. (a) Amblygonite crystals developed on the edge of a cavity filled with quartz; (b) crandallite
and Fe-Mn-rich apatite formed in microfractures; (c) detail of the amblygonite crystal of figure (a);
(d) micro-XRF composite chemical map showing the replacement of amblygonite by complex assem-
blages of phosphates at the boundary between the crystal and feldspars; (e) detail of the complex
zone of replacement formed by crandallite and goyazite and later Mn-rich apatite; (f) detail of the
growth bands of the goyazite crystals with the earliest bands of crandallite; (g) complex association
of phosphates replacing amblygonite. Amblygonite may contain calcium with no clear evidence of
the addition of crandallite patches, and apatite is enriched in Fe and Mn; (h) association of the four
types of phosphates with mutual replacements, with the same abbreviations as those in Figure 4;
Goy: goyazite; Cdl: crandallite; Chd: chidrenite; Lac: lacroixite; Mn-Ap: Mn-rich apatite; Qtz: quartz;
and Mu: muscovite.

Apatite grains grow as patches in feldspars, especially albite (Figure 6¢c). They also
locally replace all the earlier phosphate types and fill pores and microfractures, thereby
developing needles, plumose crystals, or microdomains as grain aggregates (Figure 6f,g).
In the tourmaline-rich aplites of the southern swarm, apatite forms poikilitic aggregates
around quartz, mica, and tourmaline. The apatite composition is heterogeneous, incorporat-
ing significant amounts of Al, Fe, Mn, and traces of Sr. When these element concentrations
increase, the fluorine concentration decreases, suggesting an increase in OH at the expense
of fluorine when shifting from the ideal F apatite stoichiometry.

4.2.1. Raman Data on Phosphates

All phosphates were analysed by Raman spectroscopy. The three main solid solutions
(eosphorite-childrenite, amblygonite-lacroixite, and crandallite-goyazite) are confirmed by
comparison with the reference spectra from the international database RRUFF [33]. The
most representative spectra are presented in Figure 7. For the eosphorite-chidrenite series
((Fe, Mn) AIPO4(OH),(H,0)), Raman spectroscopy enabled the observation of bands at
969 cm~! and 1018 cm ™!, which were assigned to the phosphate bonds. For the other
peaks, the assigning proposed by [34] is as follows following: Raman bands at 562 cm ™!,
595 cm !, and 608 cm ™! are assigned to the v4 bending modes of the PO4, HPO,, and
H,PO, units; Raman bands at 405, 427, and 466 cm ™! are attributed to the v2 modes of
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these units. Hydroxyl and water stretching bands are also observed at 3200-3500 cm ™!
Differences between the peaks of eosphorite and childrenite are a function of the abundance
of manganese and mostly concern the peak at 253, 557, 618, and 1053 cm ! noted in italics
in Figure 7a.

Fe-Mn —Al phosphates
Eosphorite-Childrenite
Fe-(Mn) rich growth band ——=

Fe-Mn growth band
Mn-(Fe) rich growth bands

Raman intensity

Amblygonite
Montebrasite __

MZ

0 200 400 800 1000 1200

Li-(Na) phosphates
W1055

1035

Wavelength/cm™

Figure 7. Representative Raman spectra of two phosphate series. (a) The eosphorite—childrenite
series and (b) the Li phosphate series represented by amblygonite and intermediate phases with a
spectrum closer to montebrasite.

The Raman spectra for the amblygonite—-montebrasite series are presented in Figure 7b.
Most spectra display intermediate features between amblygonite and montebrasite, which
are typical of the natural series of such minerals. The main changes as a function of the
fluorine content concern a few peaks [35], particularly from 599 to 604 cm~! and between
1056 and 1066 cm~!. The spectra present a series of peaks between 1050 and 1056 cm ™!,
which are closer to the montebrasite following [35]. Significant differences occur between
3379 and 3348 cm ™! (not shown in Figure 7).

4.2.2. Crystal Chemistry of Phosphates

The crystal chemistry of the analysed phosphates is shown in Figure 8. The different
series are the following: eosphorite—childrenite, the montebrasite—amblygonite—lacroixite
series, crandallite-goyazite, and apatite.
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Figure 8. (a) Fe and Mn (apfu) in Fe-Mn phosphates (base P = 1) for three distinct crystals represented
by three distinct colors. The figure shows that the amplitude of the Fe-Mn exchange covers the
same range in each crystal. (b) Na versus Li (apfu) diagram for the Na-Li (lacroixite) phosphates
(montebrasite—amblygonite) series. The intermediate composition corresponds to the partial replace-
ment of the Na-Li-end-members by the Na-end-member. (c) Ca versus the Sr (apfu) plot for the
crandallite-goyazite series.

Eosphorite—childrenite displays a significant Fe-Mn substitution (Table 1), which is
found in all the crystals, as illustrated by Figure 8a, for three distinct crystals. In the
external rim, more than 22% FeO is reached for 4 to 5.3% MnO. They contain low amounts
of magnesium (MgO ranges from 0.1 to 1.3%). Still, the main zoning corresponds to a
significant Fe and Mn concentration fluctuation with a Fe/Fe + Mn ratio varying from
0.3t00.7.
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Table 1. Representative analyses and corresponding structural formulae of the Fe-Mn-rich phosphate
series (eosphorite—childrenite) from the Segura dykes.

Weight % Phosphates from the Eosphorite-Childrenite Series
MgO 0.97 0.18 0.29 n.d. 0.08 0.16 0.18 0.21
AlLO3 22.68 22.89 22.99 21.98 22.16 22.18 21.96 22.47
P,05 31.23 30.89 30.27 29.54 30.3 29.81 30.4 30.36
CaO 0.27 0.15 0.26 n.d. 0.02 0.14 0.06 n.d.
FeO 9.51 1191 13.37 15.64 18.01 18.65 21.90 22.49
MnO 21.35 18.28 17.72 14.24 11.86 11.65 8.72 8.7
total 87.07 85.63 86.39 83.14 84.44 84.67 85.66 86.74
a.p.fu Structural formulae
Mg 0.05 0.01 0.02 0.00 0.00 0.01 0.01 0.01
Al 1.01 1.03 1.06 1.04 1.02 1.04 1.01 1.03
P 1 1 1 1 1 1 1 1
Ca 0.01 0.01 0.01 0 0 0.01 0 0
Fe 0.30 0.38 0.44 0.52 0.59 0.62 0.71 0.73
Mn 0.68 0.59 0.59 0.48 0.39 0.39 0.29 0.29
Fe + Mn 0.98 0.97 1.01 1.03 0.98 1.01 1.00 1.02
Fe/(Fe + Mn) 0.31 0.39 0.43 0.52 0.60 0.61 0.71 0.72

n.d.: not determined.

The montebrasite—amblygonite series represents the predominant Li-Al phosphate
end-members (Figure 8b, Table 2). They are characterised by variable (OH, F) contents
and a systematic replacement by lacroixite (Na-Al end-member). Lacroixite is probably
physically mixed with the former montebrasite—amblygonite as compositions do not enrich
the Na-end-member. The data points with a ratio of Na/Na+ Li that is higher than 0.5 are
scarce (Table 2). Mixed analyses cannot be precluded as the lacroixite microdomains are
relatively small (Figure 8b).

Table 2. Representative analyses and corresponding structural formulae of the Li-Na-rich phosphate
series (amblygonite-lacroixite) from the Segura dykes.

Weight % Lacroixite Amblygonite
Na,O 14.37 15.63 15.92 0.03 0.04
MgO 0.00 0.00 0.00 0.00 0.04
AlLO3 31.62 31.31 32.40 35.33 34.32
P,0s5 45.13 43.24 43.54 47.55 48.04

CaO 0.00 0.00 0.00 0.06 0.09
FeO 0.00 0.00 0.00 0.08 0.06
MnO 0.00 0.00 0.00 0.04 0.00
F 12.50 12.54 11.74 6.07 6.32
H,O* 0.00 0.00 0.56 3.78 3.00
Li,O* 2.57 1.57 1.49 9.99 10.09
Total 105.57 103.97 105.65 102.94 102.01
O=F 5.26 5.28 494 2.56 2.66
Total * 100.31 98.69 100.71 100.38 99.35
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Table 2. Cont.

a.p.fu. Structural formulae
Na 0.73 0.83 0.84 0.00 0.00
Li 0.27 0.17 0.16 1.00 1.00
Mg 0.00 0.00 0.00 0.00 0.00
Al 0.98 1.01 1.04 1.03 0.99
P 1.00 1.00 1.00 1.00 1.00
Ca 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00
OH 0.00 0.00 0.10 0.63 0.49
F 1.03 1.08 1.01 0.48 0.49

*: asterisk corresponds to calculated values taking into account charge balance.

Mn contents.

Table 3. Representative analyses and corresponding structural formulae of the Ca-Sr-rich phosphate
series (goyazite—crandallite) from the Segura dykes. *: asterisk corresponds to calculated values

taking into account charge balance.

Crandallite-goyazite (Ca-Sr end-member) show a high variation in the Ca or Sr con-
tents and additional cations such as Ba (Figure 8c, Table 3). The divalent cation site is
partly vacant, as shown in Figure 8c. The solid solution is mainly in the crandallite field
as the ratio of Ca/Ca + Sr is mostly above 0.5. F-apatite, and (F-OH) Al-Fe-Mn-rich ap-
atite end-members are also found with stoichiometry close to apatite but with variable

Weight % Phosphates from the Goyazite-Crandallite Series

Na,O 0.00 0.00 0.24 0.00 0.15 0.12 0.21 0.00 0.00
MgO 0.35 0.00 0.26 0.00 0.17 0.17 0.18 0.00 0.00

AlL,O3 33.99 33.34 34.51 33.40 34.15 33.40 35.50 35.15 35.98
P,0Os5 3243 31.82 32.12 31.42 31.60 30.61 32.76 34.22 33.26
CaO 4.26 4.62 6.44 7.49 8.83 9.51 9.40 10.75 11.18
FeO 0.00 0.00 0.14 0.00 0.04 0.00 0.37 0.00 0.00
MnO 0.00 0.00 0.00 0.00 0.15 0.01 0.00 0.00 0.00
SrO 14.58 14.08 10.60 8.17 7.69 6.01 5.51 3.61 0.59
BaO 0.00 0.00 0.00 0.00 0.40 0.00 0.05 0.00 0.00

F 3.90 3.35 2.68 411 222 2.10 1.19 1.97 3.49

O=F 1.64 1.41 1.12 1.72 0.93 0.88 0.50 0.83 1.46
Total 85.61 83.86 87.10 80.48 86.13 83.32 85.29 83.73 81.01

H,O* 12.75 14.73 14.57 17.80 16.29 19.29 15.57 15.44 17.53

Total * 87.25 85.27 85.43 82.20 83.71 80.71 84.43 84.56 82.47

a.p.f.u. Structural formulae
Na 0.00 0.00 0.03 0.00 0.02 0.02 0.03 0.00 0.00
Mg 0.04 0.00 0.03 0.00 0.02 0.02 0.02 0.00 0.00

Al 2.92 292 2.99 2.96 3.01 3.04 3.02 2.86 3.01
P 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
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Table 3. Cont.

a.p.f.u. Structural formulae
Ca 0.33 0.37 0.51 0.60 0.71 0.79 0.73 0.80 0.85
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Sr 0.41 0.40 0.31 0.23 0.22 0.18 0.16 0.10 0.02
Ba 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
R% 0.78 0.76 0.84 0.84 0.97 0.98 091 0.89 0.87
Ca/(Ca + Sr) 0.89 0.96 1.25 1.44 1.52 1.63 1.64 1.78 1.96
F 0.00 0.79 0.62 0.98 0.53 0.51 0.27 0.43 0.78
OH 4.32 3.50 4.07 3.58 4.47 4.59 4.63 3.94 3.99
F+OH 4.32 428 4.69 4.56 4.99 5.10 4.90 437 477
4.3. Geochemistry of Aplite and Pegmatite Dykes from Segura
All the dykes correspond to fractionated aplite-pegmatites enriched in P, Li, F, and
to a lesser extent B (for one type of tourmaline-rich aplite). These rocks represent highly
differentiated magmas, similar to the LCT facies under the rare element Li subclass of
the complex type of classification that is used in [36]. New chemical analyses of granites,
aplites, and pegmatites from Segura were obtained on a series of collected samples, as
indicated in Figure 1 and reported in Table 4. They were compared with data from previous
works (four mean analyses only available from [5]) on the same region and with similar
intrusive granite bodies (Argemela: [10], Panasqueira: [37]), Tres Arroyos [3], and Beauvoir
(B1 facies, [11]).
Table 4. Representative analyses of pegmatites and aplites from the Segura dyke pairs of aplites
and pegmatites noted, with CQ-4, -5, -6, and -9 being adjacent samples and each pair being from
the same dyke. bld: below the detection limit. In the three samples, loss on ignition (L.O.1.) was not
determined but estimated by difference (*).
Pegmatite Aplite
WE% GF GF Peg Peg Peg Peg GF GF GF Apl Apl Apl Apl
-7 SEG1 SEG4 CQ-5 CQ-6 CQ9 CQ-4 SEG-3 SEG-2 SEG-5 CQ-4 CQ-5 CO-6 CQ-9
SiO, 76.78 69.19 64.04 71.54 70.57 69.29 70.19 70.99 71.74 69.83 69.53 71.19 69.69
TiO, 0.01 bdl bdl bdl bdl bdl 0.005 0.02 0.005 bdl bdl bdl bdl
Al O3 13.43 14.77 18.71 15.12 15.36 16.41 16.85 15.33 16.63 16.47 17.84 16.42 16.12
Fe;O3 0.19 0.19 0.413 0.159 0.069 0.073 0.76 1.13 0.76 0.171 0.389 0.268 0.167
MnO 0.006 0.024 0.095 0.021 0.000 0.000 0.078 0.048 0.052 0.020 0.089 0.023 0.017
MgO bdl bdl bdl bdl bdl bdl 0.020 bdl 0.010 bdl bdl bdl bdl
CaO 0.3 0.22 0.31 0.74 0.53 0.53 0.18 0.51 0.22 0.70 0.22 0.53 0.85
Na,O 6.49 6.06 6.39 5.40 4.96 5.48 6.45 5.03 5.48 6.43 6.45 6.42 6.15
K,O 1.12 3.85 1.22 2.68 3.72 431 2.66 3.5 2.54 2.08 1.00 1.77 2.05
P,0s5 0.46 1.7 476 2.49 3.72 2.63 243 1.00 1.94 2.29 2.05 2.05 2.38
LO.L 1.21* 4.00* 2.11 1.32 1.28 1.19 1.11 n.d. 12 1.51 1.61 1.6 1.75
Total 98.79 96.00 98.05 99.47 100.21 99.92 101.43 97.56 100.98 99.50 99.18 100.26 99.17
Li-ppm nd. 1160 3278 704 1718 818 nd. 1000 n.d. 157 1543 304 141
F -ppm 1123 2900 19,100 3300 3900 2800 2805 2100 1806 3100 18200 3400 3200

The SiO, contents displayed by the Segura facies range from 72.2 to 74.0 wt% in the
granites and from 73.3 to 74.8 wt% SiO; in the aplite-pegmatite bodies, being comparable
to the values recorded for the Panasqueira granites (72.5-75 wt% SiO;) but slightly more
siliceous than the Argemela granites (66-72 wt% SiO;). The Segura granites display
intermediate features between the rather albitic facies from Argemela and the most evolved,
albite-rich Panasqueira granites. The K;O to Na,O ratios range between 0.7 and 1.2 and
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are thus lower than the Panasqueira granites (0.5 and 3.1) and higher than the Argemela
granites (0.2 to 0.7). The enrichment in Na, O depicts the differentiation and the more albitic
feature of the evolved magmas (Figure 9).
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Figure 9. NayO versus K,O diagram for the Segura aplites, pegmatites, and granites. Data are
compared with those from the literature as follows: 1: Segura [5], 2: Argemela [10], 3: Tres Arroyos [3],
4: Beauvoir [11], and 5: Panasqueira [37]. Enveloppe colors correspond to data point colors.

They are similar to the Beauvoir B1 and Tres Arroyos facies and are largely superim-
posed on most Argemela facies. All these granites are significantly enriched in sodium
compared with the Panasqueira granite.

Mafic components are low to very low, with the FeO + MgO + TiO, sum being
comprised between 0.14 and 1.40, being much lower than in the Panasqueira granites
(1.71 and 3.12 wt%) and either similar or higher than in the Argemela ones (0.03 to 0.19).
All the rocks are magnesium-poor, with the M index (M = 100 Mg/Mg + ) Fe) being
between 8 and 45, similarly to the Panasqueira (15 to 31) and Argemela granites (6 to
46). The magmatic trends are more evident to decipher at Segura and Argemela in the
geochemical diagram Al — (K + Na + 2Ca) versus the Fe + Mg + Ti diagram from [38],
where the parameter A increases as B decreases. All the rocks are distinctly peraluminous
(Figure 10).
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Figure 10. Diagram A (=Al - (K+ Na + Ca)) versus B (=Fe+ Mg+ Mn) from [38] applied to the Segura
facies and with a comparison with the reference peraluminous differentiated granites. 1: Segura [5],
2: Argemela [10], 3: Tres Arroyos [3], and 4: Beauvoir [11]. For Panasqueira, only the envelope

is shown.

At Panasqueira, the peraluminous parameter Al — (K + Na + 2Ca) is, however, in-
creased by the superimposed alteration effects, which is evident for the most altered facies
but also perceptible for many of the less modified granite facies [37]. The Segura aplite
and pegmatite dykes are significantly enriched in phosphorous, with the P,Os contents in
the 0.36 to 2.23 wt% range being higher than the Panasqueira granites (0.23 to 0.74 wt%).
Compared with the Panasqueira granites, which are dominated by a strong correlation
between the phosphorous and calcium content meaning that the two elements are both
entirely contained in apatite (Figure 11), the Segura aplite—-pegmatite veins are characterised
by an excess in phosphorus, which is not linked to apatite.
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Figure 11. CaO versus P,Os5 diagram applied to the same series of granites as in Figure 9. It shows the
increased phosphorus content of the Segura aplites and pegmatites and the shift from the apatite line,
which is high in the Segura and Argemela magmas compared with the other P-rich magmas: 1: Segura [5],
2: Argemela [10], 3: Tres Arroyos [3], 4: Beauvoir [11], and 5: Panasqueira [37].
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Thus, data points are located to the right of the apatite line, thereby indicating that
for a given calcium content, the phosphorus is connected to another phosphate (Li, Na, or
another element such as Sr, for instance, being the dominant phosphate) other than apatite,
as confirmed by the petrography and crystal chemistry analyses presented above. The
Segura aplites and pegmatites are even more enriched in P,Os than the Argemela granites.
The F, Li, and P contents are roughly correlated positively.

5. Discussion
5.1. Comparison with Other Similar Geochemical Suites

Leucocratic peraluminous magmas are formed either by the fractional crystallisation
of a parent S-type granitic magma with progressive enrichment in incompatible elements
during differentiation [1,3,39] or by anatectic-type melting, which is independent of the
formation of the peraluminous granitic plutons that are found in the environment close to
pegmatites [4,40]. Low proportions of partial protolith melting could produce low volumes
of magmas enriched in incompatible elements, with a mineralogical composition close to
the ultimate products of differentiation. This duality between the presence of pegmatites
that are often later than the plutons and derived from distinct melting processes at different
structural levels in the lithosphere has been evoked in several examples as follows: the
Limousin pegmatites (French Massif Central [41]) and the Fregeneda-Almendra pegmatite
field in Portugal [42]. The same situation occurs at Segura. The Authors in [5] have already
ruled out the hypothesis of a genetic link between the main Cabeza de Araya batholith
in Segura and the spatially nearby dykes. What is particularly interesting here is the
extreme enrichment in volatiles (F, Li, and P), which may have also influenced the melting
temperature of the magma at the migmatisation front.

The abnormal contents in P, Al, and F are much above those expected from peralu-
minous granite differentiation [12,43—45]. Figure 12 shows that the Segura aplites and
pegmatites have around the same F content as the Argemela and Tres Arroyos granites
(2500-4000 ppm) but higher P,Os5 values between 2 and 3% (Figure 12). The reasons for
these high enrichments can differ [46].
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Figure 12. F versus P,O5 diagram showing the increased phosphorus content of the Segura aplites
and pegmatites (red symbols) as a function of fluorine content. Reference lines in the direction of the
phosphate end-members are reported. 1: Segura: [5], 2: Argemela [10], and 3: Tres Arroyos [3].
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The studied aplites and pegmatites are particularly enriched in P, F, Li (locally B), Al,
and Na and present a positive correlation between all these elements and the aluminium
saturation index of ASI=[Al/(Ca — 1.67P + Na + K)] as defined by [47,48] (Figure 13). These
enrichments can occur at several stages of the magma genesis, migration, and evolution as
follows: from the melting zone, during the upward journey and magmatic differentiation,
later when a supercritical fluid is extracted from the cooling magma, and, finally, in the
fluid phase acting throughout the magmatic-hydrothermal transition.

5 -
P20s (%)
4 -
Segura aplites and
3 A pegmatites
21 m= B0 o
2K
--------- A Segura-pegmatite
B Segura-aplite
1 - Segura- batholith
Segura (1)
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Tres Arroyos (3)
E o X Beauvoir (4)
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Figure 13. P,O5 versus the aluminium saturation index (ASI = [Al/(Ca — 1.67P + Na + K)]) diagram.
1: Segura [5], 2: Argemela [10], 3: Tres Arroyos [3], and 4: Beauvoir [11].

5.2. Causes of Enrichments in Phosphorus, Lithium, and Fluorine

It is difficult to prove that the schists of the Beiras Group, which are the host rocks
of the aplite and pegmatite sills, are also the initial sources of the magma. However, the
metasedimentary sequence is thick (up to 11 km; [49]) and voluminous, so the melting of
metasediments that are compositionally similar to those exposed could be envisaged at a
lower level. The P,Os, F, and Li content ranges of the Beiras schists are 2000-3000 ppm,
500-700 ppm, and 45-80 ppm, respectively. The F and P,O5 concentration ranges in the
schists are around two to three times lower than the main batholith granites and five times
lower than the outer facies (muscovite granite).

During metapelite anatexis, the phosphorus content of the initial magma is mainly
controlled by the apatite content of the source, the degree of melting, and the solubility of
the apatite in the melt. The low initial stock of REE and Y explains the absence of monazite
or xenotime.

Thomas et al. [50] suggest extreme phosphorus enrichment may be due to metastable
sub-liquidus immiscibility. The spontaneous separation into two undercooled melt phases
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could be linked to thermal fluctuations. Thomas et al. [50] point out that the driving force
behind phase separation is a decrease in the free energy of the system.

The very high fluorine content of late-phase liquids could be interpreted as the result
of extreme fractionation of granitic magma. The initial content of the parent granitic magma
could well be no more than a conventional value of around 0.5-1% E. For phosphorus,
Thomas et al. [50] also consider the effect of boiling to be related to decompression after
fracturing under the impact of tectonic stress on the formation of phosphorus-enriched
globules, which might produce a highly phosphate-rich magma.

5.3. Migration and Extraction of Phosphorus-Rich Magma

The enrichment factor for P,Os is around 2.5 to 3 between the outer muscovite granite
and the aplite-pegmatite dykes from Segura and 1.5 to 3 for fluorine concerning the
very same group of rocks (Figure 12). The very high levels of F, P, H,O Li,O, Rby0,
Cs,0, and B in the residual magma liquids related to these rocks may have resulted in a
considerable decrease in viscosity, with values of the order of 10 Pa [51,52] and lower being
likely. Thanks to this very low viscosity, intergranular magmas can move through granitic
matrices according to the model developed by [53]. They can then extract themselves from
the magmas and migrate through structural discontinuities (such as shear or fault zones),
particularly in the schistose host rock. Such a geometry is typically observed at Segura,
i.e., a series of low-dipping dykes filling dilating spaces in the foliation plane or inserting
themselves into fractures sub-perpendicular to the foliation, which constitute the most
common plane of weakness in the shales.

5.4. The Behaviour of Li, F, and P during the Crystallization of Perphosphorus Magmas

Some phosphorus may be incorporated in crystallising feldspars when calcium is low
in the melt. As phosphorus and aluminium form a coupled substitution (the so-called
berlinite substitution, P°* + A13* = 2Si%*), the incorporation of phosphorus in feldspar
is favoured in peraluminous magmas. Then, considering the strong affinity between P
and Li, the phosphorus concentrated in the residual melt is partially removed first by
the amblygonite-montebrasite and the eosphorite—childrenite phosphate series formation,
which appears first. Amblygonite and eosphorite develop early during the crystallisation
of aplites and pegmatites but represent the final stage of the magmatic evolution that
began lower down during the crystallisation of the muscovite-rich granite or another non-
exposed late intrusive granite. It is difficult to ascribe the Fe-Mn compositional changes
to a particular stage of the magma evolution except for its very late crystallisation and a
rather low Oy, allowing for the incorporation of the relatively low amount of iron available
in the melt as Fe?* in the eosphorite. At that stage, the crystallisation of the amblygonite—
montebrasite series regulates or decreases the fluorine content in the melt [54] and probably
the saturation with respect to topaz. During the final stage of the hydrothermal evolution of
pegmatites, phosphates from the goyazite—crandallite series form along grain boundaries
at the expense of the Li-Na phosphates, after which numerous secondary apatite crystals
form and constitute the final expression of the P-bearing phases. When alkali feldspars
crystallise out of a perphosphorus and peraluminous magmatic system, they can become
the main reservoirs of phosphorus. In the case of Segura, the late apatite grains likely
crystallised from this stock, which means that the P concentrations of the feldspars can no
longer be used as indicators of the initial P richness of the magma. The overall paragenetic
sequence is proposed in Figure 14. According to [55,56], phosphorous can be released
secondarily by the Al-Si ordering of alkali feldspars, and fluorine is still high, probably in
the remaining fluids. During the magmatic-hydrothermal transition, the crystallisation of
these late phosphates needs external hydrothermal inputs (Ca-Sr (Ba), then Ca).
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Figure 14. Schematic representation of the mineralogical evolution of the Segura aplites and peg-
matites with the time from the magmatic to hydrothermal stages, especially for the phosphates.
Amb: amblygonite, Lac: lacroixite, Cdl: crandallite, and Ap: Apatite.

5.5. Conceptual Model of the Melt Injection in the Beiras Schists

A model is proposed for the formation of the aplite—pegmatite dykes at Segura in
Figure 15. These dykes cannot be related geochemically to the main inner Cabeza de
Araya cordierite monzogranite but only to the external facies, in particular, the muscovite-
rich facies, which constitutes a relatively small mass of magmas injected at the boundary
between the batholith and the metasedimentary country rocks. The upwelling geometry
of the magma that formed the muscovite-rich granite is likely to be independent of that
of the main batholith, the centre of which is located more than 40 km to the southeast. As
shown by the arrows in Figure 15, the migration pathways are challenging to assess. A
fourth magma injection at the boundary with the Cabeza de Araya batholith or a distinct
pathway for the muscovite granite could have occurred. The magmas that evolved in the
late stages of the Late Variscan evolution appear to have risen through zones of crustal
weakness in many places, which could be the case for the Cabeza de Araya batholith [6,30].
In the schematic cross-section of the upper lithosphere thought to represent the situation
during the 310-300 Ma period, it is proposed that of a series of intrusive facies ascend
from a migmatitic zone at depth. Such a geometry was already suggested by [57] for the
G2-G5 including the rare metal granite intrusions at Panasqueira, and the Argemela region
(cross-section in [10]) where processes occur under a NE-SW shortening. To explain the
formation of dykes in the metasediments near this injection locus, it is once again necessary
to refer to the opening conditions of the foliation planes or fractures perpendicular to this
plane. The local stress tensor at that time stimulates these openings.
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Figure 15. (a) Conceptual model of the intrusive dykes (vertical cross-section) in the westernmost
sector of the Cabeza de Araya batholith, the intrusion of the muscovite-rich outer facies and dykes
in the metasediments. The magma migration pathways are as follows: arrow 1 corresponds to an
additional layer of the Cabeza de Araya batholith like the other facies that compose it, with a feeder
zone whose centre is located far to the southeast, and arrow 2 to an autonomous magma intrusion
that is independent of the initial pathways. (b) Inset in figure (a), with the extraction of a low-viscosity
magma migrating through open tension gashes and fractures in the metasediments.

The formation of magmas hyper-enriched in F, Li, and P was facilitated by the already
high concentrations of the muscovite granite facies. Additional processes are required as
outlined above, notably filter-pressing mechanisms expulsing these magmas with high
water, F, Li, and P contents, and very low viscosity, with these facilitating their extraction
from the crystallizing melt when subjected to lateral pressure. Once they have removed
themselves from the initial partly crystallised melt, they may migrate into the zones of
weakness open in the metasedimentary series. The crystallisation of the aplites and then
the pegmatites take place in a sub-closed system. Still, the rise in temperature at the same
time triggers convective processes which favour the arrival of fluids in equilibrium with the
metamorphic series and induce the elements necessary for the metasomatism of the initial
assemblages and, in particular, the crystallisation of the crandallite-goyazite series and
the late hydrous apatites. The percolation of late fluids with an essentially metamorphic
signature, which is mainly shown by the abundance of methane-rich fluid inclusions, has
been identified [58,59]. Unfortunately, this fluid event provoked quartz recrystallisation
and has erased all traces of previous magmatic fluids.

6. Conclusions

The aplites and pegmatites of Segura were formed from magma and fluids particularly
enriched in phosphorus, fluorine, water, and lithium. Compared with other highly evolved
granites, such as those of Argemela, Tres Arroyos, and Beauvoir, the concentrations of P, F,
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and Li in the aplites and pegmatites are higher than those in the other granites mentioned.
Their aluminium saturation index (ASI) is also higher.

The enrichment factors for these elements compared with peraluminous granites or
monzogranites are 1.5 to 5. These enrichments were made possible by favourable processes
such as extracting the low-viscosity magma from the crystallizing melt.

The formation of the dykes in the metasediments took place close to the main injection
site of the muscovite-rich granite, which is off-centre from that of the Cabeza de Araya
monzogranite. The opening of the foliation planes or fractures perpendicular to this plane
required sub-horizontal stresses during a major compression event linked to the opening
of the main muscovite granite feeder drain from the deep zones where the partial melting
of the metasediments occurs.

The paragenetic sequences were demonstrated using micro-X-ray fluorescence chem-
ical imaging and show the phosphates crystallise to be in the following order: Fe-Mn
phosphate > amblygonite (montebrasite) > lacroixite > crandallite-goyazite > apatite-Mn.
The alteration of the initial lithium-bearing phosphate assemblage is consistent with de-
velopments already described elsewhere, notably that of the crystallisation of lacroixite
at the expense of amblygonite, the formation of the crandallite—goyazite series at the ex-
pense of amblygonite, and hydrothermal apatite at the expense of albite and the earlier
phosphate phases.

The contribution of calcium and other divalent cations indicates the late involvement
of hydrothermal fluids external to the magmatic system.
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Abstract: The Aolunhua Mo deposit is a typical porphyry deposit, which is located in the middle
southern section of the Da Hinggan Range metallogenic belt. Here, we report LA-ICP-MS zircon
U-Pb age data from the Mo-associated granitoid, together with the element geochemistry of the
zircons, discussing the source material of the ore-forming rock of the deposit. The zircon data
constrain the crystallization age of the granite porphyry as 135.0 & 1.0 Ma, correlating it with the
widespread Yanshanian intermediate—felsic magmatic activity. The Th/U ratio of the zircon is greater
than 0.1, with a significant positive Ce anomaly (Ce* = 1.72-188.71) and a negative Eu anomaly
(Eu* = 0.05-0.57). The zircons show depleted LREE and enriched HREE patterns, as well as low La
and Pr contents, suggesting crystallization from crust-derived magmas. Based on the geology of
the ore deposit and the age data, in combination with the regional geodynamic evolution, we infer
that the Aolunhua Mo deposit was formed near the peak stage of Sn poly-metallic metallogenesis
in the Da Hinggan Range region at around 140 Ma, associated with a tectonic setting, characterized
by the transition from compression to extension. Based on a comparison with the newly found Mo
deposits along the banks of the Xilamulun River, we propose that the Tianshan-Linxi is an important
Mo-metallogenic belt. It also suggests an increased likelihood for the occurrence of Mo along the
north bank of the Xilamulun River.

Keywords: Mo-associated granitoid; metallogenic rock body; zircon trace elements; Aolunhua Mo
deposit; Da Hinggan Range; NE China

1. Introduction

Most of the important Cu, Mo, and Au deposits around the world are associated with
porphyry systems [1-8]. A series of porphyry-type Mo deposits include some giant world-
class deposits in the Central Asian metallogenic domain (CAMD), notably the Northeast
China Mo-Cu metallogenic provinces [9]. In Northeast China, the Da Hinggan Range
is an important poly-metallic metallogenic belt, hosting different types of hydrothermal
deposits [10-18]. A number of ore deposits, such as the Dajin Cu-Ag-Sn-Pb-Zn mineral
deposit, the Bairendaba Pb-Zn-Ag ore deposit, the Huanggangliang Fe-Sn ore deposit, and
the Baiyinnur Pb-Zn ore deposit [11,12,18-20], have been discovered in this region, all of
which are large or super-large ore deposits. Several previous investigations have addressed
the regional metallogenic series, including the regional metallogenic characteristics, the
kinematic background of metallogenesis, and the petrogenesis of the region [11-13,21-23].
The discovery of the Mo poly-metallic metallogenic belt on the south bank of the Xilamulun
River has attracted wide attention [24]. However, there are relatively few studies of
metallogenetic rule on the north bank of the Xilamulun River before the Aolunhua porphyry
Mo deposit was discovered [25].

The present paper aims to study a rare porphyry type Mo deposit that carries abundant
Mo metallogenetic elements, which is located along the north bank of the Xilamulun
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deep fracture belt. In the following, we present an analysis of mineralogical features,
zircon U-Pb geochronology and trace element geochemistry, and the major and trace
element geochemistry of the deposit-hosting granite porphyry. Based on these results, we
further estimate the age of the ore formation, and interpret the geodynamic setting of the
mineralization, both locally and regionally.

Spatially, the Mo-Cu ore deposits are clustered along margin fractures [26], such as the
Xilamulun deep fracture belt [27]. The deposits along the south bank can be divided into
three stages: a post-collisional orogenic stage at 250-220 Ma; a transitional geodynamic
stage at 180-145 Ma; and finally, a stage associated with the large-scale thinning of the
lithosphere at 140-120 Ma [28]. However, in the north bank, the ore-forming events
occurred mainly around 140-130 Ma, such as the newly found Hashitu porphyry Mo
deposit, with an ore-forming age of 148.8 £ 1.6 Ma [17,29], and the newly found Bianjia
porphyry Mo-Sn ore deposit, with a quartz porphyry formation age of 140 Ma (see Figure 1).
Combined with the geochronological data of the Aolunhua Mo-Cu ore deposit presented
in this paper, together with those from the existing literature [30,31], the Tianshan-Linxi
porphyry type Mo deposit can be considered as an important metallogenic belt, developed
during the peak stage of metallogenesis under an extensional tectonic setting on the north
bank of Xilamulun River, and may reinforce the interpretation of a large-scale thinning of
the lithosphere during that time.
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Figure 1. Simplified tectonic map of the southern Da Hinggan Range and its adjacent areas. Legend:
1—major fault; 2—boundary between countries; 3—fault numbers; 4—porphyry type ore de-
posits. @ Deep fracture of the north margin of the North China plate. @ Fault of the Xilamulun River.
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Asian Orogenic Belt; (C) Geological map of the Da Hinggan Range; (D) Aolunhua area geological map.
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2. Regional Geological Setting

The middle-south segment of the Da Hinggan Range is located within the collisional
suture between the Siberian and North China plates [32] and is a mineral concentration
district of the Cu-Sn-Mo poly-metallic metallogenic belt in North China (Figure 1).

The Aolunhua porphyry Cu-Mo deposit is located at the border of Alu-Kerqing Qi and
Zarute Qi, with geographic coordinates of E 120°12/00”-120°15'30"; N 44°31'00"—44°34/00".
The Hing-Meng orogen, where the Aolunhua deposit is located, is the eastern elongation of
the Central Asian Orogenic Belt, a composite orogen with an extensive history of accretion
and terrane amalgamation that spans the Paleozoic and Mesozoic [11,33-37]. The major
tectonic features of this region are fault structures. The near E-W trending Xilamulun River
fault is a major boundary fault (Figure 1). Magmatism was common throughout the history
of the region, including the Caledonian, Variscan, Indosinian, Yanshanian, and Cenozoic
events. Among them, the Yanshanian magmatic events were the largest in scale, and were
closely related to metallogenesis.

3. Geology of the Ore Deposit

The Aolunhua porphyry Mo deposit is located to the northwest of the Nenjiang faults
(Figure 1). The strata around the Aolunhua Mo-ore deposit mainly belong to the Linxi
group (Py) of the upper Permian and the Manketou Obo group (J, m) of the upper Jurassic,
as well as the Quaternary system (Figure 1D). The upper Permian Linxi group is mainly
composed of sandstone and hornfels derived from igneous intrusions. The upper Jurassic
Manketou Obo group is distributed in the northeast part of the ore area and shows a
disconformable contact with the underlying Linxi group. In the ore area, faults and folds
are weakly developed. However, the joints and fissures were filled with a hydrothermal
solution, forming a stock work of quartz veins [38], which provided enough space to host
the ore minerals of the Aolunhua ore deposit, where the strata were influenced by uplift
intrusions. The joints developed in the granite porphyry are conspicuously different from
those developed in the external contact zones. Due to the influence of the pre-metallogenic
faulting and the pre-existing gneissic structure, the joints in the external contact zones are
always steep, following the gneissic foliation, while, within the porphyry intrusion, there
are networks of quartz veins with many different orientations.

The ore body is hosted within the inner and external contact zones of the Aolunhua
granite porphyry intrusion. Mo and Cu are the two major metallogenic elements. The
Mo industrial ore bodies enclosed in the porphyry rock body occupy the main part of
the total reserve. It is especially enriched at the top of the rock body. The ore bodies are
well preserved, occurring as stockworks. A preliminary investigation showed that there
are two ore bodies, classified as the “upper” and “lower” bodies. The ore bodies in the
external contact zone are mainly ore-bearing quartz veins, which are controlled by joints
and fissures. The major mineralizations are molybdenitizations with the minor secondary
oxidation enrichment of copper. The variations in Mo-ore grade are rather large.

In the ore body, the major ore minerals are molybdenite, chalcopyrite, pyrite, and
arsenopyrite. The minor ore minerals are bornite, sphalerite, and galena. The vein minerals
include quartz, feldspar, calcite, chlorite, and kaolinite. The textures of the ore are mainly
granular, poikilitic, mosaic, porphyritic, and pseudomorphic. The structures of the ore
are mainly impregnation, vein, stock work, and banded [30]. The wall rocks are character-
ized by potash alteration, silicification, propylitization, phyllite alteration, and argillation.
Among the different types of alteration, potash alteration and silicification are most closely
related to metallogenesis.

4. Sample Features and Laboratory Studies
4.1. Sample Features

The wall rocks hosting the ore body are generally granite porphyry. Some fine-grained
porphyritic granodiorite and minor coarse-grained granites are also present. The transition
between different rock types is gradual. Sample ALO3 is a porphyritic granodiorite, col-
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lected from the quarry of the Aolunhua Mo-ore deposit. The rock is massive (Figure 2a),
grayish-white in color, and porphyritic in texture. Under the microscope, the rock is mainly
composed of plagioclase (35%—40%), K-feldspar (20%-25%), quartz (20%-25%), amphibole
(2%0-3%), and biotite (5%-7%). Minerals are homogeneously distributed with 15%-20% phe-
nocrysts, showing a porphyritic texture (Figure 3b) with a granitic groundmass (Figure 2c).
The phenocrysts are mainly composed of plagioclase, a few quartz, biotite, and amphibole
phenocrysts. Most of the phenocrysts are euhedral with partial irregular fringes. The pla-
gioclase phenocrysts are euhedral and platy, with prominent zoned structures (Figure 2b).
The quartz phenocrysts are granular, and the biotite phenocrysts are idiomorphic flakes
(Figure 2d), while the amphibole phenocrysts are euhedral and prismatic. The grain size of
the phenocrysts ranges from 0.5 to 1.0 mm. In the groundmass, granular textures are com-
mon, with the plagioclase showing some euhedral to subhedral forms, but mostly anhedral
forms. K-feldspars are anhedral, and quartz grains are anhedral granular, constituting the
granitic texture of the rock (Figure 2¢). Locally, K-feldspar and quartz intergrowths forming
graphic textures can be found. The grain size of the groundmass minerals ranges from 0.2
to 1.0 mm. The biotites distributed in the groundmass form subhedral-anhedral plates,
while amphiboles occur as anhedral short prisms.

Figure 2. Occurrence and mineral composition of granite porphyry in the Aolunhua deposit Mineral
abbreviations: Qtz—quartz, Kfs—K feldspar, Pl—plagioclase, Bi—biotite. (a) Granite porphyry
occurrence sample; (b) Photo under orthogonal polarization of granite showing PI, Qtz; (c) Photo
under orthogonal polarization of granite showing Kfs, Qtz; (d) Photo under orthogonal polarization
of granite showing Bt, P, Qtz.
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Figure 3. Cathodo-luminescence (CL) image of the representative zircons of the granite porphyries
from the Aolunhua Mo deposit. (a) no band; (b) crystalline band; (c) no band; (d) oscillatory band;
(e) no band; (f) oscillatory band.

4.2. Analytical Methods
4.2.1. Zircon U-Pb Geochronology and REE Elements Analyses

Twenty-seven granite samples were selected for zircon U-Pb dating. The zircon grains
were separated through standard gravity and magnetic methods, followed by hand picking
under the binocular microscope, all following the crushing of the rock sample. The zircon
grains were mounted onto epoxy resin discs, and then polished to expose their internal
texture. Before U-Pb dating, zircon grains were imaged under transmitted light, reflected
light, and cathodoluminescence (CL) in order to allow for the evaluation of their internal
textures. The most suitable grains were then selected for U-Pb analyses.

The U-Pb analyses were carried out with a laser ablation inductively coupled plasma
mass-spectrometer (LA-ICP-MS), housed at the China University of Geosciences (Beijing,
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China). The ICP-MS is made by the US Agilent company, and the mass spectrometer is
of the 7500a type. The laser apparatus, of type number UP193SS, was made by the New
Wave company in the USA. The laser wave length, laser spot diameter, and frequency were
193 nm, 36 pm, and 10 Hz, respectively, while the pre-ablation and ablation times were 5 s
and 45 s, respectively. During the experimental process, He-gas was used as the carrier
with a flow velocity of 0.8 L/min. The element integration time is 20 ms for U, Th, and
Pb, 6 ms for Si and Zr, and 10 ms for the other elements. Raw data were processed
using the GLITTER 4.41.1 program to calculate isotopic ratios and 2%’ Pb/20Pb, 206Pb /2387,
207Pb /235U ages, respectively. The age calculation uses standard zircon TEM as the external
standard for the correction of the isotope ratio. Standard zircon 91500 [39] and Qinghu
were used as monitoring blind samples, the element contents are calculated by using the
international standard NIST610 [39] as an external standard, and Si as an internal standard,
NIST612 and NIST614 [39] are taken as monitoring blind samples. The correction of 2Pb
follows ref. [39]. Each analysis is reported at 1o uncertainties, and isoplot 3.0 was used to
calculate the U-Pb ages, as well as to make the Concordia plots [40].

4.2.2. Whole-Rock Geochemical Analyses

Fresh granitoid samples for elemental analyses were first trimmed and chipped, and
then powdered in an agate mill to about 200 mesh for analyzing. The analyses of major
elements were conducted on the basis of Rock Samples from the United States Geological
Survey. The analyses of silicate petrochemistry were conducted by X-ray fluorescence
spectrometry. The analysis apparatus is a Phillip X-ray fluorescence spectrometer PW 2014.
The analytical precision and accuracy for most major elements measured are generally
better than 5%. FeO was analyzed by the titration method, with a standard deviation less
than 10 percent. The analyses of trace elements were conducted, according to the general
rule of the ICP-MS method; the apparatus used was an HR-ICP-MS (element 1), made
by Finigan MAT. Rhodium was used as an internal standard to monitor any signal drift
during counting. The analytical error is generally less than 5% for trace elements. The
analyses were conducted in the Analytical Center of the Geological Institute of the Ministry
of Nuclear Industry. The analytical results are given in Table 1.

Table 1. The component of macro-elements (wt.%) and trace elements (1070) of granites from

Aolunhua deposit.
Rock . Fine- . Fine- Fine- Rock . Fine- . Fine- Fine-
Types O diorite " Granodiorite  Gramodiorite | DPes O ORI e ™™ Granodiorite  Granodiorite
Sample Sample
Num- AL-01 AL-03 AL-05 AL-03-1 AL-03-2 Num- AL-01 AL-03 AL-05 AL-03-1 AL-03-2
bers bers
AL O3 12.87 13.30 12.93 10.64 12.21 Rb 116 97.1 125 113 115
Si0, 73.03 71.04 70.00 77.05 74.41 Sr 466 431 233 409 453
CaO 1.55 224 272 1.08 1.54 Zr 66.4 72.8 63.0 56.1 65.8
K, O 4.37 4.19 4.04 4.76 4.48 Nb 4.20 5.32 5.49 4.84 5.34
TiO, 0.30 0.42 0.42 0.26 0.34 Hf 221 2.66 243 1.68 2.02
Fe; O3 2.30 2.95 3.23 1.05 1.47 Ta 0.402 0.438 0.416 0.361 0.401
MgO 0.61 0.81 0.78 0.51 0.69 w 25.1 3.10 15.8 12.4 11.4
Na,O 3.92 4.37 3.04 2.98 3.56 Re 0.043 0.018 1.95 0.578 0.187
MnO 0.031 0.038 0.032 0.028 0.022 Tl 0.672 0.526 0.884 0.596 0.504
P,05 0.18 0.18 0.16 0.09 0.12 Pb 37.3 229 36.5 21.0 9.74
FeO 0.90 2.10 1.90 0.65 1.20 Th 5.46 6.61 5.34 4.12 4.61
LOI 0.58 0.24 2.32 1.23 091 Bi 1.33 1.19 19.7 2.53 1.04
Total 100.641 101.878 101.572 100.328 100.952
Li 9.93 13.2 21.7 8.47 9.01 18] 0.990 7.15 1.58 2.28 1.73
Be 222 1.90 1.28 1.99 2.03 Dy 1.66 1.66 1.87 1.56 1.48
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Table 1. Cont.

Rock
Types

Granite

Grained Granite Grained Grained
Granodiorite Granodiorite Granodiorite

Fine- Fine- Fine- Rock Fine- Fine- Fine-
oc Granite Grained Granite Grained Grained

Types Granodiorite Granodiorite Granodiorite

Sample
Num-
bers

AL-01

Sample
AL-03 AL-05 AL-03-1 AL-03-2 Num- AL-01 AL-03 AL-05 AL-03-1 AL-03-2
bers

Sc

7.14

7.25 4.42 2.59 3.17 Ho 0.296 0.296 0.311 0.249 0.273

29.6

33.0 32.6 26.7 34.8 Er 0.816 0.880 0.855 0.685 0.762

4.19

4.56 5.89 8.36 8.17 Tm 0.135 0.129 0.135 0.118 0.136

3.54

4.06 7.27 1.63 2.48 Yb 0.815 0.871 0.839 0.724 0.714

2.46

29.6 3.10 0.928 1.30 Lu 0.141 0.131 0.135 0.106 0.111

275

7069 2852 142 221 Y 9.00 8.73 9.16 8.40 8.31

114

5339 212 52.3 31.3 B 2.40 1.27 439 2.06 2.26

17.6

18.7 17.6 16.5 17.1

’“Pbl"'l.'

0.034

5. Results
5.1. Zircon U-Pb Geochronology

The selected zircon grains are colorless, transparent-to-pale yellow, and euhedral, with
a typical elongated prismatic shape (Figure 3). The Th/U ratios of the grains are greater
than 0.1 (Table 2), indicating a magmatic origin [41]. Their magmatic origin is further
supported by their typical magmatic oscillatory zoning under cathodoluminescence (CL)
images (Figure 3). The lack of a core-mantle structure and deuteric alteration shells suggests
the zircon crystals were originally crystallized from a common magma. Therefore, the age
of the zircons could represent the timing of magma crystallization. A total of 27 zircon
grains were analyzed from the granite porphyry sample, and the results are given in Ta-
ble 2. The contents of Th and U are greatly variable, ranging from 18.46-467.96 ppm and
28.96 ppm-768.17 ppm, respectively. On the U-Pb concordia diagram (Figure 4a), all data
are plotted along the concordia line or near to it, showing a high degree of concordance,
without any loss or addition. The 2°°Pb /238 U-Pb age of the zircons varies from 131 Ma to
140 Ma (Figure 4a,b). The zircon ages range from ~140 Ma to 130 Ma, documenting the his-
tory from the magma emplacement to the crystallization. The large range of zircon ages that
reflect the magma evolution history have also been reported in the Adamello Intrusive suite,
N. Italy [42], and Acadian deformation and Devonian granites in northern England [43].
The analytical results accurately represent the crystallization age of the granite porphyry.
Zircon U-Pb dating results indicate that the granite porphyries, which are closely related
with the Aolunhua Mo deposit, are products of Yanshanian early Cretaceous magmatism.
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Figure 4. LA-ICP-MS U-Pb age concordia (a) and the weighted mean age histogram (b) of zircons
from fine-grain porphyritic granodiorite (sample AL 03).

166



Minerals 2024, 14, 226

12°0 Lyl 8 9¢l € Pel ¢l 1581 9£900°0 0€000'0  ¥60C0°0  SCI00'0 €€6ET°0  CEE000 96870°0 9409 G¥'66E  00LF 0C9C  CTLY 0€-€0TV
Ly0 (4] A 8¢l < 8¢l L2l vl 282000 £€000°0  £S1¢0°0 199100 <¢PSPI'0  88T00°0 0€¢s0°0 peLIT 009G 920 6¥S0  8T°0L 6C-€0TV
670 Ly 9 6¢€T 4 0¥1 191 8¢T 0€£00°0 9€000'0 881200 906000 T99¥T'0 <CELO00 6CLY0°0 L0€ve 14991  TCl'c 0T91T  61°0¢ 8C-€0TV
o Eias ¥ qet 4 ael 9¢1 8¢l 812000 6€000°0 911200  €9£00°0 18I¥T'0 88€00°0 €48Y0°0 98y CI'¥0Cc 099 0cce  1V1v LTE0TV
g0 448 8 Gel 4 9¢1 448 148 €0200°0 ££000°0  €€1¢0'0 199100 G4Cv1'0  €¥100°0 98700 e'acy  12cec 098 0961 ¥99¢ 9¢-€0 TV
120 (tigs 8 (418 4 1cl vl Gl 969000 $€000°0 090200 S8L10°0 S¥P8ET'0  85¢00°0 888700 1geqc ccesl  1cce  6II'T 96°0C Ye-€01v
€40 LS1 A vl < 6€1 9¢l 8.1 82000 0€000'0 641200 COL10°0 ¥I6¥L'0 9¥100°0 65870°0 aLove 09'6vc  0I¥e  LE9T  68°6C €Ce01v
19°0 8¥1 9 Ui} < Ui} ¢l 0€T €€200°0 1€000°0  <¢0Cc0'0  S8I10°0 99/¥1°0 9€C00°0 65870°0 8I¥0C CI'vcl 9191 ¥660 €¥'81 CCe01v
90 171 < 9¢T 4 9¢T €6 148 00£00°0 8€000°0 9€120°0  ¥C900°0 06¢¥T'0 ¥1S00°0 a8v0°0 96'8C  9¥'8T 9TC0 €10 6%C 1C-€01V
9470 9¢1 6 8¢l 4 (498 96 99 ££900°0 6€000°0 €9020°0  TE800'0 99¥€T'0 12000 8¢6¥0°0 81'CyS 19012 08Y'8 09¢C TViv 0C-€0TV
190 el [48 /cl 4 1€l 19 69 §9900°0 1€000°0 990200 866000 64£€1°0  ¥1S00°0 €9670°0 L189L 96'L9%  019'G  08C¢ €479 81-€0TV
€90 [48 48 €€l 4 €el /cl 8¢l 969000 $€000'0 880200 685000 S86E£1°0 002000 €9870°0 06’965 Le6lc  018'€  009C  6Vev L1-€0TV
G40 Pel ) ¢l € 1€l 0 Ly1 £9900°0 ¢r000'0 990200 88200°0 <T68ET'0  CELO0'0 58700 €0'ges  80'¢Gly 098%v 0LFV'C G6'Sh 91-€0TV
91°0 171 A 8¢l < acl ovl 181 02000 Ge000'0  €¢lc0’0  8¥ET00 Pes¥l’'0 852000 ¥EL¥0°0 1906 9097 1990  P¥6Cl  99°€C qlI-e01v
vo 171 L qet 4 Per €L LET 102000 6€000°0 801200 999000 08IF¥T'0 902000 02Lv0°0 60248 9%'69T 60T FCLT  SOCE c€I-e0IvV
LS50 448 S 8¢€T 4 8¢T r44 548 ¥0£00°0 8€000°0 891200  60¥00°0 1¥S¥1'0 0¥100°0 898700 €9'6/5 ¥Leee  OI1y  0cLC Sy og Cl-€01vV
9%°0 91 01 el 4 LET 98 (tj8 LLL00°0 9€000'0 T¥1C0°0  €9£00°0 1C¥¥1'0 L¥100°0 668700 9’061 8298 ¢6€l 820l 1681 11-€01V
€70 1wl 0t A, € 9¢l °i4 91 00£00°0 €7000°0 ¢€1C00  6¥00°0 6610 S9¢00°0 126¥0°0 19'19¢  6S'6¥V1  €€8'1 €€9'1  GT0¢€ 01-€0TV
790 6€1 6 [44> < ¢l 0 66C 269000 €€000'0  ¥£020°0  0€900°0 <T96¥1L'0 S0TO00 S96870°0 7e9s 0479€  OvPY  064'C  OF'LP 60-€0TV
90 €71 9 1€l < acl g6 9 112000 £€000°0  ST1C0'0 18000 S64ET'0 892000 8/8¥0°0 vy drell TVl 696’1 9L'L¢ 80-€0TV
70 a8 45 qet 4 aet 901 qer TeL00°0 070000  CI20°0 806000 /¥CFI'0 L6C000 488700 69°19€ T6F9T 980T 9I9T  800¢ £0-€0TV
LL0 448 9 cel 4 el 78 0T G0200°0 6€000'0 €60C0°0  0¥£00°0 €€0¥1°0 <CFC000 €8870°0 89°90F 88'¢lc 088¢ I¥8T FETE 90-€0 TV
LE°0 (tigs 14 9¢1 4 9¢l £9 8€T 969000 G€000'0  €€120°0  ¥0900°0 <¢ee¥1'0 102000 968700 cr'68C ¥0901 6Tl 6¢€T  067C G0-€0TV
960 9¢1 8 9¢l 4 el S0T 8G1 ££900°0 9€000'0 01200 L6000 98CHI'0 662000 0€¢S0°0 £9°€9%y  99'8G¢ 090t O¥I'C I¥'6E ¥0-€0TV
190 €71 14 acl < acl i 6Cl <1000 6€000'0 911200  91¥00°0 ¥8I¥L'0 SFI000 6CL¥0°0 8¢8Iy 88'1IC 079C 'l GLSE €0-€0TV
090 448 8 (4 < acl 911 18 S0£00°0 0€000'0 911200 026000 868CT'0  81E000 €48¥0°0 paLee  1€°4L1 16l'T ¥09'T  99°0¢ 20-€0TV
€70 0%1 6 LET 4 Per 611 88T £6900°0 £€000°0  £0TCO'0  910T0°0 <T8PPI'0  TEL000 98700 €99¥E €L6V1  T€8T  0C9T  6¥6C 10-€01V
ULzed/ddgez  ©O1 Ngeg/9dsoz O Nge/9door OL Adooz/9d 0z ULzez/Ud g0 OL Nger/9d ooz OL Neer/Ud 0z OL  Adooz/d soz Ngez  Ulzer Adgoz  Adzoz  Adoor squINN

VAL eA/R3Y soney (8/81)/syuayuo) apdures

‘enyun[oy jo ¢y o[dwres ur uooirz s3urs 105 sadojost q - Jo synsaz Sunep ayJ g d[qeL

167



Minerals 2024, 14, 226

5.2. Zircon Trace Element Geochemistry

Using the method proposed by [6], after eliminating 3 of the granodiorite samples of
zircon trace element data, 30 analytical points of trace element data are left for study. The
contents of the trace elements in zircon from the Aolunhua granite porphyry are given in Table 3.
Their distribution (Figure 5a) indicates that the zircons are enriched in large ion lithospheric
elements of Th, Zr, and Hf, and have a strong negative anomaly of La, Nd, and Ti. The chondrite
normalized REE distribution patterns of zircon (Figure 5b) show that all of the analytical results
are depleted in LREE and enriched in HREE, and the Aolunhua granodiorite zircon samples
show a prominent Ce positive anomaly (Ce* = 1.72-188.71) and prominent Eu negative anomaly
(Eu* = 0.05-0.57). The zircons are high in ZREE (299.02 x 107°-2548.68 x 10~°) and have a
high degree of variation, which are characteristic of a magmatic origin [44].

Table 3. Trace element analyses of zircons from fine-grain porphyritic granite of Aolunhua deposit
(*9Zr, 178Hf wt%, others 107°).

ALO3-1  AL032  AL03-3  AL03-4  AL03-5  ALO3-6  AL037  ALO3-8  ALo39 AL ALOS- AL ALDS- apg3qq4  AL03s
O 3.03 2.87 3.32 2.42 2.15 2.60 7.32 2.49 2.82 2.74 1091 2.94 2.73 695 3.63
®y 110039 132841 113430 116577 79649 154133 143176 47155 103842 113644 102077 143696 105842  1277.40 373.79
N7y 4912556 4822742 4923333 4814789 4756689 4794585 4695242 4767596 479,041 4710364 4757405 4608168 472,8442 4750969  469,188.0
BNb  4.030 4830 5.330 5.720 2,500 3.000 2,610 1210 4,600 2.790 2.600 7.080 2.710 1.000 0.954
¥, 07780 00447 42000 01190 00333 00218 00469 00120 21600 02970 00320 01290 02950  0.9790 1.2500
W, 2644 33.11 13.62 31.86 19.09 4833 16.23 13.42 4195 21.66 19.30 3828 23.80 7.37 5.90
Llp, 01840 009970 15700 00800 003470 01540 02850 00460 06720 01740 00610 01020 01610  0.6280 0.5160
uoNg 1720 1.900 8.600 1.230 0.684 4130 5.720 0.436 4900 1.620 1,580 1610 1.950 6.670 2,900
W 316 5.59 511 3.90 2.03 9.76 1341 1.08 499 3.98 411 473 3.94 9.55 3.07
18E, 0877 1380 1327 1275 0.731 2.880 3.590 0.608 1.384 1.100 1.147 1.298 1235 1.830 0.399
1G4 1861 27.05 20.60 2413 13.06 48.99 52.29 6.87 21.40 2171 20.16 27.66 2120 14091 13.90
59T, 7.4 9.88 7.77 8.75 512 15.69 16.39 2.67 7.41 8.34 7.47 10.73 7.90 13.03 165
8py 9701 12236 10091 10967 6572 16849 17015 3516 9218 10692 9312 13633 9845 14638 4511
165H,  37.69 4596 38.61 4141 26.82 5448 5226 14.07 3458 4059 3492 50.65 37.46 149.19 12.19
g, 17227 20310 17673 184690 12445 21497 19473 6962 16181 18072 15547 21866 16439 19464 4624
16Ty 45.13 51.88 4597 4679 3333 51.10 43.99 2024 4167 45.44 4038 5547 4211 45.06 1090
72yp 53518 61711 55100 54779 42297 58125 47564 28362 51219 52858  477.09 63711 49208 48527 128.23
Sy 10005 11443 10237 10196 8401 10586 7824 6512 10136 9548 8844 117.67  90.63 87.80 23.77
USHE 933411  9017.03 1005696 9951.02 935605 926137 826311 991720 974866 899879 794622 1005413 920008 601905  8618.70
B, 1108 1211 1.500 1.610 0.734 0.674 0.798 0.397 1.250 0.926 0.762 1.740 0.877 0.424 0.480
®2rn 14973 17731 21188 25855 10604  313.88 16492 11342 36470 14959 8678 33374 16946 67.59 46.05
BBy 34653 35754 41838 46367 28912 40658 35159 44243 56944 35161 19036 57963  377.09  139.77 29051
Ce* 1604 8134 3.99 7343 11601 85.12 15.32 75.95 8.16 2181 75.67 73.07 25.19 211 172
Ew 028 0.29 0.35 0.31 0.38 0.33 0.37 0.52 0.35 0.29 0.32 0.27 0.33 0.24 0.16

T e
O 372 3.83 3.32 12.42 7.05 11.01 11.40 2.63 2.03 2.33 3.88 3.57 2.90 6.13 392
#y 142071 165160 198524  808.60 328652 72115  1569.56 93491 57098 108491 135921 151620  980.03 97357 1396.37
N7y 4651313 4604739 4624325 4674105 4630558 4767148 4699925 4667708 4634361 462,163.6 4787522 4685437 4827004 4866415  48,9760.7
BNb 5250 8.460 9.950 0.677 4260 0.831 3.100 3.740 2.240 4290 5.550 7.800 3.510 2.630 5.980
B0, 14900 02700 01170 11300 00760 00174 05410 00522 00720 00111 00390 00228 13700  0.0195 0.8830
WCe 4110 4118 55.61 9.51 67.41 599 216 30.18 23.38 12.34 39.94 3597 32.66 12.05 4158
Wip, 03190 01450 01100 06380  0.8260 00820 02850 00380  0.0361 00633 00670 00460 03700  0.0670 0.2730
usNd 324 1.97 2.30 5.68 15.06 1.40 3.24 118 0.799 132 156 0.97 2.26 151 2.84
W 610 547 7.57 7.83 30.49 342 7.15 321 2.30 3.87 486 3.90 3.04 446 5.6
g, 1.920 1610 2.360 2.800 8.160 1.590 2,600 1.269 0.882 0.199 1.630 1.205 1124 0.953 1.590
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Table 3. Cont.

AL03- AL03- AL03- AL03- AL03- AL03- AL03- AL03- AL03- AL03- AL03- AL03- AL03- AL03-

16 17 18 19 20 21 2 23 24 25 26 27 28 29 AL03-30
1G4 32.30 3450 4397 2060 11502 1554 36.74 17.36 13.01 244 28.33 23.40 17.49 2128 28.99
1, 1138 12.89 16.55 8.64 3521 5.64 13.34 6.40 444 8.56 10.37 9.96 6.69 8.03 10.59
0Dy 13856 16386 20252 9063 37149 6859 15720 8255 5364 11033 12974 13280  85.17 96.29 130.07
165H  50.40 5037 73.14 3023 11831 2566 56.19 3152 2004 4138 1763 51.92 3294 35.80 4871
66, 21657 25455 30376 11921 44970 11319 23353  142.86  88.65 17682 20886 24048 15189 15534 21535
66Ty 54.05 63.27 73.96 28.19 99.14 28.36 56.42 37.61 257 4227 51.69 62.62 4124 37.72 5459
2y, 64415 70851  817.84  313.02 106586 32756 62293 46545 28164 46854 60231  747.83  509.66  426.10 637.30
7L, 11893 12139 13634  57.87 17193 6199 11133 9136 53.03 8136 10705  139.08 10382 7749 119.44

178Hf  9204.88 9583.04 9201.58 6589.12 7582.62 6711.38 7167.53 9346.73 9878.15 9320.66 9328.82 9310.72 9502.13 8372.76 9474.74

BT, 1160 2350 2550 0.150 0975 0.187 0.736 0.845 0.684 1.500 1.550 1.950 0.795 0.673 1.490
W27y 41508 31927 467.96 35.43 710.61 18.46 124.12 2495 17922 10743 23271 20412 16671 55.00 399.45
B8y 55505 59590  768.17 27.25 542.18 28.96 20418 34075 25351 27921 42582 48642  343.07  117.34 560.76
Ce* 13.52 48.08 91.94 257 22.53 19.33 13.06 15050 10655 52.26 14008 18871 10.66 46.35 19.84
Eu* 0.34 0.28 0.31 0.50 037 057 0.40 0.42 0.39 0.05 0.34 0.30 0.37 0.25 0.32
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Figure 5. Primitive mantle normalized trace element spider diagrams (a) and the chondrite normal-
ized REE patterns (b) for zircon grains from the Aolunhua granodiorite.
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5.3. Whole-Rock Geochemistry
5.3.1. Major Elements

The Aolunhua granite porphyry samples (AL01, AL03, AL05, AL03-01, AL03-02) have
SiO; contents ranging between 70.00%—77.05%, Al,O3 contents of 10.64%-13.30%, K,O
contents of 4.04%—4.76%, and NayO contents of 2.98%—4.37%, indicating that they are acidic
and K-rich. The Al saturation index (A /CNK) ranges between 0.838-0.916. On the diagram
of A/CNK-A/NK, the Aolunhua samples display a meta-aluminous series, similar to the
characteristics of I-type granites. On the R1-R2 diagram, these samples plot in the field of
syn—orogenic granites (Figure 6b).

a 1 Mantle fractionates li
| 2 Pre-plate collision
. 2000 3 Post collision uplift !
- Peraluminous 4 Late-orogenic
Metaluminous 3 Annangemio
6 Syn-collision
1500 7 Post-orogenic /
~
24
| 1000 [ 3
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Figure 6. The A/CNK-A/NK (a) and R1-R2 (b) diagrams for rock samples from the Aolunhua
deposit. In (b): 1—mantle differentiation; 2—pre-collisional; 3—post collisional uplift; 4—late
orogenic; 5—non-orogenic; 6—syn-collisional; 7—post orogenic.

5.3.2. Trace Elements

The trace element content of the Aolunhua granite porphyries (AL01, AL0O3, AL05,
AL03-01, AL 03-02) are given in Table 1. The prominent characteristics of the samples are
their enrichment in Rb, Th, etc., with Rb variations in the range of 97.1-125 ppm, and Th
variations in the range of 4.12-6.61 ppm. The Hf, Y, and Yb concentrations are low. The Hf
content ranges from 1.68-2.66 ppm. Y varies from 8.31 ppm to 9.16 ppm, whereas Yb varies
from 0.714 ppm to 0.871 ppm.

6. Discussion
6.1. The Chronology of Petrogenesis

The accurate determination of the chronology of petrogenesis is important in under-
standing the genesis of an ore deposit. The zircon isotope system is a reliable method
to obtain the age of petrogenesis. Therefore, the results are quite reliable. The present
study has found the zircon U-Pb LA-ICP-MS crystallization age to be 135.0 £ 1.0 Ma. As
viewed from the perspective of metallogenesis, the ore deposit is directly hosted by the
contact zone between the granite porphyry body and its wall rocks, which is closely related
in space with the granite porphyry. Therefore, the study of the characteristics of the ore
deposit and the metallogenic geochronology suggest that the Aolunhua ore deposit is the
product of the Yanshanian intermediate—felsic magmatic hydrothermal activity.

The crystallization age of the Aolunhua ore-bearing granite porphyry, i.e., 135.0 & 1.0 Ma,
as presented in this paper, is nearly identical to the zircon U-Pb SHRIMP age of 134 & 4 Ma
obtained by [30], which suggests that the magmatism originated at about 130 Ma. In addition, the
Re-Os isochron age of 131.2 4= 1.9 Ma was obtained for the Aolunhua porphyry Mo deposit [45].
In the Banlashan Mo deposit, 50 km SW of the Aolunhua Mo deposit, the crystalline age of
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the granite porphyry is dated at 131.1 4= 1.8 Ma [27]. Additionally, the Yangchang Mo deposit
provides an isochron age of 138.5 &= 4.5 Ma for two groups of molybdenite [46]. The ages are also
close to the petrogenic age of the Aolunhua Mo deposit. It is clear that the deposits are products
of the intensive Cretaceous tectono-magmatic activities, which also confirms that the large scale
magmatism-fluid-metallogenic events developed in Da Hinggan Range, and even in East China,
happened at around 130 Ma [46,47].

Besides the geotectonic situation of the Aolunhua Mo-deposit at the north of the
Xilamulun River deep fracture belt, the discovery of the Banlashan and Yangchang Mo-
deposit further confirms that the southern section of the Da Hinggan Range not only hosts
large scale, mainly Cu, Sn, Pb, and Zn ore deposits, but is also an excellent prospect for
further exploration of mainly Mo-metallogenic element deposits in this region.

6.2. The Tracer Significance of Trace Elements in Zircon

The trace element composition in zircon is important for developing a proper under-
standing of the petrogenesis of zircon and its host rocks. The contents of the trace elements in
zircon from the Aolunhua granite porphyry are given in Table 3. The hydrothermal zircons
are believed to precipitate from aqueous fluids, in most cases, at relatively low temperatures,
rather than from magmas. The Th content of the zircon is 18.96 ppm~-710.61 ppm, and the U
content is 27.25 ppm-768.7 ppm; thus, the relevant Th/U ratios range from 0.6-0.76 (larger
than 0.1), indicating a magmatic origin [44,46]. There are local testing sites higher in U content.
Chakoumakos et al. [47] studied zircons from Sri Lanka and found that the metamict domains
in zircon had a very high U-content. The average U content is 3000 ppm. After studying
different zircon samples from the Adirondack terrain, Valley et al. [48] found that the highly
magnetic, high metamictized zircons had higher U contents than those of low magnetism and
weak metamictization. All research results show that the metamict domain in zircon is high in
U content.

The REE distribution patterns of zircon from Aolunhua granite porphyry are shown in
Figure 5b. The XREE values are high and the variation is large, ranging from
299.02 x 107° to 2548.08 x 10°. All of the analytical spots show a prominent Ce pos-
itive anomaly and an Eu negative anomaly (Figure 5b), with a large variation range:
Ce* = 1.72-188.71, Eu* = 0.05-0.57 [49,50], which are within the range of crust-derived
zircons [51]. Unlike other REEs that have only +3 valency, Ce and Eu commonly have
two oxidation states in terrestrial magmas, and zircon more preferentially incorporates the
oxidized cations Ce** (0.97 A) and Eu®* (1.07 A) into the Zr** (0.84 A) site of its structure
than the reduced Ce®* (1.14 A) and Eu?* (1.25 A) [49]. Thus, high Ce** /Ce>* and Eu/Eu *
ratios usually reflect the high oxygen fugacity (fO2) of the parental magmas.

In addition, all of the testing spots show the characteristics of enrichment in HREE
(Figure 5b). According to [44], if the range of variation of the LREE in recrystallized zircon
is clearly larger than that of the HREE, it can be interpreted as the result of the greater
instability of LREE in the zircon. It is obvious that during recrystallization, LREE in zircons
are easier to drive out of the zircon lattice, leading to a decrease in LREE contents. The low
contents of La and Pr and the Ce positive anomaly are characteristic of REE in crust-derived
magmatic zircons.

6.3. The Tectonic Setting of the Formation of Ore-Bearing Intrusive Body

The major ore-hosting igneous rock in Aolunhua is fine-grained porphyritic gran-
odiorite, and chronological studies show that the porphyritic granodiorite zircon dating
yields the age of 135.0 £ 1.0 Ma. The petrochemical data indicate that the Aolunhua
Mo-deposit porphyritic granodiorites are meta-aluminous. On the R1-R2 discrimination
diagram (Figure 6b), they plot into the field of syn-collisional granites. However, for the
plots on the (Yb+Nb)-Rb diagram (Figure 7a), the Aolunhua ore-bearing igneous rocks
plot on the boundary between the syn-collisional (Syn-COLG) and the volcanic arc granite
(VAG) fields. The plots on the Y-Nb diagram (Figure 7b) are within the field of the volcanic
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Figure 7. The (Yb+NDb)-Rb (a), Y-Nb (b) and Y-Sr/Y (c) diagrams for rock samples from the Aolun-
hua deposit.

Previous studies have shown that the southern segment of the Da Hinggan Range
experienced partial subduction and continent—continent collision in the Paleo-Asian Ocean,
between the North China and Siberian Paleo continents, which formed the Hing-Meng
orogenic belt [52]. In recent years, more studies have confirmed that the collision between
the Siberian and North China plates likely happened in the mid-late Permian period and
continued to the mid Triassic period. By the late Jurassic period (150 Ma), the western
segment of the Mongol-Okhotsk ocean had closed, and the continental collision ended [53].
For the Da Hinggan Range in northeastern China, the NNW subduction of the Izanagi
plate beneath the Eurasian plate triggered intensive magmatism and a mineralization event
in this region, which is the most important tectonic activity in the Mesozoic [28].

After the conclusion of the Da Hinggan Range orogeny, the crust of the southern
segment of the Da Hinggan Range gradually experienced a transition to an extensional
setting. On the R1-R2 discrimination diagram, the granite porphyries of the Aolunhua
Mo deposit mainly plot into the syn-collision field, whereas on the Y-Sr/Y diagram, they
plot into the field of adakaite, indicating that the petrogenesis occurred under rather high
pressures. Combining this knowledge with the petrogenic age of 135.0 & 1.0 Ma obtained
in this study, these results suggest that the tectonic setting of the magmatic rocks in the ore
area was in transition between a compression-orogenic and extensional back-arc regime.
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Moreover, Wang et al. [54] proposed that block margins and suture zones are preferred
settings for large scale metallogenesis. The main metallogenic pulse formed in response to
the magmatic activity and minerogenesis, during which an extensional back-arc regime
was developed in the Xilamulun area, following accretionary orogenesis and the thickening
of the continental crust.

In fact, at this regional, the large-scale porphyry-type Mo mineralization was dom-
inated by a tectonic-magmatic event: slab rollback, accompanied by related lower crust
delamination, asthenospheric upwelling, and lithospheric thinning in eastern China during
the Cretaceous era (140-90 Ma). Although old crustal material may have been involved
in the genesis of Mo-forming magmas, the partial melting of the juvenile lower crust pro-
vided significant contributions. In addition, other factors, including high magma oxygen
fugacity, the efficient exsolution of metal-bearing fluids from magmas, and the boiling or
immiscibility of fluids, may have played a fundamental role in the Mo enrichment and
subsequent mineralization [9]. The Mo minera lizations of the Aolunhua deposit, the
Banlashan deposit, and the Yangchang deposit occurred within or near the Cretaceous
intrusive stocks. The geochronology of the ore-forming and intrusive rocks is consistent.
Therefore, there is a close spatial and temporal relationship between the Mo mineralization
and Cretaceous intrusive stocks in DHMP. The Mo mineralization took place in Cretaceous
regional volcanic-magmatism. It is consistent with the fastigium of lithospheric thinning in
North China.

7. Conclusions

(1) The zircon U-Pb LA ICP-MS age of 135.0 = 1.0 Ma for the granite porphyry of the
Aolunhua Mo deposit of Inner Mongolia indicates that the granite porphyry is the product
of early Cretaceous magmatic activity.

(2) The Th/U ratio of the zircon from the ore-bearing igneous body of the ore deposit
is greater than 0.1, with a prominent Ce positive anomaly (Ce* = 1.72-188.71) and an Eu
negative anomaly (Eu* = 0.05-0.57), indicating typical magmatic zircon, with depletion
in LREE and enrichment in HREE, and low La and Pr contents. The positive Ce anomaly
reveals the characteristics of a crust-derived magmatic zircon.

(3) The Aolunhua ore-deposit is formed within the Cu-Mo metallogenic belt at
the northern flank of the Xilamulun River deep fracture, which constitutes the Linxi—
Tianshan Cu-Mo ore deposit belt and was formed during the peak stage of metallogeny at
140 Ma, caused by the magmatic activity, developed during the transitional stage between
compression-orogeny and back-arc extension.
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Abstract: The Yongfeng composite granitic pluton, located in the southern section of the Nanling area,
is composed of the Yongfeng and Longshi biotite monzonitic granites. In order to reveal the genesis
of this composite granitic pluton and its relationship with mineralization, this study conducted
zircon U-Pb dating, whole-rock major and trace element analysis, and biotite electron probe analysis.
The results show that the Yongfeng composite granitic pluton is rich in silicon and alkali, weakly
peraluminous, and poor in calcium and iron. It shows the enrichment of light rare earth elements
and a significant fractionation of light and heavy rare earth elements. It also shows the enrichment of
large ion lithophile elements and depletion of Ba, K, P, Eu, and Ti relative to the primitive mantle. The
contents of TFe;O3, MgO, CaO, TiO,, and P,Os are low and decrease with increasing SiO; content.
The Yongfeng composite granitic pluton does not contain alkaline dark minerals. Its average zircon
saturation temperature is 776 °C, average TFe,O3/MgO is 4.81, and average Zr + Nb + Ce + Y is
280.6 ppm, which correspond to a highly fractionated I-type granite. The Yongfeng and Longshi
granites were respectively formed at 152.0 £ 1.0 Ma-151.3 £+ 1.1 Ma and 148.9 + 1.2 Ma. They
were formed in the extensional tectonic setting during the post-orogenic stage, under the control
of the breakup or retreat of the backplate after the subduction of the Pacific Plate into the Nanling
hinterland. The magmatic system of the Yongfeng composite granitic pluton is characterized by high
fractionation, high content of F, high temperature, and low oxygen fugacity, which is conducive to
mineralization of Sn, Mo, and fluorite.

Keywords: Yongfeng composite granitic pluton; highly fractionated granite; zircon U-Pb dating;
granite petrogenesis; tectonic setting; southern Jiangxi Province

1. Introduction

The Nanling region is an important mineral deposit area in China because it features a
wide distribution of granites that are rich in non-ferrous and rare metal mineral resources,
such as W, Sn, Li, Be, Nb, Ta, and U. In this region, mineralization is spatially related
to the widespread intrusion of highly fractionated granites [1]. After undergoing high
crystallization differentiation, granitic magma becomes enriched in volatile components,
REEs, and rare metals in the residual melt-hydrothermal fluid system, providing the
appropriate conditions for the formation of metal deposits [2—4].

The Yongfeng composite granitic pluton is located in Xingguo County, southern
Jiangxi Province, east section of the Nanling Range. It consists of Yongfeng medium—coarse
grained porphyritic biotite monzonitic granite and Longshi fine grained biotite monzonitic
granite, exhibiting characteristics of highly fractionated granite. Multiple molybdenum
deposits have been discovered at the contacting zone between the Yongfeng composite
granitic pluton and its host rocks. The largest deposit is the Leigongzheng molybdenum
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deposit [5]. In addition, a large-scale fluorite deposit (Longping fluorite deposit) has been
found in the contact zone outside the Longshi granite [6]. Previous studies have generally
believed that the Leigongzheng molybdenum deposit and the Longping fluorite deposit
are closely related to the adjacent Yongfeng composite granitic pluton [7,8]. However,
only a few studies have investigated the Yongfeng composite granitic pluton, and only
Yang et al. [9] have suggested it as an A-type granite. Nevertheless, it exhibits distinct
characteristics that differentiate it from typical A-type granites, and its genetic type remains
to be further determined. In order to reveal the genesis of this composite granitic pluton
and its relationship with mineralization, this study systematically conducted petrographic
analysis, zircon U-Pb dating, whole-rock major and trace element analysis, and biotite
electron probe analysis.

2. Geological Setting and Petrography

Southern Jiangxi province is located in the eastern part of the Nanling tectono-
magmatic zone [10] (Figure 1b). The stratigraphy in the area comprises Pre-Carboniferous,
Lower Paleozoic, Upper Paleozoic, Mesozoic, and Cenozoic age rocks (Figure 1a). Regional
metamorphism generally occurred in the Carboniferous and Lower Paleozoic, forming
epimetamorphic rocks, which are covered by Upper Paleozoic shallow marine carbonate
and siliciclastic sedimentary rocks. Mesozoic volcanoclastic rocks and terrigenous red-bed
sandstones are presented in faulted basins. The lithology of the Cenozoic is composed of
loose mud and sand [11]. Southern Jiangxi province is mostly controlled by faults in EW,
NNE, and SWW trends [12]. Granites are widespread in the region and mainly occur in
Yanshanian [13] (Figure 1a).

-Pe;
B Cambrian-Devonian granites
B Precambrian granites
=,

/ S N T A

L=
[

?

“ Nanling tectono-
magmatic zone

Figure 1. (a) Regional geological sketch of the Yongfeng composite granite pluton (modified according
to [14]); (b) Distribution map of granite in South China (modified according to [15]).

The Yongfeng composite granitic pluton consists of Yongfeng, medium- to coarse-
grained biotite porphyritic monzonite granite and Longshi fine-grained biotite monzonite
granite, with an outcrop area of 350 km?2. The northern, eastern, and western parts of
the composite granitic pluton are in contact with epimetamorphic rocks of the Laohutang
formation and Bali formation, and the southern part intrudes the Qingxi granite (Figure 1a).
The Yongfeng granite occurs along the margins of the composite granitic pluton, predomi-
nantly composed of reddish or grayish white medium—coarse grained porphyritic biotite
monzonitic granite (Figure 2), occasionally with potash feldspar phenocrysts. The main
minerals are alkali feldspar, plagioclase, and quartz, with a small amount of biotite and
muscovite, and the accessory minerals are zircon, apatite, monazite, and rutile. Alka-

178



Minerals 2023, 13, 1457

line feldspar mainly consists of microcline and perthite, with a semi-idiomorphic plate
shape. The length ranges from 0.2 mm to 8.0 mm, with a content of 35 vol%. Tartan
twinning and striped structure can be observed (Figure 3a,b). Plagioclase occurs in the
form of semi-idiomorphic plate, and polysynthetic twin can be observed, with a length of
0.2-7.0 mm and a content of 32 vol%. The alkali feldspar and plagioclase have undergone
strong sericitization alteration (Figure 3a,b). Quartz has a xenomorphic-granular shape,
with a diameter of 0.2-5.0 mm and a content of 30 vol%. In the hand specimen, biotite
appears as a clump-like aggregate, and under the microscope, it appears scaly, with a
length of 0.2-10 mm and a content of 2 vol%. Muscovite also appears scaly (Figure 3a,d),
with a length of 0.2-0.6 mm and a content of 1 vol%. The biotite and muscovite have
undergone strong chloritization alteration. The Longshi granite is located in the middle
of the composite granitic pluton and intrudes the Yongfeng granite. The edges of the
granite are heavily weathered. The lithology of the Longshi granite is similar to that of the
Yongfeng granite, with only differences in mineral grain size, content, and the phenocrysts
content. The lithology of the Longshi pluton is fine-grained biotite monzonitic granite,
occasionally with feldspar phenocrysts. The main minerals include potassium feldspar
(~20 vol%), plagioclase feldspar (~30 vol%), and quartz (~40 vol%), followed by biotite
(~8 vol%) and muscovite (~2 vol%). Potassium feldspar occurs in semi-idiomorphic plate
form with grain sizes of 0.2-1.5 mm, with occasional occurrences of striped feldspar and
microcline. Plagioclase feldspar occurs in semi-idiomorphic plate form with grain sizes of
0.2-2.0 mm, showing the development of polysynthetic twins. Quartz occurs in granular
form with grain sizes of 0.1-2.5 mm. Biotite occurs in scaly form, with a length of 0.1-1 mm.
Muscovite occurs in scaly shape, with a length of 0.1-0.6 mm. The accessory minerals
mainly include apatite, xenotime, zircon, and a small amount of metallic minerals. The
alteration mainly includes K-feldsparization, silicification, sericitization, chloritization,
epidotization, and carbonatization (Figure 3d).

Figure 2. Field photos of the Yongfeng composite granitic pluton. (a) reddish medium—coarse grained
porphyritic biotite monzonitic granite; (b) grayish white medium-coarse grained porphyritic biotite
monzonitic granite.

Figure 3. Cont.
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Figure 3. Typical petrographic photos of the Yongfeng composite granitic pluton (a,b,d) are orthogonal-
polarization micrographs and (c) is a single-polarization micrograph. (Bit-biotite, Cal-calcite, Mic-
microcline, Pth-striped feldspar, Ms-muscovite, Qtz-quartz, Pl-plagioclase, Srt-sericite).

3. Sample Information and Analysis Methods

The sample information is provided in Supplementary Table S1 and Figure 1a. All
samples were subjected to zircon U-Pb dating. Samples YF-1 and YF-2 were analyzed for
whole-rock major and trace elements, zircon trace elements, and biotite composition.

3.1. Zircon U-Pb Dating and Trace Elements

The zircon grains were separated from five samples (YF-1, YF-2, XGml-1, XGls-12,
XGyf-1) using heavy liquid and magnetic techniques. Representative zircons were hand-
picked and mounted in epoxy resin and then polished and coated with carbon. The internal
morphology was examined using cathodoluminescence (CL) prior to U-Pb analyses. Zircon
U-Pb dating and trace element analysis were completed in the MC-ICP-MS laboratory
of the Institute of Mineral Resources, Chinese Academy of Geological Sciences, using a
Bruker M90 ICP-MS equipped with a RESOlution S-155 193 nm laser. The 2/Pb /2%°Pb and
206pp /238 ratios were calculated using the ICP-MS Data Cal 8.0 program and corrected
using zircon GJ-1 as external calibration. These correction factors were then applied to each
sample to correct for both instrumental mass bias and depth-dependent elemental and
isotopic fractionation. Common Pb content was evaluated using the method described by
Andersen [16]. The concordia diagrams were plotted using ISOPLOT (version 3.0). The
errors quoted in the tables and figures are at the 10 level. Instrument operation and data
processing methods are described in Hou et al. [17]. Zircon trace elements were quantified
using SRM610 as the external standard.

3.2. Major and Trace Element Analysis

Whole-rock samples were trimmed to remove weathered surfaces, cleaned with deion-
ized water, crushed, and then powdered through a 200-mesh screen using a tungsten
carbide ball mill. Major elements were analyzed using an X-ray fluorescence (XRF) spec-
trometer (PW4400) at the National Geological Experimental Testing Center. The detection
method is based on GB/T 14506.28-2010. Trace elements were determined using an induc-
tively coupled plasma mass spectrometer (PE300D) at the National Geological Experimental
Testing Center. The detection method is based on GB/T 14506.30-2010. The error of the
analysis results is less than 5%.

3.3. Electron Probe Microanalysis (EPMA)

Biotite without alteration or with weak alteration was selected for compositional
analysis. Biotite composition analysis was performed on a JXA-8230 electron probe analyzer,
which is housed at the MLR Key Laboratory of Metallogeny and Mineral Assessment,
Institute of Mineral Resources, Chinese Academy of Geological Sciences. The working
conditions were as follows: 15 kV voltage, 20 nA current, 5 pm beam spot. Fe3* and FeZ*
were obtained according to the calculation method of Lin et al. [18]. The structural formula
of biotite was calculated on the basis of 22 oxygen atoms.
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4. Results
4.1. Zircon Trace Element Geochemistry

The results of trace elements of zircons from samples YF-1 and YF-2 are shown in
Supplementary Table S2. The content of total rare-earth elements (ZREE) in zircons from
sample YF-1 was 518.25-1679.63 ppm, with an average of 921.04 ppm. The content of light
rare-earth elements (LREEs) was 6.53-102.18 ppm, with an average of 27.36 ppm. The
content of heavy rare-earth elements (HREEs) was 504.49-577.45 ppm, with an average
of 893.69 ppm. The LREE/HREE ratio was 0.01-0.07, with an average of 0.03, indicating
HREE enrichment and LREE depletion. Chondrite-normalized REE patterns of zircons
invariably showed a left-leaning trend (Figure 4). Eu presented a significant negative
anomaly (Eu/Eu* = 0.04-0.61, mean of 0.16), whereas Ce presented a significant positive
anomaly (Ce/Ce* = 1.10-593.83, mean of 73.65). The content of XREE in zircons from
sample YF-2 was 508.96-1434.22 ppm, with an average of 991.67 ppm. The content of
LREEs was 9.72-234.52 ppm, with an average of 37.80 ppm. The content of HREEs was
499.05-1414.01 ppm, with an average of 953.87 ppm. The LREE/HREE ratio was 0.01-0.32,
with an average of 0.04. The zircons in sample YF-2 were also enriched in HREE and
depleted in LREE. Chondrite-normalized REE patterns of zircons from sample YF-2 also
invariably showed a left-leaning trend (Figure 4). Eu presented a significant negative
anomaly (Eu/Eu* = 0.04-0.43, mean of 0.13) and Ce presented a significant positive anomaly
(Ce/Ce* =1.30-147.88, average of 18.97). The chondrite-normalized REE patterns of zircons
from the Yongfeng complex pluton are similar to the chondrite-normalized REE patterns of
typical magmatic zircons (Figure 4), indicating that the zircons are magmatic zircon.
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Figure 4. Chondrite-normalized REE patterns for the zircons from the Yongfeng composite granitic
pluton (REE data for magmatic and hydrothermal zircons from [19]; the chondrite normalization
values are from [20]).

4.2. Zircon U-Pb Age

Zircon cathodoluminescence (CL) images of five samples are shown in Figure 5 and
U-Pb dating results are shown in Supplementary Table S3 and Figure 6.

The zircons from sample YF-1 were generally euhedral, measuring up to 80-170 um,
with a length/width ratio of 2:1. Most zircons were colorless or light brown and transparent
to subtransparent. They exhibited clear oscillatory zoning in CL images and some of them
had inherited cores. The Th content in the zircons was 90.15-666.90 ppm, U content was
146.74-2316.61 ppm, and Th/U ratio was 0.08-1.67, with an average of 0.59. The Th/U ratio
of sample point 8 was 0.09, but there was a distinct oscillatory zoning, indicating that it
should also be the product of magmatic crystallization. A total of 20 analytical data points
were extracted from sample YF-1, and one of the data points was discarded because the
concordance was below 90%. Six zircons had older apparent ages, and the other 13 zircons
showed relatively consistent apparent age, with a weighted mean age of 151.5 & 1.2 Ma
(MSWD =1.18, n = 13, 10) (Figure 6a).
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Figure 5. The cathodoluminescence (CL) images of zircons from the Yongfeng composite granitic
pluton (the white circle is the analysis location).

The zircons from sample YF-2 were also generally euhedral, measuring up to 80-160 pm
with a length /width ratio of 2:1. Most zircons were colorless or light brown and transparent
to subtransparent. They exhibited clear oscillatory zoning in CL images and some of them
had inherited cores. The Th content in the zircons was 77.49-426.99 ppm, U content was
115.16-874.41 ppm, and Th/U ratio was 0.25-1.05, with an average of 0.59, which are typical
of magmatic zircon [21]. A total of 21 analytical data points were obtained, and three of
those data points were discarded because the concordance was below 90%. Six zircons
showed older apparent ages, and the other 12 zircons showed relatively consistent apparent
ages, with a weighted mean age of (151.3 £ 1.1) Ma (MSWD = 0.51, n = 12, 10) (Figure 6b).
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Figure 6. The zircon U-Pb age concordance diagram and weighted average age diagram of the
Yongfeng composite granitic pluton (a) YE-1, (b) YF-2, (¢) XGml-1; The zircon U-Pb age concordance
diagram of (d) XGls-12 and (e) XGyf-1; (f) The weighted average age diagram of XGyf-1.

The zircons from sample XGml-1 were generally long columnar and xenomorphic-
subhedral, measuring up to 100-210 um with a length /width ratio of 2:1-4:1. The internal
morphology of the zircons was complex, with clear oscillatory zoning in some, and unclear
or no oscillatory zoning in others. A few zircons had inherited cores, while oscillatory
zoning was invisible. Some zircons were black, indicating a high content of U. The Th
content of the zircons was 29.32-1061.16 ppm, U content was 52.46-1475.35 ppm, and Th/U
ratio was 0.02-1.73, with an average of 0.76. The Th/U ratio of sample point 9 was 0.02, and
its oscillatory zoning was not prominent, suggesting that this zircon was a metamorphic
zircon [22]. A total of 20 analytical data points were obtained from sample XGml-1, and four
of the data points were discarded because their concordance was below 90%. Eight zircons
showed older apparent ages, and the other eight zircons showed relatively consistent
apparent ages, with a weighted mean age of 152.0 & 1.0 Ma (MSWD = 2.1, n = 8, 10)
(Figure 6c).

The zircons from sample XGls-12 were morphologically diverse and xenomorphic-
subhedral, measuring up to 50-200 pm with a length/width ratio of 2:1. The internal
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morphology of the zircons was complex, with clear oscillatory zoning in some, but unclear
or no oscillatory zoning in others. A few zircons had inherited cores, while oscillatory
zoning was invisible. Some zircons were black in color, indicating a high U content. The Th
content in zircons was 9.51-2478.66 ppm, U content was 133.76-2759.93 ppm, and Th/U
ratio was 0.05-1.32, with an average of 0.55. The Th/U ratios of sample points 1 and 2
were less than 0.1, and their oscillatory zonings were not prominent, indicating they were
metamorphic zircon [22]. A total of 20 analytical data points were obtained from sample
XGls-12, and two of the data points were discarded because their concordance was below
90%. The weighted mean age could not be determined because the apparent ages were
highly scattered (Figure 6d).

The zircons from sample XGyf-1 were short columnar, long columnar, and round,
measuring up to 50-230 um with a length /width ratio of 2:1-5:1. The internal morphology
of the zircons is complex, with clear oscillatory zoning in some, but unclear or no oscil-
latory zoning in others. A zircon had an inherited core. The Th content in zircons was
47.01-6213.76 ppm, U content was 116.37-7576.37 ppm, and the Th/U ratio was 0.07-1.37,
with an average of 0.58. The Th/U ratio of point 6 was 0.07, and its oscillatory zoning was
not prominent, indicating it was metamorphic zircon [22]. A total of 20 analytical data
points were obtained, and three of the data points were discarded because their concor-
dance was below 90%. The data points were distributed on or near the concordance curve,
with a weighted mean age of (148.9 + 1.2) Ma (MSWD = 0.58, n = 17, 10) (Figure 6f).

4.3. Element Geochemistry of Granite

The results of major elements, trace elements, and rare-earth elements for samples
YF-1 and YF-2 are presented in Supplementary Table S4.

As shown in Supplementary Table 54, the major elemental composition of the Yongfeng
composite granitic pluton can be characterized as follows: (1) High SiO,. The contents
of SiO; in YF-1 and YF-2 were 72.48%-73.28% (average of 72.87%) and 72.41%-73.21%
(average of 72.76%), respectively. The average content of SiO; in the Longshi granite was
74.30% [8]. (2) High K,O. The contents of K,O in YF-1 and YF-2 were 4.99%-5.53% (average
of 5.35%) and 5.25%-5.53% (average of 5.35%), respectively. The KO/Na,O ratios in YF-1
and YF-2 were 1.45-1.70 (average of 1.57) and 1.68-1.79 (average of 1.72), respectively.
The content of K,O in the Longshi granite was 5.15%—6.06%, with an average of 5.60%.
The K,O/NayO ratio was 1.71-2.13, with an average of 2.00. In the SiO;-K,O diagram
(Figure 7c), most samples of the Yongfeng composite granitic pluton are distributed within
the range of shoshonite. (3) High alkali. The contents of (NayO + K;O) in YF-1 and YF-2
were 8.39%-9.14% (average of 8.76%) and 8.37%-8.62% (average of 8.48%), respectively.
The alkali aluminum index (AKI) values of YF-1 and YF-2 were 0.80-0.91 (average of 0.86)
and 0.79-0.80 (average of 0.80), respectively. The content of (Na,O + K;O) in the Longshi
granite was 8.09%—-8.96%, with an average of 8.40%. Its AKI was 0.76-0.87, with an average
value of 0.80. In the ANOR-Q’ diagram (Figure 7a), the samples of the Yongfeng composite
granitic pluton were distributed within the range of alkaline-granite and syenogranite. In
the SiO; — (NayO + K,O — CaO) diagram (Figure 7b), the samples of the Yongfeng com-
posite granitic pluton were distributed within the range of alkaline-calcic and calc-alkalic.
(4) Slightly peraluminous. The A/CNK values of YF-1 and YF-2 were 0.95-1.04 (average of
1.00) and 1.06-1.07 (average of 1.06), respectively. The A/CNK value of the Longshi granite
was slightly higher, ranging from 1.05 to 1.25, with an average of 1.20. In the A/CNK-A/NK
diagram (Figure 7d), the samples of the Yongfeng composite granitic pluton were located in
the ranges of metaluminous and peraluminous. (5) High degree of fractionation. The differ-
entiation index (DI = quartz + orthoclase + albite + nepheline + leucite + kalsilite) values
of YF-1 and YF-2 were 88.40-91.80 (average of 90.39) and 88.55-89.38 (average of 89.13),
respectively. The average DI of Longshi granite was 93.43. The contents of TFe,O3, MgO,
CaO, TiO,, and P05 were low in both the Yongfeng granite and Longshi granite, and
gradually decreased with increasing SiO, content (Figure 8). These results indicate that
the magma experienced a high degree of fractionation. In addition, the sample points of
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the Longshi granite were close to the end of evolution line (Figure 8), indicating a higher
degree of crystallization differentiation compared to the Yongfeng granite.
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Figure 7. ANOR—(Q' diagram (a), SiO; — (NayO + K,O — CaO) diagram (b), SiO, — K,0O diagram (c),
and A/CNK-A/NK diagram (d) of the Yongfeng composite granitic pluton. The data of the Longshi
granite, Liangcun granite, Fogang granite, and Nanzhen-Daliangshan-Sansha-Dajing granite are
respectively cited from [9,23-25].
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The XREE, LREE, and HREE contents of YF-1 were 186.85-211.23 ppm (average of
199.49 ppm), 170.42-188.95 ppm (average of 181.27 ppm), and 16.43-22.28 ppm (average
value of 18.23 ppm), respectively. The LREE/HREE ratio was 8.48-10.98, with an average
of 10.03. The (La/Yb)yn value was 10.33-15.55, with an average of 13.97. The fractionation
of LREEs and HREEs was distinct, showing a rightward inclination in the chondrite-
normalized REE diagram (Figure 9a). Meanwhile, Eu presented a significant negative
anomaly (Eu/Eu* = 0.25-0.28, average of 0.27). The primitive mantle-normalized trace
element spider diagram (Figure 9b) shows the enrichment of large ion lithophile elements
(LILEs) such as Rb, Th, U, and Pb, and depletion of Ba, K, P, Eu, and Ti. The XREE,
LREE, and HREE contents of YF-2 were 199.72-227.30 ppm (average of 209.40 ppm),
182.56-203.42 ppm (average of 190.55 ppm), and 17.16-23.88 ppm (average of 18.84 ppm),
respectively. The LREE/HREE ratio was 8.52-11.00, with an average of 10.23. The (La/Yb)n
value was 10.55-16.28, with an average of 14.21. The chondrite-normalized REE diagram
also shows a rightward trend (Figure 9a). Eu presented a significant negative anomaly
(Eu/Eu* = 0.23-0.27, average of 0.26). The primitive mantle-normalized trace element
spider diagram (Figure 9b) also shows the enrichment of LILEs such as Rb, Th, U, and
Pb, and the depletion of Ba, K, P, Eu, and Ti. In the chondrite-normalized REE diagram
(Figure 9a), the distribution curves of the Longshi granite were generally flat, with less
fractionation of LREE and HREE, and stronger negative Eu anomaly, indicating a higher
degree of differentiation.
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Figure 9. Chondrite-normalized REE patterns (a) and primitive-mantle-normalized trace element
spider diagram (b) of the Yongfeng composite granitic pluton (chondrite and primitive mantle
normalizing values from [20]. The data of the Longshi granite, Liangcun granite, Fogang granite, and
Nan-zhen-Daliangshan-Sansha-Dajing granite are respectively cited from [9,23-25].

In general, the Yongfeng granite and the Longshi granite exhibit similar geochemical
characteristics, suggesting that they are products of the same magmatic system. The Long-
shi granite shows a higher degree of crystallization differentiation than the Yongfeng granite.
Opverall, the element geochemical characteristics of the Yongfeng composite granitic pluton
are similar to those of highly fractionated I-type granites, such as the Liangcun granite,
Fogang granite, and Nanzhen-Dacengshan-Sansha-Dajing granites (Figures 7 and 9).

4.4. Element Geochemistry of Biotite

The SiO,, FeO, TiO,, and MgO contents of biotite were 34.05%-35.16% (average
of 34.63%), 21.43%—-23.91% (average of 22.63%), 1.97%-3.44% (average of 2.68%), and
4.91%-5.93% (average of 5.24%), respectively, indicating that biotite is enriched in Fe and
Ti. The Fe/(Fe + Mg) and Mg/(Mg + Fe) ratios of biotite were 0.68-0.72 (average of 0.71)
and 0.28-0.32 (average of 0.29), indicating that biotite is enriched in Fe but depleted in Mg.
The classification diagram of biotite (Figure 10b) shows that biotite belongs to ferruginous
biotite. In the 10 x TiO; — FeO — MgO diagram (Figure 10a), most sample points are
located in the area of primary magmatic biotites.
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5. Discussion
5.1. Rock-Forming Age

Liu and Li [28] reported that the zircon U-Pb ages of the Yongfeng granite are
(160.0 £1.1) Ma and (155 + 2.2) Ma. Qiu [29] reported that the U-Pb zircon age of
the Longshi granite is (142.9 £ 0.8) Ma. Yang et al. [9] reported that the zircon U-Pb
ages of the Yongfeng granite are (155.8 & 2.0) Ma and (154.7 & 0.75) Ma, while those
of the Longshi granite are (154.0 = 2.2) Ma and (156.9 £+ 1.8) Ma. In this study, the
zircon U-Pb ages of the Yongfeng granite and Longshi granite were determined to be
152.0 £ 1.0 Ma-151.3 £ 1.1 Ma and 148.9 + 1.2 Ma, respectively. Regionally, the rock for-
mation ages of the Liangcun, Jiangbei, and Donggu granites are 158-147 Ma, 156-153 Ma,
and 152 + 2 Ma, respectively [30-33], indicating the occurrence of large-scale magmatism
during the late Jurassic in southern Jiangxi province. The above evidence proves that the
Yongfeng composite granitic pluton formed in the late Jurassic.

Inherited zircons were observed in samples (Figure 5) and they could be divided
into four groups according to their ages: (1) 164-239 Ma. This group of inherited zircons
may indicate the presence of Mesozoic magmatism in the study area. For example, the
rock-forming age of the Qingxi granite is 229.3 & 0.8 Ma [34]. (2) 275-462 Ma. This group
of inherited zircons may indicate the presence of Paleozoic magmatism in the study area.
For example, the rock-forming ages of the Hanfang, Dabu, and Dangian granites are
438.0 & 1.7 Ma, 434.1 &+ 2.0 Ma, and 427.3 + 1.8 Ma, respectively [23]. (3) 656-990 Ma.
Magmatism in the Cathaysian block was relatively weak during the Neoproterozoic and
mainly distributed in the northern Wuyi area, which is located in the east of the Cathaysian
block [35]. The Yongfeng composite granitic pluton is located in the southern part of the
Wuyi area, where the magmatism is weak during Neoproterozoic, while the northern
part of the Wuyi area has strong magmatism during Neoproterozoic [35]. This group of
inherited zircons may indicate that some rocks from northern Wuyi area entered magma.
(4) 1035-2661 Ma. The age of the basement of the Cathaysian block is mainly early middle
Proterozoic [36]. The presence of inherited zircons from this period suggests that early
middle Proterozoic basement rocks from the Cathaysian block may have been mixed
with magma.

5.2. Rock-Forming Physicochemical Conditions
5.2.1. Temperature

The zircon saturation temperature (Tz) and zircon Ti temperature (Tt;) can be used to
estimate the crystallization temperature of granitic magma [37-39]. In this study, the Tz,
of samples YF-1 and YF-2 were calculated using the method of Miller et al. [38]. The Tz,
of sample YF-1 was 763-792 °C, with an average of 774 °C. The Tz, of sample YF-2 was
764-789 °C, with an average of 777 °C (Supplementary Table 54).
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The presence of alkali-rich melt and inherited zircon can lead to overestimation of the
calculated zircon saturation temperature [38,40]. The samples of the Yongfeng granite are
alkali-rich and have inherited zircons. Therefore, the crystallization temperature was lower
than the zircon saturation temperature of the Yongfeng granite. In addition, the Tt; of
samples YF-1 and YF-2 was calculated using the method of Ferry and Watson [37]. Except
for the low T (631 °C, 679 °C) and high T; (907 °C), the normal Ty ranged from 707 °C to
868 °C, with an average of 773 °C (Supplementary Table S2), which is consistent with Tz,.

5.2.2. Oxygen Fugacity

Oxygen fugacity is one of the crucial factors influencing metal mineralization, as it
controls the migration and enrichment of metallic elements. Trail et al. [41] proposed a
method for calculating the absolute oxygen fugacity. However, natural zircon has very
low La and Pr content and often contains LREE-rich mineral inclusions. This will lead
to inaccurate calculations of the absolute oxygen fugacity [42]. These interferences can
be avoided by using the Geo-fO, software developed by Li et al. [42]. In this study, the
oxygen fugacity of magma was calculated using this software. The results are listed in
Supplementary Table S2. Because the ages of some zircons are much older than the rock
formation age of the Yongfeng granite, the calculation results may not represent the true
oxygen fugacity. After removing these points, the Ce** /Ce3* ratio was 1.93-121.23, with an
average of 21.49, which is much lower than the Ce*t /Ce3* value of zircon in the porphyry
Cu, Mo deposit metallogenic granite (>300, [43,44]), but similar to the Ce** /Ce%* value of
zircon in the Sn deposit metallogenic granite [45]. The absolute oxygen fugacity (1gf (O5))
ranged from —24.47 to —10.23, with an average value of —16.64. On the whole, the range
of oxygen fugacity presented significant variations with generally low values.

In addition, the absolute oxygen fugacity of magma can be estimated according to the
empirical formula of biotite: Igf (O) = 10.9 — 27,000/ T [46]. Using this formula, this study
calculated the absolute oxygen fugacity of magma was —20.56——17.48, with an average of
—18.80 (Supplementary Table S5), which also indicates low oxygen fugacity.

5.3. Genetic Type

The determination of the genetic type of granite is an important and basic problem in
the study of granite [47]. Previous researchers have proposed several criteria from multiple
perspectives [48-53]. However, for granite that has experienced strong evolution, as its
mineral and chemical compositions are close to hypoeutectic granite, established indicators
are usually inapplicable for accurately determining the genesis type [48,54].

Yang et al. [9] considered the Yongfeng composite granitic pluton to be an A-type
granite, but the geochemical characteristics clearly differ from those of A-type granites.
For example, the TFe;O3/MgO ratio < 10, Zr + Nb + Ce + Y content < 350 ppm and the
zircon saturation temperature was lower than 800 °C. Samples YF-1 and YF-2 also exhibit
mineralogical and geochemical characteristics distinctly different from those of A-type
granites: (1) They do not contain alkaline dark minerals. (2) The Yongfeng composite
granitic pluton is depleted in high field strength elements (HFSEs) such as Zr, Nb, Y, REE,
and Ga. (3) The TFe;O3/MgO is low. The TFe;O3/MgO of YF-1 and YF-2 were 4.63-4.93
(4.73 on average) and 4.74-5.05 (4.89 on average), respectively, which are smaller than
that of typical A-type granites (>10, [52]). (4) The Zr + Nb + Ce + Y value is low. The
Zr + Nb + Ce + Y values of YF-1 and YF-2 were 248.60-319.10 ppm (average of 279.92 ppm)
and 256.70-297.30 ppm (average of 281.28 ppm), which are smaller than that of typical
A-type granites (>350 ppm, [52]). On the (Zr + Nb + Ce + Y) — (TFe;O3/MgO) diagram
(Figure 11a) and (Zr + Nb + Ce + Y) — (KyO + NayO)/CaO diagram (Figure 11b), wherein
the vast majority of sample points are located in the range of fractionated felsic gran-
ite. (5) The crystallization temperature of magma is low. The average zircon saturation
temperatures of YF-1 and YF-2 were 774 °C and 777 °C, respectively. The crystallization
temperature is lower than that of A-type granite (>800 °C, [55]), but close to that of highly
fractionated I-type granite (764 °C, [55]).
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Figure 11. (a) (Zr + Nb + Ce + Y) — (TFe;O3/MgO) diagram, base map according to [52]; (b) (Zr + Nb
+Ce +Y) — (K;O + NayO)/CaO diagram, base map according to [52]; (c) Rb-Th diagram; (d) Rb-Y
diagram of the Yongfeng composite granitic pluton. The data of Longshi granite is cited from [9].

The aluminum saturation index (A/CNK) of the Yongfeng composite granitic pluton
varied widely. Some samples reached the level of peraluminousgranite, similar to S-type
granite formed by the partial melting of metasedimentary rocks [56]. Mineralogically, the
Yongfeng composite granitic pluton does not contain aluminum-rich minerals, except for
a small amount of muscovite. Furthermore, all samples showed decreases in P,Os with
increasing SiO, (Figure 8g), and increases in Th and Y with increasing Rb (Figure 11c,d).
This feature is consistent with I-type granite, while opposite to S-type granite [54]. The
Yongfeng composite granitic pluton has high SiO,, high DI, and significant negative Eu
anomaly. These characteristics indicate that the Yongfeng composite granitic pluton has
experienced a high degree of fractionation. Wu et al. [47] believe that the most feasible
method for determining the genetic type of highly fractionated granite is to compare the
genetic type of contemporaneous paragenetic granite. The petrological and geochemical
characteristics of the Yongfeng composite granitic pluton are similar to those of highly
fractionated I-type granites that formed in the Nanling area during the late Jurassic, such
as the Liangcun granite, Fogang granite, and Nanzhen-Dacengshan-Sansha-Dajing gran-
ites [23-25]. In conclusion, the Yongfeng composite granitic pluton is a highly fractionated
I-type granite, rather than an A-type granite as previously believed.

5.4. Petrogenesis

The eHf(t) value of the Yongfeng composite granitic pluton ranged from —27.71 to
—9.92. The corresponding two stage model age was 1.83-2.93 Ga, which is within the
Paleoproterozoic [9]. The zircon U-Pb age was homogeneous whereas the ¢eHf(t) value
varied widely, indicating that magma came from different sources [57]. Although the
eHf(t) value of the Yongfeng composite granitic pluton was negative, it varied widely.
This evidence indicates that the magmatic source is mainly composed of Paleoprotero-
zoic basement rocks, and there may be a small amount of mantle magma. Regionally,
the ¢Hf(t) value of the adjacent Liangcun granite ranged from —12.96 to —7.4, and the
corresponding two-stage model age was 1.67-2.0 Ga. Its magmatic source is estimated to
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contain 25% mantle magma [23]. The ¢Hf(t) and 5'80 values of the zircons from the biotite
granite in the Longyuanba composite granitic pluton indicated that the magmatic source
is dominated by crust-derived sediments, with a small proportion of mantle magma [58].
No petrographic evidence of crust-mantle mixing was found in the Yongfeng composite
granitic pluton. Intermediate-basic intrusive rocks and alkaline rock-syenite in the Nanling
area occurred during late Jurassic, such as the Chencun diorite, Wushi diorite-hornblende
gabbro, Nankunshan alkaline granite, Ejinao alkaline syenite, Qinghu quartz monzonite,
Luorong-Mashan granitoid complex, Huashan-Guposhan granite, and syenite-granitoid
in southern Jiangxi [59-63]. Moreover, mafic mineral inclusions are found in the Fogang,
Guposhan, and Dadongshan granites [64,65]. This evidence indicates that crust-mantle
mixing was widespread in the Nanling area during the late Jurassic.

The Rb/Sr and Rb/Nb ratios of the Yongfeng composite granitic pluton are sig-
nificantly higher than those of the global upper crust (0.32 and 4.5, respectively [66]),
indicating the possible occurrence of continental crust rocks with high maturity in the
magmatic source. In the (Rb/Sr) — (Rb/Ba) diagram (Figure 12a), a positive correlation
was observed between Rb/Sr and Rb/Ba. Except for one sample point being located
in the region of clay-poor sources, other sample points were located in the region of
clay-rich sources. This indicates that the magmatic source corresponds to the partial
melting of argillaceous rocks. It is enriched in LREEs and features a significant negative
Eu anomaly, indicating that its magma originates from the melting of crustal rocks. In
the (Al,O3 + TFeO + MgO + TiO,) — Al,O3/(TFeO + MgO + TiO,) diagram (Figure 12b),
most sample points of the Yongfeng composite granitic pluton are located in the area
corresponding to the partial melting of amphibolite and mafic argillaceous rocks. This
indicates the presence of magma derived from the partial melting of basaltic rocks and
metamorphosed argillaceous rocks [67]. Therefore, the magmatic source of the Yongfeng
composite granitic pluton is suggested to be the mixing of basaltic magma and ancient
metamorphic argillaceous magma.
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Figure 12. (Rb/Sr) — (Rb/Ba) diagram. (a) base map according to [68]) and (Al,O3 + TFeO + MgO
+ TiO,)-Al,O3/(TFeO + MgO + TiO,); (b) base map according to [69]) of the Yongfeng compos-
ite granitic pluton. The data of the Longshi granite and Liangcun granite are respectively cited
from [9,23].

As mentioned earlier, the Yongfeng composite granitic pluton has the following char-
acteristics: high SiO, and DI; low TFe,O3, MgO, CaO, TiO,, and P,Os5, which gradually
decrease with increasing SiO,; depletion of trace elements such as Ba, P, Ti, and Nb; and sig-
nificant negative Eu anomaly. These features indicate that the Yongfeng composite granitic
pluton experienced a high degree of crystallization differentiation. The strong depletion
of Ba, Eu, and enrichment of Rb are mainly caused by the crystallization differentiation
of K-feldspar and plagioclase. The variation of REEs is controlled by the crystallization
differentiation of zircon and monazite. The depletion of Ti is caused by the crystallization
differentiation of Ti-rich minerals, such as ilmenite and rutile. In addition, the distribution
coefficients of Nb and Ta in rutile are high [70]. Therefore, the crystallization differentiation
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of rutile is an important reason for the Nb depletion in the Yongfeng composite granitic
pluton. From the Yongfeng granite to the Longshi granite, the SiO, content, DI, Rb/Sr, and
Rb/Ba values increased, whereas the contents of CaO, MgO, and TFe,O3 decreased, and
the depletion of Sr, Ti, P, and Eu intensified; nevertheless, their Hf isotope compositions
were similar. These features indicate that the Yongfeng granite and Longshi granite formed
through the same magmatic system under different degrees of crystallization differentiation.
The degree of crystallization differentiation of the Longshi granite is higher than that of the
Yongfeng granite.

5.5. Tectonic Implication

The early Yanshanian granites in the Nanling area are distributed in EW and NE
directions. Ling et al. [71] believe that the formation of the early Yanshanian granite
with the EW distribution may be related to the revival and extension of the existing
EW distribution of the Indosinian structure under the influence of the subduction of the
Pacific Plate, while the formation of the early Yanshanian granite with the NE distribution is
mainly related to the intracontinental fault extension caused by the subduction of the Pacific
Plate. In addition, alkaline granites, bimodal volcanic rocks, alkaline basalt, and basic-acid
complexes developed in the Nanling area during the early Yanshanian [60,72-74]. The
above evidence indicates that the Nanling area has been in an extension-thinning tectonic
setting since the Middle Jurassic.

The composition of trace elements in igneous rocks varies significantly under different
tectonic settings. Therefore, the tectonic background of igneous rock can be restored accord-
ing to differences in trace element compositions [75]. In the Yb-Ta diagram (Figure 13a),
the sample points are located in the range of syn-collision granite and within plate granite.
In the (Yb + Nb) — Rb and (Rb/30) — Hf — (Ta x 3) diagrams (Figure 13b,c), the sample
points are located in the range of syn-collision granite and post-collision granite. In the
Si0; — 1g[CaO/ (K70 + NayO)] diagram (Figure 13d), the sample points are located in the
area of extrusion and extension. Based on the geochronology, geochemistry, and tectonic
setting discrimination diagrams, the Yongfeng composite granitic pluton is suggested to
have formed under the extensional setting during the post-collision stage, which was
controlled by the breakup or retreat of the backplate after the subduction of the Pacific Plate
into the Nanling hinterland [1].
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5.6. Relationship between Magmatism and Mineralization

The Leigongzhang molybdenum deposit is a medium-sized quartz vein type molyb-
denum deposit, which is different from the porphyry molybdenum deposit and quartz
vein molybdenum polymetal deposit in the Nanling area. Previous studies suggest that it
has a close spatiotemporal relationship with the Yongfeng composite granitic pluton [7,79].
Mineral deposits closely associated with granite are influenced by factors such as magmatic
source, oxygen fugacity, degree of fractionation, and volatile content [80,81]. During the
intrusive process, high oxygen fugacity magmas not only assimilate sulfides, but also
suppress the separation of metals as magma sulfide melts (such as MoS,), thereby retaining
them in large quantities in the exsolved liquid phase [82] which is favorable for mineral-
ization. However, the oxygen fugacity of the Yongfeng granite is low compared to that
of porphyry type molybdenum mineralization granite. Oxygen fugacity is not the only
factor controlling the formation of the Leigongzhang molybdenum deposit. Granite related
to Mo deposits has undergone a high degree of crystallization differentiation and has a
high content of F [80,83]. A high content of F in magma can promote the enrichment of
metal elements such as Sn, Mo, and W during magma intrusion and fractionation processes.
For example, the magmatic systems of the Zhuxiling Mo-W deposit and the Shizhuyuan
W-5n-Mo-Bi polymetallic deposit have a high content of F [84,85]. The biotite in Longshi
granite has a high content of F (>1%) [8], which is similar to biotite in granite related to
fluorite mineralization in the region [86]. Furthermore, a large fluorite deposit is developed
in the outer contact zone of Longshi granite. This evidence indicates that the Longshi
granite has a high content of F, which is conducive to molybdenum mineralization.

The Sn deposit is related to the crystallization differentiation of reducing magma [87].
Most Sn deposits in the South China region are associated with low oxygen fugacity granite,
such as the Guposhan granite and the Qitianling granite [45]. Additionally, the temperature
of magma also plays a role in controlling Sn enrichment. Stemprok [88] notes that higher
temperatures during magma crystallization lead to higher SnO, content. The magmatic
systems of the Gejiu Sn deposit and the Xitian W-Sn deposit also exhibit high temperature
characteristics [89,90]. The magmatic system of the Yongfeng composite granitic pluton
has the characteristics of high temperature, low oxygen fugacity, and high content of
F, similar to the magmatic system of a typical Sn deposit. In addition, the Yongfeng
composite granitic pluton shows high Sn anomaly on the Sn element anomaly map [91].
In summary, the Yongfeng composite granitic pluton has significant Sn, Mo, and fluorite
mineralization potential.

6. Conclusions

(1) The Yongfeng composite granitic pluton is rich in silicon, potassium, and alkali,
weakly peraluminous, poor in calcium and iron, and has a high content of ) "REE, with
the enrichment of LREEs and significant fractionation of LREEs and HREEs. It is also
enriched in LILEs such as Rb, Th, U, and Pb, and strongly depleted in elements such
as Ba, K, P, Eu, and Ti, showing a clear negative Eu anomaly.

(2) The Yongfeng composite granitic pluton does not contain alkaline dark minerals,
and has low contents of TFe,O3, MgO, CaO, TiO,, and P,Os5, which decrease with
increasing SiO; content. The negative Eu anomaly is significant and the Rb/Sr ratio is
high. This evidence indicates the crystallization differentiation of minerals such as
plagioclase, potassium feldspar, biotite, zircon, monazite, and ilmenite/rutile during
magma evolution. The average zircon saturation temperature is 776 °C, the average
TFeyO3/MgO ratio is 4.81, and the average Zr + Nb + Ce + Y content is 280.6 ppm,
indicating that it is a highly fractionated I-type granite.

(3) The crystallization age of the Yongfeng granite and the Longshi granite are
152.0 £ 1.0 Ma-151.3 + 1.1 Ma and 148.9 £ 1.2 Ma, respectively. They are prod-
ucts of large-scale magmatic activity in the Nanling region during the Late Jurassic.
Further, they formed in the extensional tectonic setting during the post-orogenic stage,
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under the control of the breakup or retreat of the backplate after the subduction of the
Pacific Plate into the Nanling hinterland.

(4) The magmatic system of the Yongfeng composite granitic pluton is characterized by
high fractionation, high F content, high temperature, and low oxygen fugacity, which
is conducive to the large-scale mineralization of Sn, Mo, and fluorite.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13111457 /s1, Table S1: List of samples information; Table S2:
Results of trace elements in zircons from samples YF-1 and YF-2 (ppm); Table S3: LA-ICP-MS U-Pb
zircon data of the Yongfeng composite pluton; Table S4: Major (wt%), trace, and rare earth (ppm)
element data of the Yongfeng granite; Table S5: The chemical composition of biotite from the Yongfeng
granite [92].
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Abstract: El Bakriyah Ring Complex (BRC) is a prominent Neoproterozoic post-collisional granite
suite in the southern part of the Central Eastern Desert of Egypt. The BRC bears critical materials
(F, B, Nb, and Ta) in appreciable amounts either in the form of rare-metals dissemination or in the
form of fluorite and barite vein mineralization. The complex consists of inner syenogranite and outer
alkali feldspar granite that have been emplaced in a Pan-African assemblage made up of granitic
country rocks (granodiorite and monzogranite), in addition to post-collisional fresh gabbro as a part
of the Arabian-Nubian Shield (ANS) in northeast Africa. Granites of the BRC are characterized by
enrichment in silica, alkalis, Rb, Y, Ga, Nb, Ta, Th, and U and depletion in Sr, Ba, and Ti. Geochemical
characterization of the BRC indicates that the magma is a crustal melt, which originated from the
partial melting of metasedimentary sources. Concentrations of rare-earth elements (REEs) differ in
magnitude from the ring complex and its granitic country rocks but they have similar patterns, which
are sub-parallel and show LREEs enrichment compared to HREEs. The presence of a negative Eu
anomaly in these rocks is related to plagioclase fractionation. The abundance of fluorine (F) in the
different granite varieties plays an important role in the existence of a tetrad influence on the behavior
of REEs (TE1, 3 = up to 1.15). Geochemical parameters suggest the crystallization of the BRC granite
varieties by fractional crystallization and limited assimilation. Mn-columbite and Mn-tantalite are the
most abundant rare-metals dissemination in the BRC granite varieties. We present combined field,
mineralogical and geochemical data that are in favor of magma originating from a metasedimentary
source for the BRC with typical characteristics of A-type granites. Our geodynamic model suggests
that the Gebel El Bakriyah area witnessed the Neoproterozoic post-collisional stage of the ANS
during its late phase of formation. This stage was characterized by the emplacement of fresh gabbros
followed by the syenogranite and alkali-feldspar granite of the BRC into an arc-related assemblage
(granodiorite and monzogranite). It is believed that the mantle-derived magma was interplated
and then moved upward in the extensional environment to a shallower level in the crust owing to
events of lithospheric delamination. This presumably accelerated the processes of partial melting
and differentiation of the metasedimentary dominated source (Tonian-Cryogenian) to produce the
A-type granites building up the BRC (Ediacaran).

Keywords: El Bakriyah ring complex; A-type granites; fractional crystallization; metasedimentary

source; Ediacaran post-collisional magmatism

1. Introduction

The Eastern Desert of Egypt, as a part of the Neoproterozoic Arabian-Nubian Shield
(ANS), is occupied by voluminous masses of granitic rocks that formed from different
melt compositions and emplaced in different tectonic regimes (e.g., [1-3]). In the Gebel El
Bakriyah area, which is located in the central part of the Eastern Desert (CED), prominent
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granitic masses are present that have field and laboratory characteristics, which can be
integrated with other rock units such as gabbros to build up a geodynamic model for better
understanding of the ANS evolution. The term “granitic rocks” is used here to denote two
contrasting rock types with diversity in mineral composition, chemical composition, and
tectonic setting. They include “proper granites” and “granitoids” such as quartz-diorite,
granodiorite, and tonalite. They together constitute about 60% of plutonic rocks of the
Nubian Shield in the Eastern Desert and can be classified and distinguished according to
mineral and chemical compositions, magma type, tectonic setting, and age (e.g., [2,4,5]).
In a recent review, [3] classified the Egyptian granitic rocks (mainly in the Eastern Desert
and the Sinai Peninsula) based on the tectonic regime into four types namely, subduction-
related, collisional, calc-alkaline post-orogenic, and alkaline post-tectonic. The subduction-
related category (around 700-660 Ma, [6]) is represented by granitoids that are tholeiitic to
calc-alkaline and is categorized as the older granitoids [6]. On the other hand, collision-
related granites (around 610-590 Ma, [7]) are medium- to high-K calc-alkaline and are
represented by younger granites (monzo- to syenogranite) that have been formed by the
lower continental crust melting (e.g., [6,8]. Calc-alkaline post-orogenic granite (between
590 and 540 Ma, [3]) is characterized by a high-K calc-alkaline to shoshonite nature and
comprises Ap-type younger granites, which originated from a melting process of lower
crustal rocks in an extension setting during the transitional stage between orogenic and
anorogenic regimes (e.g., [6,9]). The last phase of younger granites (A;-type) (around
540 Ma, [7]) is the alkaline post-tectonic granite formed by the differentiation of alkali-
basaltic magmas (e.g., [9]).

Globally, A-type granites are classified into anorogenic and post-orogenic granites [10],
and they represent the youngest phase of felsic magmatism in the Eastern Desert of Egypt
and the entire ANS [2,3,11]. For the last three decades, A-type granites in the Eastern Desert
attracted considerable attention because of their economic potentialities and occasional
enrichment of rare metals (e.g., Nb, Ta, Sn, W, Be, and B), rare-earth elements (REEs) and
radioactive materials [4,12]. For example, [13] reported that these mineralizations are in
intimate association with accessory minerals like beryl, columbite, tantalite, fergusonite,
thorite, cassiterite, wolframite, and monazite. In comparison with I-type granites, A-type
granites are deficient in Sr, Ba, Eu, Ca, and large ion lithophile elements (LILE) with
abundance in silica, K, Rb, Y, REEs, Zr, and high-field strength elements (HFSE) [14].

A-type granites show vast geographic distribution in the Eastern Desert and extend
in age from 630 Ma to 550 Ma [12]. From the petrological point of view, it is believed
that these granites have been developed by partial melting of a variety of pre-existing
crustal protoliths or by fractionation of mantle-derived mafic magmas (e.g., [15,16]). In
the context of our present study, we investigate the Gebel El-Bakriyah younger granite
pluton in the central Eastern Desert (CED) of Egypt to have a detailed and comprehensive
account of the petrogenetic processes leading to the formation of this prominent A-type
granite ring complex. Previously, country rocks of the El Bakriyah Ring Complex (BRC)
were investigated by [17,18], whereas additional information about the ring complex is
lacking. Therefore, we integrate field and laboratory studies to build up a reasonable
geotectonic model in terms of the geodynamic evolution with respect to the main phases of
magmatism and tectonism in the northwestern part of the ANS in the CED. Also, we aim
to focus on possible rare-metal enrichment in the BRC, which was known in the past for its
fluorite and barite mineralizations [19]. We use combined whole-rock geochemistry and
mineral chemistry data for mineral characterization and emphasizing magma source and
tectonic setting.

2. Geological Setting and Field Observation

The evolution of the basement rocks in the ANS during the Neoproterozoic rocks
(850-590 Ma) involved three major stages: (1) pre-collisional, (2) collisional, and (3) post-
collisional [2,3]. Ophiolites and metamorphosed volcano-sedimentary successions were
formed during the pre-collisional stage (850-700 Ma). The collisional stage (670-630 Ma)
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witnessed the emplacement of calc-alkaline magmatic rocks represented by arc-related
gabbros and granitoids and their volcanics. The BRC in the CED, which is the main target
of the present study, belongs to the third stage (the post-collisional) that is characterized by
alkaline magmatism including A-type granites [20,21]. Felsic and mafic magmatism in the
CED are abundant and include fresh gabbros side by side with the A-type granites [22].
Association of fresh gabbro and granite is known in the Gebel El Bakriyah area (Figure 1b)
and other localities in the CED, e.g., at Wadi El-Faliq and Gebel Atud area e.g., [23,24]. In
addition, the CED has post-collisional felsic intrusions at Abu Dabab, Wadi El-Igla, Gebel
Mueilha, Homret Waggat, Gebel El-Ineigi e.g., [9,12,13].
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Figure 1. (a) Location map of the study area. (b) Geological map of the Gebel El Bakriyah area was
recently constructed by the present authors [25].
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Gebel El Bakriyah area (Figure 1a,b) is located about 15 km north of the El-Barramiya
gold mine near the Idfu-Marsa Alam asphaltic road that connects the Red Sea with the
Nile Valley. The area is bound by longitudes from 33°41’ to 33°43' E and by latitudes
from 25°15’ to 25°17' N (Figure la,b). In general, the area is characterized by moderate
relief, and the only exceptional peak is El Bakriyah Mountain, which has an altitude of
~550 m above the mean sea level. According to [16], Precambrian lithologies in the Gebel
El Bakriyah area comprise two main granitic rock types: (1) older granitoids (diorite-
granodiorite), and (2) younger granites, mostly syenogranite and much lesser granodiorite.
All of them have been emplaced in folded and metamorphosed sequences of metagabbros
(Figure 1b). Recently, [23] investigated the fresh post-collisional gabbros and distinguished
them into three varieties represented by troctolite, olivine gabbro, and altered hornblende
gabbro. Ref. Abd El-Fatah et al. [25] used the remote sensing technique to construct a new
geological map of the Gebel El-Bakriyah area (Figure 1b). Using the processed satellite
images, it was possible to confirm the rock units and varieties that have been identified in
the field and assorted on a mineralogical/ petrographical basis. Chronologically, the rocks
are arranged from oldest to youngest as follows: granodiorite, fresh gabbro, monzogranite,
the BRC (syenogranite and alkali feldspar granite), Nubian sandstone and Quaternary
deposits [17,18]. The area is dissected by faults of different ages and types trending N-
S, NW-SE, and NE-SW [17]. The only available age (520-506 Ma) for the complex was
presented by [26] based on Rb-Sr isochron. In the field, it is easy to distinguish lithological
contacts between the core of the BRC (syenogranite) from its rim, which is made up of
alkali feldspar granite (Figure 2a). In some instances, and due to intense faulting, contact
between the two granite varieties of the BRC is distinctly sharp, i.e., structural. Alkali
feldspar granite (Figure 2b) is yellowish to reddish pink in color, coarse- to medium grained
and among its outcrops is the summit of El Bakriyah Mountain, and is traversed by quartz,
barite, and fluorite veins (Figure 2¢,d). The syenogranite is pale pink to red, medium-
grained, and displays sharp contact with the Nubian sandstone. Country rocks for the BRC
are mostly monzogranite, which forms moderately elevated hills, pink in color, and coarse-
to medium-grained. This monzogranite is hard, massive, and dissected by two different
sets of joints, and displays sharp contact with the BRC. In the southern part of the Gebel El
Bakriyah area, there is some localized grey granodiorite, which forms low relief topography
intruded by monzogranite (Figure 2e). There are occasional xenoliths of monzogranite in
some granodiorite outcrops. Fresh gabbro forms sporadic outcrops, which constitute four
masses located nearly in the central part and northeast extreme of the area (Figure 1b). The
gabbro varieties are hard, coarse-grained, and show no layering. The hornblende gabbro
variety shows the highest degree of weathering and alterations compared with troctolite
and olivine gabbro. In some instances, troctolite is invaded by NE-SW trending mafic and
felsic dykes. The Nubian sandstone, of a Late Cretaceous age, non-conformably caps the
Precambrian basement rocks.
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Figure 2. Geologic setup and field relationships. (a) General view of the granite varieties forming
the El Bakriyah ring complex (BRC); namely syenogranite core (SG) and alkali feldspar granite rim
(AFG) non-conformably capped by the Nubian sandstone (NS). (b) The rugged peak of alkali feldspar
granite (AFG) capped by Nubian sandstone (NS) and juxtaposing syenogranite (SG). (¢) Mineralized
fluorite vein (V), with some barite, cross-cutting the alkali feldspar granite (AFG). (d) Excavated pit for
the extraction of fluorite and barite. (e) Monzogranite (MG) intruding weathered granodiorite (GR).

3. Materials and Methods

Integration of field and laboratory works include field trips and a variety of analytical
procedures for geochemistry and mineral chemistry, in addition to microscopic investi-
gation. The fieldwork was performed for the collection of fresh samples on a systematic
basis and field observations for lithological variation, contacts, and structural elements.
For the microscopic study, representative thin- and polished sections were prepared for
investigation using transmitted and reflected lights. The petrographic section pays atten-
tion to mineralogical composition, including alterations, and textures. For the whole-rock
chemical analyses, the selected samples were fresh and pulverized down to less than 40 pm
after crushing and coarse grinding. Analyses of major oxides and trace elements were
conducted in the Geo Analytical Lab of Washington University, USA. The measurements
were done by applying the Thermal Spectrometer of X-ray Fluorescence (XRF) and Agilent
7700 inductively coupled plasma mass spectrometry (ICP-MS). For accuracy and precision,
the routine of duplicate samples was followed in which the XRF analytical precision is
greater than 1% (20) for most major elements and better than 5% (20%) for the majority of
trace elements (except Ni, Cr, Sc, V, and Cs). ICP-mass spectrometry (ICP-MS) was used to
measure the concentrations of REEs in addition to Ba, Sr, Zr, Rb, Sc, Cs, Nb, Y, Hf, Ta, Pb,
U, and Th. Most trace elements had detection limits that were better than 5% (20). This
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varied for Th, U, Nb, Ta, Pb, Rb, Cs, and Sc between £9% to +17% (20). Ten polished thin
sections were subjected to mineral chemistry analysis utilizing a JEOL JXA-8500F super
probe housed at Washington State University. A ZAF correction program was used in order
to rectify the data following the procedure recommended by [27]. Operating conditions
were a 15 kV voltage acceleration, a 20 nA current beam, a focused 5-10 pm beam diameter,
and on-peak counting times of 20 s. A set of natural and synthetic minerals were used
as standards.

4. Petrography

The granitic rocks, including the BRC and its country rocks in the Gebel El Bakriyah
area were subjected to petrographic investigation. Different rock varieties can be distin-
guished among the two main categories: (1) country rocks (granodiorites and monzogran-
ite), and (2) BRC (syenogranite and alkali feldspar granites). Generally, the granodiorites
are medium- to coarse-grained and show hypidiomorphic and porphyritic texture. They are
essentially composed of quartz, plagioclase, microcline, and biotite with some minor zircon
and allanite as accessory minerals. Plagioclase crystals are euhedral to subhedral prisms
that show variable degrees of sericitization while the biotite flakes are slightly altered to
chlorite with some fine apatite inclusions (Figure 3a). The monzogranite, syenogranite, and
alkali feldspar granites are holocrystalline and show hypidiomorphic texture, and they
are composed essentially of K-feldspar, plagioclase, quartz, biotite and hornblende while
kaolinite and sericite represent secondary minerals. The percentage of mafic minerals in
the three granite varieties range from 4% to 8%. They are represented by ferromagnesian
minerals such as hornblende and biotite.

Accessory minerals are mostly zircon, apatite, columbite, fluorite, titanite, and Fe-Ti
oxides. K-feldspars are represented by medium to coarse, subhedral to anhedral crystals
that are characterized by perthite texture. Content of potash feldspars, either homogeneous
or in the form of perthite intergrowth, in syenogranite and alkali feldspar granite is greater
than in monzogranite. K-feldspars occur as subhedral to anhedral prisms which are
represented by microcline perthite and to a lesser extent orthoclase perthite, in addition
to their homogeneous counterparts. They appear turbid or cloudy at their cores where
partial kaolinitic alteration can be observed. Alteration of feldspars to sericite is also
seen (Figure 3b). Sericitized plagioclase and kaolinitized potash feldspars occur either as
prismatic phenocrysts or as small flattened crystals with subhedral to anhedral outlines.
Perthite is one of the distinctive micro-textures in the investigated syenogranite and alkali
feldspar granite where three types of perthite intergrowth can be seen: namely string, vein
and patchy. Some perthite crystals contain inclusions of small quartz crystals. Quartz occurs
mostly in the form of subhedral phenocrysts or as medium- to coarse-sized aggregates,
which fill the interstitial spaces between the feldspars. Several examples show graphic
and granophyric intergrowths in quartz and potash feldspar discrete crystals (Figure 3c).
Biotite is partially chloritized and occurs as dark brown flakes interstitially between quartz
and feldspars. Some biotite flakes show rugged peripheries and are squeezed in between
the felsic minerals. Muscovitization of biotite is common (Figure 3d). Hornblende occurs
as coarse prismatic crystals that are partially altered to chlorite and encloses flakes of
muscovite and perthite (Figure 3e,f). Occasionally, some simply-twinned hornblende
crystals can be seen.

Metamict zoning in accessory zircon can be seen especially using high magnification.
Fluorite is the most common accessory mineral, found mostly in mineral interstices oc-
curring as subhedral to anhedral isolated crystals or in the form of veinlets. Granites in
the Gebel El-Bakriyah area contain 2%-4% opaque mineral content that is represented by
Fe-Ti oxides. They are homogeneous magnetite and ilmenite in which the latter shows
variable degrees of martitization whereas the latter is partially replaced by secondary
titanite (Figure 3g). Figure 3h shows fluorite with Nb-Ta inclusion.
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1000 um

Figure 3. Photomicrographs of Gebel El Bakriyah granitic rocks. (a) Large plagioclase crystal
(P1), microcline (Mic), quartz (Qz), and chlorite (Chl) as primary and secondary constituents of
granodiorite, Crossed-Nicols (CN). (b) Alteration of feldspars to sericite (Ser) and occurrence of
euhedral terminated zircon in syenogranite, CN. (c) Intergrowths of quartz and K-feldspars to form
graphic and granophyric textures in monzogranite, CN. (d) Muscovitization (Mus) of primary biotite
in syenogranite, C.N. (e) Coarse hornblende (Hbl) in contact with perthite (Per) in monzogranite, CN.
(f) Hornblende crystal (Hbl) surrounded by quartz (Qz) and plagioclase (P1). Notice that hornblende
partially encloses muscovite (Mus) and pethite (Per) in syenogranite, CN. (g) Homogeneous ilmenite
(Ilm) extensively altered to titanite (Tnt) reaction rim in granodiorite, CN. (h) Fluorite (Fl) with typical
cubic habit enclosing Nb-Ta minerals.
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5. Whole-Rock Geochemistry

Tables 1 and 2 provide the bulk chemical composition (major, trace and REEs) of
the selected samples from the country rocks and BRC. Alkali feldspar granites are char-
acterized by SiO; = 69.6-72.7 wt.%), CaO (1.08-1.29 wt.%), Al,O3 (13.7-15.4 wt.%), TiO,
(0.07-0.31 wt.%), and MgO (0.19-0.24 wt.%). Syenogranite has (5iO; = 74.3 —-77.1 wt.%)
with lower contents of Al,O3 (12.4-13.6 wt.%), CaO (0.7-1.1 wt.%), TiO; (0.02-0.09 wt.%),
MgO (0.08-0.1 wt.%), P,Os5 (0.01 wt.%). In the country rocks, granodiorite has a moder-
ate 5i0; = 63-64 wt.%) with Al,O3 of 15.8-16.3 wt.%, high CaO (3.56-3.58 wt.%), TiO,
(0.63-0.69 wt.%), MgO (0.08-0.1 wt.%), and P,Os (0.14-0.15 wt.%). Monzogranite distin-
guished by SiO, = 73.4-74.5 wt.%), Al,O3 (12.6-13.7 wt.%), CaO (0.46-0.56 wt.%), TiO,
(0.2-0.3 wt.%), MgO (0.27-0.38 wt.%), P2Os (0.04-0.07 wt.%). Also, the concentrations of
trace elements in the BRC granite varieties differ from those in the country rocks. In this
respect, granites of the BRC (syenogranite and alkali feldspar granite) are rich in Rb, Y,
Ga, Nb, Ta, Th, and U compared to the country rocks (granodiorite and monzogranite).
However, Zn and Sr are of lower amounts in syenogranite (927 ppm and 31-52 ppm,
respectively) but high in the alkali feldspar granite (57-96 ppm and 57-70 ppm, respec-
tively) and the country rocks (51-226 ppm and 123-272 ppm, respectively). Ba is much
higher in country rocks (378-1012 ppm) compared to the BRC granites (99-326 ppm in
syenogranite and 301-468 ppm in alkali feldspar granite). The total concentrations of
rare-earth elements XREE are high in the BRC granites (2REEs = 180-264 in syenogranite
and XREEs = 296-547 ppm in alkali feldspar granite) compared to those in the country
rocks (XREEs = 103-265 ppm). To confirm the field and petrographic nomenclature of the
different granitic varieties, classification of the Gebel El Bakriyah granites can be ascer-
tained using the total alkalies vs. silica (TAS) diagram (Figure 4a) of [28]. Some of the
country rocks plot in the granodiorite field while the others (monzogranite) plot in the
granite field. This is supported by the use of the quartz-alkali feldspar-plagioclase (QAP)
diagram proposed by [29]. According to this diagram, the country rock samples fall in
the granodiorite and monzogranite fields while the BRC samples plot in the syenogranite
and alkali feldspar granite fields (Figure 4b). The [30] diagram (Figure 4c) shows that
all granitic samples have an alumina saturation index greater than unity indicating that
they are peraluminous except granodiorite, which plots at the transition line between the
metaluminous and peraluminous fields. This is evidenced by the considerable corundum
content of the studied samples up to 5.92% (Supplementary File S1 (T1)). Figure 5a,b
present REEs patterns (spider diagrams) normalized using the chondrite values of [31].
The REEs patterns of syenogranite and alkali feldspar granite are comparable with the
country rocks in terms of much abundance in the former and magnitude of anomalies.
The studied samples are characterized by LREE enrichment with nearly flat HREEs and a
strongly negative Eu anomaly, particularly in the case of syenogranite and alkali feldspar
granite. Figure 5c¢,d show spider diagrams of some trace elements normalized to values in
the primitive mantle of [32]. The figure shows significant enrichment in large ion lithophile
elements (LILE) as well as incompatible elements that act similarly to LILE (such as Th and
U). The granites of the BRC and their country rocks are characterized by relative enrichment
in Zr, Y, and Ta whereas Ti, Ni, K, and P are low. Also, granodiorite shows slight depletion
in Cr.
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Table 1. Whole-rock chemical composition of syenogranite of the Gebel El Bakriyah ring
complex (BRC).

Sample # FS1 FS11 FS2 FS5 FS6d FS7 S26 S28 S29 S30 S31 S33

Major oxides (wt.%)

SiO, 74.33 74.74 76.32 7391 77.88 74.84 77.18 73.56 75.65 73.41 75.28 75.08
TiO; 0.05 0.05 0.05 0.09 0.05 0.07 0.02 0.06 0.05 0.06 0.06 0.03
Al,O3 13.61 13.05 12.42 13.08 12.57 13.37 12.6 13.8 12.96 13.53 13.28 12.96
Fe, O3 0.91 1.31 0.34 0.78 0.36 0.57 0.56 1.18 0.76 147 0.67 0.79

MnO 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.01 0.01 0.03 0.01 0.01
MgO 0.14 0.14 0.1 0.15 0.08 0.16 0.07 0.16 0.15 0.17 0.13 0.14
CaO 0.73 0.76 0.75 1.19 0.61 0.83 0.56 0.94 0.64 0.88 0.84 0.77
Na,O 4.05 2.87 2.66 3.46 1.04 3.92 3.84 4.09 3.44 3.89 3.74 3.96
K,O 4.69 5.08 4.48 424 4.27 423 4.31 4.77 4.44 4.72 4.74 4.69
P,05 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
LOI 1.11 1.42 1.74 2.13 2.33 2.04 1.06 1.87 1.68 1.73 1.43 1.38

Total 99.65 9945 9888  99.07 99.22 100.05 100.23 10045  99.79 99.9 100.19  99.82
Trace elements (ppm)

Rb 21894 205.71 24781 201.62 272.77 212.06 22459 19159 21244 206.48 237.84 21557
Ba 256.83 32631 39428 309.47 278.8 177.01 15451 371.04 15234 170,52 156.51 115.23
Sr 47.61 41.79 33.59 51.97 30.75 39.74 30.92 52.09 37.8 50.73 38.58 39.96
Nb 153.67 155.18 171.82 141.83 246.72 16496 171.76 156.52 170.69 14739 17234 168.27
Zr 28454  285.62 260.56 23217 32055 311.42 250.38 285.32 285.19 27193 314.08 302.31
Y 87.21 87.6 92.42 81.55 106.17  82.68 98.98 79.61 96.54 78.41 90.93 98.17
Zn 9.98 11.83 26.71 17.66 8.35 791 9.19 10.73 11.22 24.93 8.89 10.47
Cu <d.L 1.55 1.83 2.06 1.38 <d.l 1.31 <d.L <d.l <d.L <d.l <d.l
Ni 12.32 11.89 7.89 14.67 3.96 10.17 7.98 16.41 8.87 15.23 8.22 10.05
Co <d.L <d.L <d.l <d.L <d.L <d.l <d.L <d.L <d.l <d.L <d.L <d.l
Cr <d.l <d.l <d.l <d.l <d.l <d.l <d.l <d.l <d.l <d.l <d.l <d.l
\Y 16.07 14.6 12.18 15.76 9.95 12.86 10.68 15.33 13.15 16.03 13.53 12.13
Pb 12.8 11.22 9.1 22.36 7.77 10.74 9.99 17.69 3.93 18.42 13.39 10.25
Ga 40.47 35.31 43.16 33.47 44.84 35.78 40.12 31.82 40.38 34.03 39.29 37.65
Sc <d.L <d.L <d.l <d.L <d.L <d.l <d.L <d.L <d.l <d.L <d.L <d.l
Mo 1.99 1.89 2.27 1.08 4.18 1.58 2.19 1.49 3.24 1.59 1.79 1.77
Cs 0.5 0.64 0.73 0.48 1.09 0.76 0.73 0.27 0.71 0.46 0.78 0.66
Hf 7.11 7.68 9.54 9.54 11.22 9.09 8.31 6.85 7.46 9.48 7.85 11.02
Ta 17.94 18.56 26.13 14.15 42.28 20.37 33.54 17.93 21.57 19.93 20.31 19.67
Th 34.36 33.6 44,12 28.13 48.45 36.93 43.49 28.71 36.45 26.95 33.56 35.82
U 9.33 11.25 11.82 5.75 12.13 11.76 12.02 8.04 11.15 9.65 10.82 9.88
Rare-earth elements (ppm)
La 47.42 49.33 50.94 24.93 32.51 33.56 29.69 43.86 38.88 45.19 35.73 32.74
Ce 10095 108.81 110.64 57.33 77.4 78.11 66.13 94 84.15 100.92 85.58 75.65
Pr 124 12.59 12.87 7.54 9.7 9.71 8.41 10.6 9.54 11.37 10.94 9.33
Nd 42.8 42.34 47.48 29.12 35.28 36.48 31.47 38.32 32.64 40.61 40.42 35.1
Sm 8.71 8.74 10.09 6.61 7.92 7.43 6.92 8.17 7.14 9.02 8.87 7.93
Eu 0.93 0.91 1.02 0.79 1.19 0.59 0.62 1.03 0.74 0.7 0.78 0.61
Gd 11.15 10.61 12.24 7.67 8.81 7.96 7.95 9.48 9.44 10.31 10.22 9.21
Tb 1.99 1.75 1.95 1.32 1.56 1.42 1.35 1.62 1.59 1.78 1.8 1.56
Dy 12.35 11.9 12.45 8.57 11.35 10.05 8.78 10.95 10.21 12.07 12.53 11.01
Ho 2.76 2.62 2.86 1.91 2.49 2.27 2.16 2.37 2.33 2.66 2.83 2.52
Er 8.94 8.54 9.17 5.36 8.91 7.79 6.43 7.57 7.27 8.59 9.91 9.02
Tm 1.52 1.46 1.55 0.89 1.61 1.25 1.11 1.25 1.22 1.48 1.78 1.55
Yb 10.31 10.4 10.78 6.08 11.16 9.01 7.96 8.81 9.01 10.12 12.52 11.38
Lu 1.42 1.43 1.53 1.04 1.71 1.25 1.23 1.26 1.29 1.47 1.83 1.72
Eu* 10.39 10.49 114 7.06 8.76 8.49 7.63 9.31 8.25 10.13 9.85 8.6

Eu/Eu* 412 4.04 4.17 412 4.03 429 413 4.12 3.95 4.01 41 4.08
(La/Yb)n 3.84 3.93 4.81 525 5.44 474 6.76 3.79 5.01 3.14 3.39 3.97
(La/Sm), 2.77 2.67 343 3.73 4.99 3.8 5.17 271 3.82 237 3.07 3.84
(Gd/Lu), 573 5.99 6.51 7.43 4.92 5.94 6.23 6.54 5.85 6.09 4.98 5.12
(La/Lu),  22.61 23.01 28.46 31.61 30.09 29.54 39.18 2297 29.88 18.21 18.85 23.11

T1.3 1.04 1.04 0.99 1.02 1.06 1.04 0.99 1.02 1.02 1.04 1.04 1.02
>REEs 263.65 27143 28557 159.16 211.6  206.88 180.21 23929 21545 25629 23574 209.33
Y/Ho 31.6 33.44 32.31 427 42.64 36.42 45.82 33.59 41.43 29.48 32.13 38.96

T(°C) Zr 842 852 850 824 905 854 834 837 852 835 851 843
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Table 2. Whole-rock chemical composition of the other granites forming the Gebel El Bakriyah ring

complex (BRC).
Alkglrf;ilispar Monzogranite Granodiorite
Sample # FS13 FS13A S7b  S35A S8 $13 S18 S20  FS23 S39  FS12 FS15  S35b S1
Major oxides (wt.%)
510, 72.78 69.66 66.64 7119  73.68 74.37 7448 7412 7453 7542 7437 7552 649 63.92
TiO, 0.07 0.18 0.33 013  0.31 0.29 0.36 0.31 0.26 021 029 029 0.66 0.69
AlLOs 13.78 14.12 1548 1434 1345 13.09 13.77 1276 1317 1287 13.09 1261 1631 1586
Fe,O3 1.82 2.93 3.21 228 179 1.45 1.28 1.56 1.58 1.3 145 121 4.72 4.81
MnO 0.03 0.06 0.09 0.03  0.03 0.01 0.02 0.04 0.05 003 0.01 004 0.08 0.07
MgO 0.19 0.21 0.24 0.2 0.33 0.32 0.38 0.35 0.3 027 032 031 1.72 1.69
CaO 1.02 111 1.29 1.08  0.56 0.54 0.55 0.56 0.52 046 054 049 3.56 3.58
Na,O 4.56 4.64 4.48 459 349 3.44 3.37 343 3.53 345 344 328 416 441
K,O 4.88 5.04 437 501 458 4.78 4.54 4.44 4.64 475 478  4.67 2.74 2.28
P,05 0.02 0.04 0.12 0.03  0.06 0.05 0.07 0.04 0.04 004 005 0.04 0.15 0.14
LOI 1.22 1.36 291 123 125 1.52 1.12 0.92 0.83 1.02 152  1.33 1.14 1.95
Total 100.37 99.35 99.16  100.1  99.53 99.86 99.94 9853 9945 99.82 99.86 99.79  100.1 99.4
Trace elements (ppm)
Rb 79.66 170.87 1672 1724  56.26 79.86 96.66 8448 81.84 90.86 6048 12249 80.77  60.48
Ba 300.73 409.67 4684 4025 1012.6 765.5 8125 7680 5519 9773 4041 74154 3782  404.1
Sr 57.14 66.7 69.84 6142 189.64 175.8 153.1  139.7 1263 1235 2726 13371 2679 2726
Nb 132.41 12459 1126 1196  9.89 9.05 11.71 1153 1303 1521 7.65 1927  8.38 7.65
Zr 372.31 512.18 5074 4395 257.33 256.4 2436 2403 2369 2248 2826 21775 2902  282.6
Y 88.55 75.33 56.89  76.89  47.68 46.79 4882 4628 5151 5458 2997 57.69 3078  29.97
Zn 57.24 96.41 60.88 9211  52.79 59.03 2039 2263 60.04 5128 5646 7551 5778 @ 56.46
Cu <d.L <d.L <dl.  <dl 597 4.79 4.43 3.76 3.68 271 1076 233 1171  10.76
Ni 16.42 18.17 21.05 1722 549 3.91 2.04 <dl. <dl  <dl 503 <dl 4.15 5.03
Co <d.l 2.24 3.1 <dl. 446 3.07 <d.l 2.14 2.72 15 952 242  10.28 9.52
Cr <d.L <d.L <dl.  <dl = <dl <d.L <dl.  <dl  <dl  <dl 2433 <dl 1647 2433
Vv 17.03 18.37 19.62 1698  34.97 28.74 2926 2161 223 1214 4776 9.8 4554  47.76
Pb 12.79 16.37 18.66 17.61 279 11.66 2701 3793 16.03 1466 1856 15.02 17.66  18.56
Ga 36.11 31.05 2729 3577  20.04 19.23 2059 2193 24.04 2223 2136 2513 2159 @ 21.36
Sc <d.L <d.l <dl.  <dl 057 0.53 0.46 0.48 0.31 024 701 019 6.86 7.01
Mo 5.05 5.12 4.75 403 094 1.44 1.88 2.32 2.38 204 225 337 157 2.25
Cs 0.83 0.43 0.51 079  0.38 0.48 0.41 0.52 0.48 059 069  0.65 1.05 0.69
Hf 12.68 13.18 1296 1053  6.67 6.27 7.09 6.76 6.66 711 472 737 5.57 4.72
Ta 16.55 9.74 805 1223 025 0.22 0.28 0.44 0.35 047 005 059 0.09 0.05
Th 26.25 18.71 16.44 2044 527 4.83 5.35 4.74 5.73 524 396 634 412 3.96
U 8.75 721 5.61 766 222 2.16 2.48 2.76 242 3.21 1.6 3.78 1.25 1.6
Rare-earth elements (ppm)
La 88.63 57.59 4424  69.85 27.84 24.03 36.13 31.34 4327 3991 1683 41.65 19.68  16.88
Ce 257.77 16645  142.7 2129  73.07 63.12 9123 8l.61 101.8 96.42 3866 101.95 4521  38.66
Pr 26.29 17.63 1535 2145 898 7.27 1224 1021  11.6  13.84 497 1399 5.7 4.97
Nd 90.14 60.51 523  68.63 3448 27.01 4541 403 4186 5034 2028 5259 2297 @ 20.28
Sm 18.25 12.02 9.66 1349 7.03 5.99 8.44 7.98 9.51 108 459 11.02 495 4.59
Eu 1.52 1.42 0.88 128 116 1.47 1.58 1.44 1.82 174 141 191 1.45 1.41
Gd 19.9 13.06 8.64 1546  8.04 6.36 9.78 912 1117 1094 439 1381 517 4.39
Tb 2.81 1.81 1.29 237 117 0.95 1.53 1.29 1.72 148 071 204 0.82 0.71
Dy 16.16 10.88 797 1401 673 5.79 8.72 7.37 9.56 846 441 1159 504 441
Ho 3.31 2.18 1.61 277 1.28 1.15 1.6 1.38 1.79 1.6 0.93 22 1.08 0.93
Er 9.66 6.16 4.69 795 342 3.12 4.44 3.67 4.79 426 263 553 3.05 2.63
Tm 1.46 0.99 0.74 118 051 0.45 0.64 0.55 0.69 057 041  0.79 0.46 0.41
Yb 9.82 6.76 5.17 822  3.38 3.06 4.13 3.59 4.63 386 274 534 3.07 2.74
Lu 1.6 1.03 0.81 135 051 0.45 0.64 0.55 0.68 056  0.44 0.8 0.48 0.44
Eu* 21.9 14.56 1218 1701  7.95 6.6 1016 9.03 10.5 1223 478 1242 2854 8148
Eu/Eu* 412 416 4.29 403 434 4.09 4.47 4.46 3.99 412 425 424 0.88 0.27
(La/Yb), 2.72 3.04 3.51 257 154 1.55 12 1.29 12 123 151 115 4.33 5.75
((La/Sm), 1 1.06 1.07 095  0.59 0.66 0.44 0.46 0.49 0.38 0.8 0.45 2.51 3.27
(Gd/Lu), 12.5 12.14 13.05 1143 13.78 13.31 1319 1451 1378 1895 112 1395 1.32 14
(La/Lu)y, 17.98 18.9 2222 17.32  10.33 10.73 8.36 8.62 8.3 919 966  8.03 4.2 5.3
T1.3 1.08 1.08 1.13 115  1.05 1.06 1.08 1.04 1.06 1.03 1 1.04 1 1.15
XREEs 547.32 35849 2960 441 177.6 150.2 2265 2004 2449 2447 1034 26521 1191 1034
Y/Ho 26.75 34.56 3534 2776 37.25 40.69 3051 3354 2878 3411 3223 2622 285 32.23
T (°C) Zr 851 878 892 858 842 839 842 833 832 827 848 825 821 815

6. Mineral Chemistry

For a better understanding of the mineral composition of the younger granites and
its use to deduce some petrogenetic parameters, we analyzed the major silicate minerals
and some non-silicates in the four granitic varieties using the electron microprobe. They
include feldspars (plagioclase and K-feldspars), biotite, chlorite, amphibole, apatite, zircon,
Nb-Ta oxides, and Fe-Ti oxides. Structural formulae were calculated using the Minpet
software [33] together with some Excel spreadsheets.
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6.1. Feldspars

Electron microprobe analyses (EMPA) of the feldspar-group minerals, their struc-
tural formulae, and end-members (mole%) are given in Supplementary File S1 (T2). The
analyzed feldspars in the Gabal El Bakriyah younger granites are distinguished into K-
feldspars (homogeneous orthoclase/microcline and perthite), in addition to sodic plagio-
clase. In the monzogranite, homogeneous K-feldspars have a high and narrow K,O range
(15.29-16.22 wt%), and therefore orthoclase component is remarkably high (89-97 mole%)
while its albite component never exceeds 8 moles%. On the other hand, the range of K,O in
perthite is lower and wide (3.59-12.36 wt%), which results in a wide range of orthoclase com-
ponents (20-67 mole%) and high albite components up to 76 moles%. In the syenogranite,
its homogeneous K-feldspars have the highest orthoclase (95-98 mole) and lowest albite (up
to 5 moles%) owing to a high and narrow K,O range (15.57-16.32 wt%). The alkali feldspar
granites have homogeneous K-feldspars (14.97-16.22 wt% K,O, 82-97 mole% orthoclase,
and up to 17% mole% albite) and few perthites (12.46-12.53 wt% K,O, 74-75 mole% ortho-
clase, and up to 25 moles% albite).

The analyzed plagioclase in monzogranite is mainly sodic (9.2-10.3 wt% Na,O), which
is equivalent to 82-88 mole% albite, while anorthite in solid solution is much lower (up to
12.6 mole%) due to the low CaO content (2.2-3.2 wt%). EMPA of homogeneous plagioclase
in the three granite varieties shows similarities. In the monzogranite, plagioclase contains
10.13-12.14 wt% NayO equivalent to high albite solid solution component amounting to
89-99 mole%. Similarly, the syenogranite (10.39-11.56 wt% NayO and 99 moles% albite)
and the alkali feldspar granite (10.89-11.65 wt% NayO and 96-99 mole % albite). A second
generation of homogeneous plagioclase is slightly calcic and has 9.27-10.39 wt% Na,O and
accordingly, the lowest albite component (84-89 mole%), which is typical of an oligoclase
composition. On the ternary phase diagram for the classification of feldspars based on their
chemistry [34], the analyzed feldspars from BRC granites plot in the orthoclase/microcline
and albite field. On the other hand, feldspars from country rock lie in orthoclase /microcline,
oligoclase, and anorthoclase fields (Figure 6a).

6.2. Biotite

The major primary ferromagnesian mineral in the investigated granites is biotite. Its
EMPA and structural formula are presented in the Supplementary File (T3). Analyses of
biotite indicate 9.5-12.8 wt% Al,O3, 2.4-3.9 wt% TiO,, and 0.08-0.5 wt% MnO. Biotite in
the alkali feldspar granite has a higher content of FeO' (30.6-33.7 wt%) compared to the
monzogranite (19.5-23.6 wt%) and syenogranite (~20-24.1 wt%). On the other hand, biotite
from the alkali feldspar granite and monzogranite has a higher MgO content (8.6-11.9 wt%)
than in the alkali feldspar granite (2.9-4.4 wt%). The FeO'/MgO ratio ranges from 8 to 11
in the alkali-feldspar granite, which is noticeably higher than those in the syenogranite
and monzogranite (0.94 to 2). On the TiO,-FeO'-MgO ternary diagram of [35], all analyses
pertain to primary/magmatic biotite (Figure 6b). According to the classification of [36],
biotite from BRC granites plot in Mg and Fe biotite whereas biotite from the country rock
granites lie in the Mg-biotite field (Figure 6c).

6.3. Amphibole

For the amphibole EMPA (Supplementary File S1 (T4)), the structural formula is calcu-
lated on an anhydrous basis assuming 23 oxygen atoms per half-unit cell. Data in this file
indicates that the content of FeO' (30.41-35.35 wt%) in the monzogranite country rock is
much higher than in the syenogranite or the core of the BRC (17.82-17.97 wt%). Similarly,
MgO is much higher in the monzogranite (11.56-11.97 wt%) than in the syenogranite
(0.44-2.53 wt%). On the classification diagram of [37] (Figure 6d), the analyzed amphi-
bole in BRC granites is Ca-Na amphibole whereas it is Na to Na-Ca amphibole in the
granites from the country rocks, i.e., it is an alkali amphibole with some Ca in the double-
chain structure, specifically in the Y-sites where divalent cations are allocated. Careful
application of some Excel spreadsheets enables the exact nomenclature of amphibole. As
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given at the Supplementary File S1 (T4), the analyzed amphiboles comprise ferro-richterite,
katophorite, ferobarrroisite, and arfvedsonite in the syenogranite. In monzogranite, it has
the composition of normal arfvedsonite and Mg-arfvedsonite only.

6.4. Nb-Ta Oxides

It was possible to record and analyze Nb-Ta oxides as primary magmatic phases
in the syenogranite variety only (Supplementary File S1 (T5)). These oxides are either
columbite or tantalite as end-members of a solid solution series common in rare-metal
granites. The analyzed columbite has high Nb,O5 content (42.58-69.56 wt%) than those
in tantalite (21.35-24.89 wt%). Oppositely, TayOs content in tantalite (55.38-59.71 wt%) is
much higher than in columbite (8.27-38.96 wt%). MnO content in the columbite is higher
than in the tantalite (up to 13.96 wt% and up to 9.77 wt%, respectively). Contents of Si,
Al, and Ca oxides in the columbite-tantalite are negligible. The Ta/(Nb + Ta) ratio in
tantalite is doubled compared to columbite (0.57-0.63 and up to 0.27, respectively). Accord-
ing to the binary classification diagram of Nb-Ta oxides based on the Mn/(Mn + Fe) vs.
Ta/(Ta + Nb) ratios, the analyzed columbite is manganoan (i.e., Mn-columbite) and so is
tantalite (Mn-tantalite) as shown in Figure 6e.

6.5. Zircon and Apatite

Zircon is a common accessory mineral in the investigated three granite varieties (Sup-
plementary File S1 (T6)). The analyses show limited variations in the chemical composition
in which ZrO, content in the BRC granites and its country rocks ranges from about 60.9
to 64.4 wt%. The range of SiO, content is also narrow (31 to 32 wt%). This zircon is poor
in Al;03 and FeO'. In general, oxide impurities in the analyzed zircon are negligible and
amount < 0.5 wt%. Because Hf,O3 was not among the protocol of the electron microprobe
session for zircon, the sum of oxides is somehow low (95.62-98 wt %).

Apatite in the monzogranite and alkali feldspar granite varieties was analyzed
(Supplementary File S1 (T6)). Apatite in the alkali feldspar granite has lower contents
of CaO (4448 wt%) and P>0Os5 (34-36 wt%) than in the monzogranite (51-56 wt% and
38-41 wt%, respectively). The analyses do not show any significant chemical variations.
For example, Mn?" in the apatite structure reaches up to 0.3 atoms per formula unite (apfu)
in the apatite from alkali feldspar granite, which is almost the same in the apatite from
monzogranite (3.2 pfu). Similarly, apatite in the two granite varieties has almost constant
Ca%* (10.7-11.7 apfu). The remaining oxides are present as impurities in trace levels, which
do not exceed 0.5 wt%.

6.6. Fe-Ti Oxide

The chemical analyses and structural formulae of the different Fe-Ti oxides are given
in the Supplementary File S1 (T7). They include magnetite, ilmenite and goethite. The
abundance of magnetite is limited in the monzogranite as well as in the alkali feldspar
granite, while ilmenite and goethite are restricted to monzogranite. Magnetite in the BRC
granites has FeO! in the range from 8 wt% to 92.2 wt% whereas the same range in the
country rock is 86.5-92.1 wt%.

Negligible amounts of other oxide impurities (<0.5 wt%) are also noticed. In the
ilmenite crystals, TiO, content is very narrow and ranges from 49 wt% to 50 wt% and has
the expected FeO' content in ilmenite that is noticeably wide in range (29 to 43 wt%). In
some instances, the FeO! content abruptly increases to the amount from 87 to 91 wt% in
crystals with minute hematite exsolution (hematite-ilmenite exsolution or primary texture).
Appreciable amounts of Mn cations are encountered in the ilmenite structure (3-8.5 wt%
MnO) that is a function of a significant amount of manganese in solid solution with end-
members (Mn- and Mg-ilmenite); namely geikielite (MgTiO3) or pyrophanite (MnTiO3).
The analyzed goethite from the monzogranite shows extremely limited variations in the
chemical compositions, in which FeO' ranges from 59 to 73 wt% and the much lesser SiO,
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content is appreciable (3.8 to 5.5 wt%) and connected to increased silica activity during
oxidation of magnetite.

6.7. Chlorite

As a hydrous phyllosilicate mineral, which is a secondary phase replacing bi-
otite, its structural formula is calculated from the EMPA based on 11 oxygen atoms
(Supplementary File S1 (T8)). Analysis of chlorite from the monzogranite shows high SiO,
(27-32 wt%), Al,O5 (11-13wt%), FeO! (24-29 wt%) and MgO (8.8-12.1 wt%). The contents
of KyO (up to 4.3 wt%) are moderate whereas the chlorite is poor in CaO, NaO, TiO,, and
MnO oxides. The ratio of Fe/Fe + Mg in the analyzed chlorite is a bit wide (0.5-0.9 wt%).
Fe?* (up to 5.4 apfu) is appreciable and greatly exceeds Fe>* (0.2 apfu). According to the
classification by [38], the analyzed chlorite plots in the diabantite field except for a few
pycnochlorite compositions (Figure 6f).
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Figure 6. (a) Composition of the feldspars in Gebel El Bakriyah granitic rocks using the Ab-Or-An
ternary diagram of [34]. (b) The primary origin of biotite is based on the (FeO! + MnO)-10*TiO,~
MgO discrimination diagram of [35]. (c¢) Nomenclature of biotite (Fe- and Mg-bearing) using the
classification of [36]. (d) Na-Ca amphibole plots after [37]. (e) Mn-rich end-members of the Nb-Ta
oxides. (f) Chlorite composition in the Gebel El Bakriyah granitic rocks [38].
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7. Discussion
7.1. Conditions of Magmatic Crystallization

The mineral assemblages and the physico-chemical properties of the magma are closely
related during the crystallization process [39]. Temperature (T), pressure (P), and oxygen
fugacity (fo,) all have a significant impact on the mineral compositions and crystallization
histories of magmatic systems. Zircon exhibits variable behavior in felsic rocks and is
frequently concentrated in residual silicate melts until zircon saturation occurs [40]. For the
felsic magmas, [40] used the relationship between the solubility of zircon and crystallization
temperature with major element composition in the melt to determine their temperature.
According to the calibration of [40], the assessed Zr saturation temperature for the studied
granitic rocks from the BRC ranges from 824 to 905 °C while the temperature of the country
rocks is between 815-848 °C.

Based on the norm calculations given in the Supplementary File S1 (T1), an Ab-Or-
Qz ternary diagram (Figure 7a) was constructed, which shows that the studied granites
evolved in extremely low H,O vapor pressures where the samples plot near the lowest
point of the diagram between 2-6 kbar. The analyzed biotites in the country rock and
the BRC granites have low TiO,, which indicate low-pressure condition of the granite
emplacement for all varieties [41]. This gives evidence that the condition of crystallization
for the BRC occurred at a shallow depth condition in the crust.

According to [42], oxygen fugacity (fo,), is an important factor controlling magmatic
activity that may be used to determine the redox conditions of melts during petrogenesis.
Since magnetite frequently becomes Ti-free during slow cooling and ilmenite generally
through one or more oxidation processes, it is difficult to determine the initial oxygen
fugacity of the the primary magma [43]. However, amphibole chemistry can be used as a
petrogenetic indicator for oxygen fugacity (fo,). The chemistry of amphiboles in the Gebel
El-Bakriyah syenogranite (the core of the BRC) indicates a low fo, (Figure 7b) that refer to
a reducing condition upon magmatic crystallization until the minor metasomatic changes
at the late stage, more likely deuteric alterations. Evolution of A-type granite includes
fractionation of felsic melts in low fo, condition [44]. This is supported by low Mg# (0 to
0.04) ratio and low TiO; along with high Al,O3 content in biotite.

7.2. Magma Type and Tectonic Setting

It is possible to deduce the magma type of the studied granites using either compo-
sition of these rocks, i.e., the whole-rock analysis, or with the aid of some rock-forming
minerals (e.g., micas) as petrogenetic indicators. The chemical compositions of biotite
and saturation index of alumina (Figure 7c) indicated that the investigated country rocks
represented by monzogranite have calc alkaline character while the BRC granites have an
alkaline nature. Alumina saturation index indicates the peraluminous nature for most of
the studied granites, which is confirmed by high normative corundum up to 5% (Figure 4c
and Supplementary File S1 (T1). Some geochemical characteristics such as high contents
of Nb, Ta, Y, Zr, Th, considerable Ga/Al ratio and remarkable depletion in MgO, CaO,
and P,Os categorize most of the younger granites in the Gebel El-Bakriyah area as A-type
granites [10]. Alkali feldspar granite and syenogranite have a ferroan nature representing
the alkaline A-type character of the BRC while monzogranite and granodiorite have a
magnesian nature (Figure 7d). Some geochemical parameters can be used to examine the
Gebel El Bakriyah granitic rocks to determine the tectonic setting for their origins. Based
on the whole-rock geochemistry, the Gebel El Bakriyah granites cover the range from
volcanic-arc for the granodiorite samples followed by a transitional phase as shown by the
monzogranite samples to post-collision (within-plate) granites for the BRC according to the
tectonic discrimination diagrams of [45] (Figure 7e).

Generally, the peraluminous granites, which is the case of the El Bakriyah area are
often produced as a result of collisional (country rocks) and/or post-collisional (BRC)
conditions [46]. However, the A-type rocks of the Gebel El-Bakriyah granites have gen-
eral geochemical characteristics of calc-alkaline (country rocks) to alkaline (BRC) magma
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evolved in a collisional to post-collisional stage. This is evidenced by a high content of
Si0;, notable depletion in CaO, MgO, and Sr with a high concentration of alkalis content,
and considerable enrichment in Nb, Zr, Y, Hf, Th, in addition to REEs patterns with distinct
negative Eu anomalies [10,45,47].
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Figure 7. (a) The Ab—Or—Qz normative diagram of the studied granitic rocks [48] (over a pressure
range from 0.5 kbar to 10 kbar of water-saturated melt) [49]. (b) Plots of amphibole composition
indicating crystallization in low oxygen fugacity (low fo;) magmatic condition [50]. (c) Calc-alkaline
and alkaline magma composition for the different granite varieties using the contents of FeO! and
Al,Oj3 in biotite [51]. (d) Plots of SiO; vs. (FeO!/(FeOt + MgO) for the Gebel El Bakriyah younger
granites show a ferroan nature that confines the A-type granite field [52]. (e) Rb vs. Y + Nb tectonic
discrimination diagram for the Gebel El Bakriyah granites [45].

7.3. Magma Source and Magmatic vs. Metasomtic Process

The granitic rocks of the Eastern Desert of Egypt show a wide variation in major and
trace element concentrations, which strongly suggests that a set of processes and sources
were involved in their generation and emplacement [53]. Generally, three major magmatic
rock units are present in the Gebel El Bakriyah area including an arc rock association
represented by the older granitoids, which are intruded by the fresh post-collisional asso-
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ciations of younger gabbros and the younger granites. The latter are distinguished into
(1) monzogranite country rock (side by side with granodiorite of the older granitoids), and
(2) syenogranite and alkali feldspar granites forming the BRC.

There are four hypotheses for the petrogenesis of A-type granites as follows:
(1) fractional crystallization of lower crustal minerals after partial melting (King 2010 [54]),
(2) Mantle-derived mafic magma fractional crystallization [55], (3) lower crustal constituents
contaminate mafic mantle-derived melt [47], and (4) melting from the lower crust mixed
with some mantle-derived materials [54].

Peraluminous granites can form as a result of fractional crystallization or partial
melting of intermediate and mafic rocks or metasedimentary rocks with low total alkali
and high Al concentrations, as well as magma mixing and crustal contamination [56,57].
The depletion of Ti, Ba, P, and Eu in the investigated samples of both country rocks and
BRC (Figure 5) may support the fractionation of plagioclase and K-feldspar in addition to
fractional crystallization of ilmenite and apatite. There is an extensive crystal fractionation
in the BRC compared to country rocks, which is evidenced by the enrichment in Rb, Nb, Ta,
Zr, Hf, Th, and U in the BRC.

The REEs patterns of the BRC granites show significant degrees of REEs fractionation,
with a considerable enrichment in light elements (LREEs) to heavy elements (HREEs)
(Figure 5), in addition to a remarkably higher some of the rare-earth elements () _REEs)
compared to the country rock granites. Zircon is spatially associated with thorite, fluorite,
and columbite, indicating that these minerals are all formed from a fluid-rich, highly
fractionated magma [58]. The Fractional crystallization process in the country rocks and
BRC is supported by the plots of the samples on the Th/Nb vs. Zr and Ta vs. Nb diagrams
(Figure 8a,b). Normally, the Zr/Hf and Nb/Ta ratios are relatively unchanged in regular
magmatic processes, but they significantly change during severe magmatic fractionation
when magmatic melt interacted with fluids in particular (e.g., [59]). The BRC granites
exhibit a wide range of Nb/Ta ratios (6.11-13.6 and Zr/Hf ratios (16.1-26.7), which indicate
fractionation and interaction between fluids and the magmatic melt. The presence of
fluorite as a major interstitial accessory mineral in the investigated granites suggests that
the magma was F-rich, especially during the late stage of fractional crystallization imposing
an impact on the physicochemical characteristics of the felsic magma. Fluorite reduces
the solubility of water in magma, as well as its viscosity, and decreases the crystallization
temperature in the magma reservoir e.g., [60]. Also, the presence of rare metals, e.g.,
Nb and Ta, are as used as markers for extensive crystal fractionation in the melt [61].
However, the studied samples exhibit a variable increasing trend of La/Sm and La/Yb
ratios versus La abundance (Figure 8c) suggesting that partial melting might have an
impact on the evolution of the BRC and its country rocks in the Gebel El Bakriyah area,
which is also consistent with the peraluminous nature of the investigated rocks. The role of
the fractional crystallization and partial melting in the formation of the country rocks and
BRC is supported by the diagram of Ni vs. Rb (Figure 8d). Finally, it can be concluded that
fractional crystallization is the most acceptable process for the generation of the Gebel El
Bakriyah alkaline rocks. Regardless the limited influence, the role of partial melting cannot
be totally discarded, which needs more detailed isotopic evidence in the future hopefully.

The magmatic origin of the studied granitic rocks from El Bakriyah area appears
to be mixing of clay-poor, plagioclase-rich, and clay-rich, plagioclase-poor along with
amphibolite-rich sources (Figure 9a; [62]), which indicates that the magma originated from
a mixture of metasedimentary and igneous sources, including metagraywacke and pelite
for the BRC, and slightly mafic-derived melts for the country rocks (Figure 9b). We used
some of our mineral chemistry data, particularly those of amphibole and biotite to confirm
the source of melt that produced the Gebel El Bakriyah A-type granites. Figure 9¢c,d suggest
post-collisional magma that formed the alkali feldspar granite, and the syenogranite was
derived from a crustal source while the monzogranite of the country rocks was derived
from crust-mantle mixed source.
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Here, we report evidence for a few metasomatic features in the investigated El-
Bakriyah granites. They include some hydrothermal alterations by late-stage fluids. In
some instances, and based on the petrographic study, graphic texture (Figure 3d) represents
the intergrowth of quartz and alkali feldspar formed by a possible metasomatic replace-
ment. Nevertheless, the formation of graphic texture by exclusive eutectic crystallization in
proper magmatic conditions cannot be excluded [63]. Isovalence elements have the same
radius and charges (CHARC) such as Y/Ho ratios, which are stable in ortho-magmatic
melt except might practice metasomatic changes. The Isovalence Y/Ho ratio amounting
to 28.1 is very characteristic of chondrites that show a CHARC behavior [32]. The Y/Ho
ratio in the BRC granites is higher (average-36.5), which is a non-CHARC character. The
non-CHARC character of the investigated El-Bakriyah granites is likely attributed to some
metasomatism, which is accepted for highly fractionated magmas exhibiting enrichment
of H,O, Li, F, B, and Cl, which implies a non-CHARC character [64]. Therefore, metaso-
matism is the best to explain the non-CHARC character induced by an alkaline solution.
Primary Mg-Ca-bearing amphiboles (e.g., magneso-arvedsonite) in the Gebel El Bakriyah
highly fractionated younger granite are in favor of igneous conditions but some secondary
amphiboles enriched in Fe, Na, and K (e.g., ferrobarrosite) indicates a metasomatic origin.
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Figure 8. (a) Fractional crystallization (FC) and lesser assimilation assignment for the Gebel El-
Bakriyah A-type granites based on the Zr vs. Th/Nb diagram [65]. (b) Positive correlation of
Nb vs. Ta contents as an indicator of fractional crystallization in felsic magma. (c) Plots of La vs.
La/Sm ratio indicating two processes: namely the partial melting and fractional crystallization for
the studied granites (after [66]). (d) Ni vs. Rb compositional variation diagram showing fractional
crystallization and partial melting trends of the studied granites [67]. (Abbreviations of crystallization
trends: FC = Fractional crystallization, AFC = Assimilation-Fractional Crystallization, and BA = Bulk
Assimilation (BA).
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7.4. Mineralogical Constraints for Petrogenesis
7.4.1. Biotite and Apatite

Fe- and Mg-biotite in the investigated A-type granite are exclusively primary and
formed in a proper magmatic condition. None of our biotite analyses plots in the field of
re-equilibrated indicating negligible recrystallization during the late magmatic stage [35].
Primary biotite in the Gebel El-Bakriyah A-type granites support the calc-alkaline to
alkaline magma sources for the monzogranite country rocks and the two zones of the
BRC, respectively (Figure 6¢c). Content of Ti and the ratio of Mg/(Mg + Fe?*) are very
sensitive to crystallization temperature in felsic magmas (e.g., [68]. Plots of biotite analyses
from the Gebel El-Bakriyah A-type granites on the binary diagram of [68] suggest their
crystallization at a temperature between 600 and 700 °C (Figure 9c).

Apatite is essentially a Ca-phosphate mineral that forms in all kinds of rocks in the
earth’s crust and has a unique structure containing traces of Na, Sr, Fe, Mn, U, Th, Y, and
REEs, as well as halogens (F, Cl) and hydroxyl group [69,70]. It is an important accessory
mineral in magmatic rocks, which can be used as a petrogenetic indicator in magmatic
and hydrothermal systems [71]. On the classification diagram of apatite designed by [72],
the majority of apatite analyses from the Gebel El-Bakriyah A-type granite are magmatic
(Figure 9d). In addition, apatite is useful to trace the history of magmatic differentiation
based on its contents of Mg and Mn [73,74]. According to [74], Mg content in apatite
increases proportionally to its concentration in the felsic magma, particularly peraluminous,
during magmatic differentiation together with a considerable rise in the Mn content too.
Also, the rise of the Mg content in apatite enhances the rate of its crystallization [75].

7.4.2. Nb-Ta Oxides, Zircon, and REEs

In several shield rocks from different ages in the world, some accessory minerals
in granitic rocks are very significant petrogenetic indicators, e.g., zircon, Nb-Ta oxides,
REE-bearing minerals [76,77]. In nature, particularly the felsic intrusives (e.g., granite
and pegmatite), Nb-Ta oxide ore minerals can be found including the columbite-tantalite
(Mn, Fe)Nb,Og to (Mn, Fe)TayOg series, the microlite-pyrochlore (Na, Ca),;Ta;Os(O, OH,
F] to (Na, Ca),NbyOg(O, OH, F) series, and wodginite [Mn(Sn, Ta, Ti)Ta;Og] groups [34].
The post-collisional granites in the ANS host some significant concentrations of Nb and
Ta [9,78]. Based on our Whole-rock analyses for the Gebel El-Bakriyah highly fractionated
granites (Table 1), the concentration of Nb in the BRC ranges from 112.6 to 172.3 ppm
and in the country rocks from 7.6-19.2 ppm while the concentration of Ta in the BRC is
(8-26.1 ppm) and in the country rocks between (0.05 to 0.4 ppm). The rare-metal granites
from the Egyptian Eastern Desert are presumably mica- and Mn-rich [5], which is the case
of the investigated BRC that bears Mn-columbite and Mn-tantalite. Zircon is an abundant
accessory mineral in granitic rocks which are resistant to weathering processes [76,77].
Neither morphology nor chemical composition of zircon from the Gebel El-Bakriyah
younger granites indicates a hydrothermal origin and it is typically magmatic. As we
previously mentioned, the whole-rock content of Zr in the BRC and its granitic country
rock (averages = 356 ppm and 253 ppm, respectively) are exclusive for proper magmatic
condition (T = 816-905 °C, Table 1) based on the calculation of Zr saturation [44,71].

Alkali feldspar granite is characterized by high abundance REE (3} REE = 358-547)
than syenogranite () _REE = 159-285), monzogranite () _REE = 102-105), and granodiorite
(XREE = 103-119). Syenogranite has enrichment in LREE to HREE (Lan/Lun) = 18.2-39 than
alkali feldspar granite (Lan/Lun) = 17.3-22.2 and monzogranite has (Lan/Lun) = 8.02-10.7
and in granodiorite has slightly enrichment in LREE to HREE (Lan/Lun) = 4.2. Eu/Eu*
in the investigated granites = 4.03—4.2 except granodiorite Eu/Eu*= 0.27-0.88, which is a
function of extensive fractionation of feldspars by magmatic differentiation that stabilizes
Eu as Eu?* in reducing condition [79,80]. We present whole-rock analyses (Table 1), which
show enrichment of La, Ce, Pr, and Nd in granites constituting the BRC compared with
the granitic country rocks. The Tetrad effect (TE) of REEs during the late magmatic stage
is meaningful though it is not present in all granites, the ones enriched in fluid-mobile
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elements such as Li, B, and halogens like F and Cl [81]. The phenomenon of the tetrad
effect in the REEs patterns of granite helps to trace either fractional crystallization during
differentiation or the interplay of coexisting magma-fluid systems in the late stage of
crystallization [82] and this tetrad effect is seen in Figure 9e. We believe that F, evidenced
by the presence of interstitial fluorite, plays an important role in the enrichment of REEs
in the Gebel El-Bakriyah younger granites. In highly fractionated granites, F influences
the enrichment of REEs and HFSE in the form of fluorine-based complexes as the element
remains dissolved in the magma until fractionation is ceased and fluorite fills the interstitial
spaces in granite [83,84] or forms independent fluorite veins which the case of the Gebel
El-Bakriyah area.

7.4.3. Fe-Ti Oxides and Chlorite

Homogeneous Fe-Ti oxides, particularly ilmenite, in the Gebel El Bakriyah A-type
granites, alter to secondary titanite in the form of a continuous reaction rim (Figure 3e).
From the petrogenetic point of view, this secondary titanite, as well as the sub-graphic
rutile-hematite intergrowths after ilmenite, are indicators of late stage deuteric alterations.
Mafic and felsic arc-related and post-collisional intrusions in the ANS contain Mn-bearing
ilmenite in which Mn increases with the progress of magmatic differentiation [85]. Ilmenite
from the Gebel El-Bakriyah A-type granite is Mg-poor (MgO as much as 0.05 wt%) whereas
MnO content reaches up to 9.8 wt%. This high Mn content is consistent with the evolution
of highly fractionated A-type granites, and the BRC syenogranite and alkali feldspar granite
in particular.

Chlorite-group minerals occur as secondary phases, which pseudomorph magmatic
biotite. The chemistry of this chlorite is sensitive to temperature and hence the temperature
of late stage deuteric alteration can be estimated. In the chlorite structure, occupancy and
substitution of Fe, Mg, and Al in the tetrahedral and octahedral sites are common [86,87].
The available chlorite analyses in the Gebel El Bakriyah granitic rocks were possible from
the monzogranite country rock and indicate a diabanite composition (Figure 7e). Based
on the percentage of Al and its portioning among the octahedral and tetrahedral sites,
we used the chlorite geothermometer formulated by [88] to estimate the temperature of
alteration numerically. Geothermometric calculations for chlorite in the Gebel El-Bakriyah
monzogranite yielded a deuteric alteration temperature of 442 °C.
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Figure 9. (a) Rb/Ba vs. Rb/Sr for the studied granites [62]. (b) The compositions of the stud-
ied granitic rocks, compared to compositional ranges of various experimental metasediment- and
amphibolite-derived melts [89]. (c) Crust and mixed crust-mantle source of the Gebel El Bakriyah
A-type granite based on amphibole chemistry [90]. (d) Crystallization of Mg-biotite and Fe-biotite
from mixed crust-mantle and crust source for the monzogranite + syenogranite and alkali feldspar
granite, respectively [91]. (e) The crystallization temperature of biotite in the Gebel El Bakriyah
A-type granite [68]. (f) Magmatic origin of apatite from the investigated granites [72]. (g) Lanthanide
tetrad effect in some granite varieties [64].

7.5. Geodynamic Model

The ANS represents one of the best examples of Precambrian (Neoproterozoic) juvenile
crusts in the world [22,92]. Granitic rocks are major components in the Eastern Desert
of Egypt and they represent the emplacement of different magma compositions from the
oceanic spread until the post-collisional continental extension. There are several researchers
who determined age of different types of granitic rocks in Egypt, particularly in the central
part where Gebel El Bakriyah area is located. For example, [93] used Rb/Sr isochron to
determine age of emplacement of granodiorite in the adjacent Wadi El-Miyah area, which
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yielded the age 674 & 13 Ma contemporaneous with the volcanic arc stage. Also, 614 + 8 Ma
U/Pb zircon was assigned as the age of similar granodiorite and tonalite intrusions, e.g.,
in Abu Ziran area. This gives an indication of wide time span of arc formation in the
central Eastern Desert up to 60 Ma or alternatively there were more than arc. Some other
granodiorite intrusions at the Homr Akarem and Homret Mikpid in the southern part of
the Eastern Desert were emplaced at 630-620 Ma [94] and at 643 £ 9 Ma for the Um Rus
tonalite-granodiorite intrusion [95], and the youngest phase (i.e., 620 Ma) was believed
to represent the transition between arc to typical anorogenic setting similar to the case
of Gebel El Bakriyah area [96]. On the other hand, typical anorogenic or post-colllisional
A-type granite intrusions in the central Eastern Desert of Egypt, e.g., at Um Had area is
assigned a U-Pb zircon age of 590-3.1 Ma [97]. Generally, felsic magmatism in the Eastern
Desert that produced post-collisional A-type granites, e.g., El-Missikat, Abu Harba, and
Gattar yielded single crystal zircon age of ~600 Ma [98].

Bentor [99] divided granites of the Arabian-Nubian Shield into two categories: an
older syn- to late-orogenic granites (880-610 Ma), and younger post-orogenic to anorogenic
granite (600—475 Ma). Ages determined for the older granites from the Egyptian Eastern
Desert are less than 750 Ma [100]. The Egyptian late- to post-tectonic younger granites
were formed between 600 and 550 Ma, [93] or 600 and 475 Ma [94]. On the other hand,
the 635-580 Ma or 610 and 590 Ma ages are used to distinguish the emplacement of the
Egyptian post collisional younger granite [101]. They have been emplaced as two separate
suites, although substantially overlapping calc-alkaline and alkaline pulses at 635-590 Ma
and 608-580 Ma, respectively [102]. The BRC is located in the central part of the Egyptian
Eastern Desert, and it is a part of the northern segment of the Arabian-Nubian Shield
that belongs to the third stage (i.e., the post-collisional) in most. And this is characterized
by alkaline magmatism including A-type granites. According to [103], a Rb-Sr isochron
assigned 520-506 Ma age of Gebel El Bakriyah granites, particularly the BRC.

The younger granites in the Gebel El Bakriyah area formed during the post-collisional
stage, i.e., emplacement was controlled by within-plate tectonics in which lithospheric
delamination took place to generate mafic and felsic magma batches [24]. Based on our
present field and laboratory data, we assume that the formation of the Gondwana assembly
during the last stage of subduction (Figure 10a) marked the beginning of the collisional
phase, which is marked the first stage of the evolution of El Bakriyah granites represented
by granodiorite country rock. This is resulted by the dehydration of the subducted plate
comparatively at low pressure, which made it easier for the upper mantle to melt and
penetrate the continental crust, forming calc-alkaline volcanic arc magma. The orogenic
activity peaked as a result of the water supply being cut off during the transitional period
that started when subduction reached its warning stage. This phase denotes the post-
orogenic transition from the calc-alkaline to the alkaline stage, despite the anorogenic
regime being relaxed and represented by the evolution of monzogranite rocks. We believe
that the BRC resulted from decompression melting of crustal source material followed by
break-off and delamination of the lithosphere, which was accepted for vast areas in the
Eastern Desert of Egypt (e.g., [104]). Mafic melts were produced by melting the residual
lithosphere by high heat flux during the transition from the compressional to the extensional
phase, and the lithospheric delamination played a significant part in this evolution. The
final stage of the evolution of the Gebel El Bakriyah granites is the post-collisional within-
plate stage (Figure 10b). When magma from the mantle ascended along the fractured
crust during tension and relaxation periods. It causes a relatively greater supply of crustal
alkaline magmas to partially melt, which is represented by two successive evolution of
syenogranite and alkali feldspar granite.
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Figure 10. A suggested geodynamic model for the generation of A-type magma by dehydration
melting of lithospheric delamination in an extensional tectonic regime during the Late Neoproterozoic
in the Arabian-Nubian Shield (ANS). The Gebel El Bakriyah complex witnessed two successive post-
collisional magmatic episodes, the first is mafic that formed the younger gabbros [24] and the A-type
granites (present study).

Our geochemical data are in favor of progressive magmatic differentiation, fractiona-
tion, and little assimilation to form the Gebel El Bakriyah A-type younger granites along
the fracture system and this extends to a proper anorogenic/within-plate environment.
Other parts in the ANS have A-type younger granites that experienced high fractionation,
mostly from a metasedimentary source rock and not tonalite, which is the case of the BRC.
Therefore, it is believed that the fractures of the extensional tectonics were shear zones
that facilitated the upwelling of two independent suites of calc-alkaline and alkaline felsic
magmatism. Similar models have been proposed for the generation of A-type granites in
the ANS either in the form of ring complexes or not e.g., [5,13]. A-type younger granites
formed as post-collisional derivatives of the delaminated mantle in extensional tectonics
form similar ring complexes, e.g., those at Jabal Al-Hassir [93] and Jabal Aja [4] in the
Arabian Shield of Saudi Arabia. These ring complexes are parts of Caulderon subsidence
structures and calderas above the felsic plutons in the western Arabian Peninsula (i.e.,
the eastern segment of ANS), and represent the transition from convergent to extensional
tectonics [105].

Mineralogy and geochemistry of the Gebel El Bakriyah younger granites provide
some evidence for F-and Ba-rich fluids during the late stage of felsic magma fractionation.
Interstitial fluorite and fluorite veins are strong evidence for F and Ba enrichment in the
felsic injection of dominating alkaline composition in the post-collisional environment at
high temperature as low as 830 °C [44,83]. Fluorite in similar A-type granites from the ANS
(e.g., [106,107] and others) confirm our observations and conclusion that the F-complexes
of REEs, U, and Th, are very characteristic for the highly fractionated granites like the case
of Gebel El Bakriyah younger A-type granites. Finally, A-type younger granites in the
entire ANS form by delamination of the lithospheric lower crust in different ages that can
be as old as Cryogenian (e.g., 686 Ma; [105] or Ediacaran (e.g., 634 Ma to 580 Ma; [92]) or
down to 550 Ma [21]. Gebel El Bakriyah A-type granites are peculiar Ediacaran intrusions,
which are formed by high-T melting from a crustal source (Cryogenian crust, possibly
Tonian too) that fractionated during upwelling along fault planes/shear zone in a typical
extensional regime of the Neoproterozoic post-collisional phase of the ANS evolution.
The Gebel El Bakriyah A-type granites are equivalent to other calc-alkaline peraluminous
granites in the ANS (e.g., [4,21]. In other shield terranes of Neoproterozoic age similar to

219



Minerals 2023, 12, 1273

the ANS, e.g., the Brasiliano, A-type magmatism at ~630 Ma ago is comparable to the Gebel
El Bakriyah case. Recycled /reworked ancient oceanic and arc-related crustal materials in
the asthenosphere leads to the formation of alkaline magmatism [108-111], and hence it is
a potential source of upwelling melt to form A-type granites in a proper post-collisional
extension, i.e., within-plate.

8. Conclusions

(1) The Gebel El Bakriyah younger granites comprise a prominent ring complex (BRC)
consisting of syenogranite core and alkali feldspar rim. These two granite varieties
pertain to typical A-type characteristics. The ring complex was emplaced in a within-
plate setting whereas the monzogranite represents a transition between the arc and
anorogenic settings.

(2) A calc-alkaline composition is assigned for the three younger granite varieties. All
of them have the high-K signature of peraluminous melts that were emplaced in the
form of their independent pulses, one produced the monzogranite country rocks and
two successive ones formed the syenogranite and alkali feldspar granite, respectively.

(3) The three varieties of younger granites of Ediacaran age in the Gebel El Bakriyah area
show enrichment of rare metals (Mn-rich columbite-tantalite), F and Fe, i.e., ferroan
granites, which are highly fractionated. This resulted in frequent interstitial fluorite in
the granites as well as the formation of excavated fluorite-rich quartz veins.

(4) From the geodynamic point of view, the Gebel El Bakriyah younger granites formed
by high-T dehydration melting of a mixed crust-mantle source dominated by metased-
iments and amphibolite, i.e., delamination of the lithospheric crust. This is followed
by high fractionation and upwelling of three independent felsic magma pulses along
faults in an extensional tectonic regime.

(5) The BRC and its monzogranite country rocks are peculiar examples of Neoproterozoic
(Ediacaran) post-collisional magmatism comparable to those in other Precambrian
Shields in the world.

(6) Although most of the fluorite and barite veins are excavated, there are still more
exploration efforts that must be carried out to maximize the potentiality of critical
materials in the area, including the Nb-Ta resources.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13101273/s1, Supplementary File S1: Whole rock geochemistry
and mineral chemistry data [112].
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