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Abstract: The Abu Kharif peralkaline granite (AKPG) with Ediacaran age in the Eastern Desert of Egypt, as a part of  
the Arabian–Nubian Shield (ANS), hosts abundant finer-grained microgranular enclaves (MEs). Such MEs are rare in 
peralkaline A-type granites, and their origin remains poorly constrained. The Abu Kharif MEs and host granite share 
similar mineral assemblages, including albite (Ab99An1), K-feldspar (Or97Ab3), ferroan Na–Ca amphibole (mostly ferro-
richterite, katophorite, and ferro-winchite), Mn-rich ilmenite (up to 12.8 wt.% of MnO), quartz, and Ti-rich magnetite (up 
to 15.6 wt.% of TiO2), but differ in modal proportions. Titanite occurs exclusively in the enclaves and is interpreted to be 
hydrothermal in origin, where it replaces amphibole. Furthermore, Mn-rich ilmenite, Ti-rich magnetite, and zircon are 
more abundant in the host granite, while quartz is less abundant in the enclaves. Overall, the MEs are rich in mafic 
minerals – particularly amphibole, titanite, and ilmenite – comprising >50 vol.% of the mode, which is inconsistent with 
a liquid composition. Their field, mineralogical, and textural characteristics instead support a cogenetic origin, consistent 
with autolithic model. The finer grain size of the MEs reflects crystallization under undercooling conditions, likely at 
magma chamber margins during the emplacement, while their ellipsoidal shapes and mineralogical similarity to the host 
granite indicate plastic behavior and thermal equilibrium. These features suggest that the MEs represent accumulations 
of early-formed mafic minerals, i.e., autoliths. Ferro-richterites from the Abu Kharif MEs are more magnesian than those 
in the host granite and together define coherent compositional trends – characterized by positive correlations of Al with 
Ca and Ti and negative correlations with Si and Na – indicating a progressive magma differentiation. These well-defined 
chemical linear trends observed in amphiboles further support a cogenetic origin of the host AKPG and its MEs within  
a shared magmatic evolution.
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Introduction

The MEs are compositionally, texturally, and genetically 
distinct fragment, globule, or crystal-rich aggregate enclosed 
within a host igneous rock, preserving evidence of petrogene
tic processes such as magma injection, magma mingling and 
incomplete mixing, assimilation of country rock, fractional 
crystallization, crystal accumulation, and magma chamber 
replenishment during the evolution of the host magma.  
The most common genetic models, that have been proposed 
for the origin of MEs, include: (i) the xenolith model (e.g., 
Kumar et al. 2004; Zafar et al. 2020); (ii) the restite model 
(e.g., Chen et al. 1989); (iii) the autolith (cognate cumulate) 
model (e.g., Blundy & Sparks 1992; Perugini et al. 2004); and 
(iv) magma mingling and mixing processes (e.g., Kumar & 
Rino 2006; Kumar & Pieru 2010; Barnes et al. 2021; Eliwa et 
al. 2021). 

Xenoliths are foreign lithic fragments, typically derived 
from country rock and incorporated during the magma empla
cement (e.g., Vernon 1983). In contrast, restites are interpreted 
as refractory residues of the source material that failed to 
attain a critical melt fraction during the partial melting (e.g., 
Chappell & White 1991). Some enclaves “autoliths” represent 
accumulations of early formed, genetically related crystals 
entrained within their own residual melt (e.g., Schönenberger 
et al. 2006; Shellnutt et al. 2010), whereas others reflect 
magma mixing and mingling between compositionally dis-
tinct magmas, typically involving injection of hotter mafic 
magma into cooler felsic magma. Mixing produces a homoge-
neous hybrid melt, whereas mingling preserves compositional 
contrasts, commonly as MEs (e.g., Eliwa et al. 2021).

Although enclave genetic models are commonly presented 
as distinct mechanisms, they are better regarded as end-mem-
ber processes that may operate sequentially or simultaneously 
during the evolution of granitoid magmatic systems. Several 
recent studies demonstrate that many enclaves preserve evi-
dence of multiple petrogenetic processes (Chen et al. 2018; 
Wu et al. 2020; Gómez-Frutos & Castro 2023; Domańska- 
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Siuda et al. 2024). For example, a restitic fragment inherited 
from the source region may be incorporated into an ascending 
felsic magma and subsequently undergo partial melting, 
chemical exchange, recrystallization, and hybridization, 
thereby obscuring its primary characteristics (Domańska-
Siuda et al. 2024). Similarly, cognate enclaves representing 
early crystallized portions of the host magma may later inter-
act with replenishing magma batches, while xenolithic frag-
ments may be thermally and chemically modified through 
partial assimilation and recrystallization, producing overlap-
ping petrographic and geochemical characteristics. Therefore, 
enclave types should be viewed as representing a continuum 
of interconnected magmatic processes rather than mutually 
exclusive genetic categories. 

Although the MEs are abundant and widely documented  
in I- and S-type granitoids (e.g., Perumalsamy et al. 2024), 
they are comparatively uncommon in peralkaline A-type gra
nites due to the distinctive petrogenetic evolution of A-type 
magmatic systems, in which highly evolved, alkali-rich 
magmas, lower magma viscosities, prolonged fractional crys-
tallization, and efficient chemical homogenization may reduce 
the preservation of discrete MEs (e.g., Barbarin 1999; Shellnutt 
et al. 2010), despite several well-documented examples 
demonstrating that they can form where mafic and felsic 
magmas interact during the evolution of A-type magmatic sys-
tems (Kontonikas-Charos et al. 2023; Domańska-Siuda et al. 
2024). Therefore, their study in the peralkaline granitic magma 
provides valuable insights into this uncommon phenomenon.  
The mineral chemistry and textural characteristics of the  
Abu Kharif peralkaline granite (AKPG) and its enclaves 
(Egypt) can offer an opportunity to constrain the origin of 
microgranular enclaves in peralkaline, silica-saturated  
A-type granitoids and their implications for the magmatic 
evolution.

Geological setting and sample description

The Pan-African Orogeny (~950–550 Ma) and the Variscan 
orogeny (~380–280 Ma) represent major tectonothermal 
events, with the latter extensively reworking crust formed 
from the former. The Variscan Orogeny reflects a large-scale 
Late Paleozoic collision between Gondwana and Laurussia, 
culminating in the assembly of Pangaea and the emplacement 
of extensive granitic batholiths across Europe (e.g., Stampfli 
& Borel 2002; Fréville et al. 2024). These granitoids formed 
through widespread crustal anatexis associated with subduc-
tion, continental collision, and subsequent orogenic collapse, 
as documented in Variscan granitic systems of the Western 
Carpathians (e.g., Petrík & Broska 1994; Kohút & Larionov 
2021; Broska et al. 2022; Spišiak et al. 2024; Kohút et al. 
2024). A substantial proportion of these magmas was genera
ted by reworking Ediacaran–Ordovician Gondwanan basement 
(e.g., Mandl et al. 2022), with petrogenetic evidence indica
ting derivation mainly from partial melting of felsic meta-sedi
mentary and meta-igneous protoliths within the continental 

crust, originally part of the passive margin (Putiš et al. 2024; 
Broska et al. 2024a). 

The East African Orogen (EAO) records a major Neo
proterozoic orogenic system formed during the closure of  
the Mozambique Ocean and represents a key component in  
the assembly of Gondwana lands (e.g., Jacobs & Thomas 2004). 
Its northern continuation is exposed as the Arabian–Nubian 
Shield (ANS), which provides an exceptional record of juve-
nile crustal growth in northeast Africa and Arabia. The EAO 
basement reflects a pronounced north–south contrast, with 
high-grade metamorphic complexes of the Mozambique Belt 
in the south and predominantly low-grade metamorphic units 
of volcanic, plutonic, and sedimentary origins to the north 
(Cox et al. 2012). The ANS formed during the EAO (ca. 950–
550 Ma), following the breakup of Rodinia (Stern 1994), and 
records a prolonged history of crustal accretion, arc magma-
tism, and tectonic amalgamation throughout the Cryogenian 
and Ediacaran periods. 

The major lithotectonic units of the ANS in the Eastern 
Desert and Sinia Peninsula of Egypt can be summarized from 
the oldest to the youngest (Stern 2018; Mahdy et al. 2024) as 
follows: (1) High-grade gneisses, amphibolites, and migma-
tites form core complexes. (2) Dismembered ophiolites (780–
730 Ma) are represented by serpentinite, ophiolitic gabbros, 
and ophiolitic pillow basalts (Kröner et al. 1994). (3) Arc 
assemblage and arc-volcanic clastic metasediments (780– 
620 Ma) are represented by older metavolcanics (called ophio
litic arc related), metasediments (greenschist facies volcani-
clastic wackes/pelites and diamictite along with occasional 
banded iron formation; El-Shazly & Khalil 2016), and meta
gabrrodiorite complexes (island-arc calc-alkaline gabbro–
diorite complexes). (4) Hammamat molasse-type sediments 
(600–585 Ma) and Dokhan volcanics (620–550 Ma). 

Granitoid magmatism of the ANS in Egypt is commonly 
subdivided into two major phases, locally referred to as older 
and younger granitoids (El-Bialy et al. 2020). The older grani
toids are syn-tectonic (ca. 670–590 Ma), subduction-related, 
calc-alkaline magmas with I-type affinity, spanning compo
sitions from quartz diorite to monzogranite. In contrast, the 
younger granitoids are predominantly post-tectonic (ca. 590–
550 Ma) and reflect more evolved magmatic conditions asso-
ciated with late- to post-collisional tectonics. These granitoids 
range from calc-alkaline to alkaline characteristics and include 
highly fractionated I-type and A-type granites. Within this 
framework, the AKPG (identified before as alkali riebeckite 
granite; Abdel Wanees et al. 2022) represents a late-stage, 
Ediacaran anorogenic alkaline magmatism (Zircon U–Pb age 
of 614.6 ± 3.6 Ma ; Dessouky et al. 2024). 

The Abu Kharif area is located in the Northern Eastern Desert 
of Egypt between 33°21’–33°28’ E and 26°47’–26°50’ N  
(Fig. 1) and is about 60 km away from Safaga-City, Red Sea 
governate. The exposed lithological succession comprises 
metavolcanics, gneissose granodiorite, W-rich biotite granite 
(Mahdy 2026), and peralkaline granite (current study) (Fig. 1b). 
The metavolcanics represent the oldest units and consist 
mainly of metarhyolite, metadacite, and metabasalt, locally 
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associated with interbeds and lenses of metapyroclastic rocks. 
These rocks show colour variations and distinct metamorphic 
features, while the metabasalt is weakly foliated and locally 
shows greenschist-facies metamorphism. The metavolcanics 
are intruded by granitoid rocks, including gneissose granodio-
rite and W-rich biotite granite, which are subsequently cross-
cut by the AKPG (Fig. 2). Most units, except the latter, are 
transected by dolerite dykes and quartz veins.

The AKPG is classified as an A1-type anorogenic granite 
(El-Sayed 1998; Abdel-Rahman 2006; Abdel Wanees et al. 
2022). It forms rugged, mountainous ridges and is characteri
zed by a leucocratic appearance, medium- to coarse-grained 
texture, and pink to reddish coloration. The granite exhibits 
sharp intrusive contacts with the surrounding country rocks 
and represents the youngest lithological unit in the study area, 
as it is not crosscut by any dykes or veins. Whole-rock geo-
chemical data (see Abdel Wanees et al. 2022 for analytical 
details) indicate that the host granite is characterized by high 
SiO2 (average 77.26 wt.%), total alkalis (Na2O + K2O; average 
8.35 wt.%), and total iron (FeOtotal; average 2.13 wt.%), 
together with relatively low Al2O3 (average 11.25 wt.%)  
and very low P2O5 (average 0.01 wt.%). The agpaitic index 
(AI  = (Na + K)/Al; Liégeois & Black 1987) averages 1.10, 
confirming the peralkaline affinity of the granite. Primitive 
mantle-normalized multi-element patterns exhibit pronounced 
negative anomalies in Sr, P, and Ti, together with moderate 
depletion in Ba, consistent with extensive feldspar and Fe–Ti 
oxide fractionation (Bonin 2007; Frost & Frost 2011). The gra
nite is further characterized by low Y/Nb ratios (<1.2), cor
responding to the A1-type granite classification of Eby (1992). 

Moreover, the low Y/Nb (average 0.99) and Yb/Ta (average 
2.00) ratios indicate limited crustal contamination during 
magma evolution, as significant crustal assimilation typically 
increases these trace-element ratios (Eby 1992; Wilson 2007).

The MEs within the AKPG are abundant and widely distri
buted throughout the pluton. They vary in size and shape, 
typically ranging from 2 to 6 cm in diameter. The enclaves are 
microgranular and fine- to medium-grained, with predomi-
nantly elongate to oval or rounded shapes rather than angular 
forms (Fig. 2). They are readily distinguished from the host 
granite by their darker coloration; however, this contrast pri-
marily reflects differences in modal mineralogy rather than 
sharp physical boundaries. Although the colour contrast may 
suggest well-defined contact, the enclaves commonly exhibit 
diffuse boundaries with the host granite, lacking any contact 
aureole or reaction fronts. Moreover, many mineral phases are 
shared between the MEs and the host AKPG. In the hand 
specimen, it is worthy notable that the enclaves have higher 
abundance of amphibole and other mafic minerals, and corres
pondingly less quartz compared to the host granite. In addi-
tion, large K-feldspar phenocrysts are conspicuous within the 
enclaves (Fig. 2).

Methodology 

 Due to their small size (mainly 3 cm), the abundance of 
K-feldspar megacrysts, and their diffuse contact with the host 
AKPG, it is difficult to obtain uncontaminated samples of 
MEs. Consequently, any whole-rock geochemical data may be 

Fig. 1. (a) Geological map of Egypt showing the location of the study area within the Arabian–Nubian Shield (brown-shaded region).  
(b) Geological map of the Abu Kharif area illustrating the location of the peralkaline granite hosting microgranular enclaves and associated 
country rocks, modified after Abdel Wanees et al. (2022) and Mahdy (2026).
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unrepresentative. Therefore, this study has a focus on petro
graphy, mineralogy, and mineral chemistry to investigate the 
mineral textural and chemical characteristics of both the host 
AKPG and the MEs, as well as to constrain their genetic 
relationships.  

Optical polarizing microscope and back-scattered electron 
(BSE) imaging

Seventeen standardized (30 µm) polished thin sections of 
the AKPG and MEs were prepared for petrographic and 
mineralogical studies using an optical polarizing microscope 
at the Nuclear Materials Authority of Egypt. A subset was 
selected for mineral imaging and chemical analysis and then 
coated with carbon. Prior to mineral chemistry measurements, 
BSE images were used to examine the internal zoning struc-
tures of minerals, determine whether inclusions or alterations 
were present, and analytical spot selection. The BSE images 
were obtained using a JEOL JSM-7000F Field Emission 
Scanning Electron Microscope at the Department of Earth and 
Planetary Science, The University of Tokyo, Japan. The ope
rating conditions used an accelerating voltage of 10 kV, an 
emission current of 20 nA, and a working distance of 10 mm.

 Electron probe microanalyses (EPMA) 

The chemical composition of K-feldspar, plagioclase, 
amphibole, and accessory minerals was determined by a Field 
Emission-EPMA JEOL JXA 8530F HyperProbe at The Uni
versity of Tokyo, Japan. The operating conditions of Electron 
Probe Microanalysis (EPMA) included a beam diameter of 2 μm,  

a probe current of 30 nA, and an accelerating voltage of 15 kV. 
Peak count and background times for major elements were  
10 s and 5 s, respectively, whereas for trace elements they 
were 30 s and 15 s. Natural and synthetic standards were used 
for calibration and the ZAF matrix correction was then applied 
to the raw data. To assess elemental distributions within the 
minerals of the host peralkaline granite and associated enclaves 
at the granite-enclave boundary, X-ray elemental mapping 
was performed on the majority of felsic and mafic minerals 
with the following operating conditions: an acceleration vol
tage and beam current of 25 kV and 30 nA, respectively, and  
a beam mode of a circle with a diameter of 1–2 um.

Petrography and BSE imaging

The AKPG exhibits an equigranular texture (Fig. 3) and is 
composed predominantly of K-feldspar (54 vol.%) and quartz 
(27 vol.%), with minor plagioclase (10 vol.%). Amphiboles 
constitute ~9 vol.% of the peralkaline granite and are repre-
sented by ferroan to potassian sodic–calcic amphiboles, which 
were identified by electron probe microanalysis as ferro-rich-
terite (50 vol.% of the total amphibole amount), katophorite 
(25 vol.%), and ferro-winchite (25 vol.%). Accessory minerals 
include mainly zircon and Fe–Ti oxides (Mn-rich ilmenite and 
Ti-rich magnetite). Potash feldspar crystals occur as coarse- to 
medium-grained subhedral, reaching up to 7 mm in length and 
4 mm in width. These crystals are present in two forms: per-
thite and antiperthite. Potash feldspar crystals display various 
perthitic textures, including flame-, vein-, feather-, and patch-
like exsolution lamellae (Fig. 3a), as well as cross-hatched 

Fig. 2. Field and hand specimen photographs illustrating: (a) the peralkaline granite intruding the older biotite granite and its characteristic 
smooth morphology; (b) hand specimen showing darker microgranular enclaves with diffuse contacts against the host granite. Note that  
the enclaves contain inclusions of K-feldspar megacrysts.
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microcline twinning. Plagioclase occurs as subhedral to 
anhedral crystals with prismatic form and is commonly asso-
ciated with K-feldspars, exhibiting albitic twinning. Quartz 
commonly occurs as coarse-grained, anhedral crystals with 

oval to globular shapes, filling the interstitial spaces between 
K-feldspar crystals. Amphiboles are coarse-grained (up to  
5 mm in size), euhedral to subhedral, prismatic in habit,  
and show strongly pleochroic (Fig. 3b, c). Some amphibole 

Fig. 3. Optical photomicrographs and back-scattered electron (BSE) images of the host peralkaline granite showing: (a) feather-like perthite; 
(b, c) large amphibole crystal enclosing zircon and other mineral inclusions; (d) cluster of bipyramidal zircon associated with anhedral ilmenite 
and titanomagnetite as inclusions in amphibole; (e) euhedral ilmenite containing inclusions of fine zircon crystals; and (f) well-formed Ti-rich 
magnetite included in amphibole. Mineral abbreviations: Zrn = zircon; Amp = amphibole; Ilm = ilmenite; Mag = magnetite.
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crystals occur as acicular aggregates or as interstitial phases 
between K-feldspar crystals. Zircon and Fe–Ti oxides com-
monly occur as inclusions within amphiboles and K-feldspar 
crystals (Fig. 3d–f). Zircon (mainly 50–350 µm in size) occurs 
in bipyramidal short prismatic crystals (Fig. 3d). Ilmenite 
forms anhedral to euhedral elongated crystals, ranging from 
60 to 500 µm in size (Fig. 3e), whereas Ti-rich magnetite typi
cally occurs as euhedral crystals, ranging from 50 to 300 µm 
in size (Fig. 3f). These accessories are frequently found in 
intimate association with one another, often as inclusions in 
amphiboles.

The Abu Kharif enclaves are fine-grained and composed 
predominantly of amphiboles, titanite, K-feldspars, and albite, 
with accessory minerals of quartz and Fe–Ti oxides (Fig. 4). 
Most of the mineral phases occur as anhedral crystals and 
commonly appear as intergrowths or interstitial phases rather 
than well-formed individual crystals. Potash feldspar consti-
tutes approximately 40 % of the modal composition and typi-
cally occurs as perthitic grains that are rectangular, equant, or 
subrounded in shape. Abundant K-feldspar megacrysts display 
well-developed crystal forms and pronounced perthitic tex-
tures, typically ranging from 2 to 4 mm in size (Fig. 4a–c). 
These megacrysts exhibit irregular, undulating boundaries 
against the surrounding fine-grained matrix and commonly 
contain inclusions of amphibole, titanite, and other finer-
grained silicates. Amphiboles, predominantly ferrorichterite 
with minor ferrowinchite, are the most abundant mafic mine
rals in the enclaves, comprising ~40 % of the modal composi-
tion (Fig. 4c–f). The crystals are typically fine-grained and 
range from anhedral to subhedral in habit. Most amphibole 
grains occur interstitially between feldspars or host inclusions 
of finer-grained, anhedral to equant crystals of feldspars  
(Fig. 4d, e) and Fe–Ti oxides. Titanite is fine-grained and typi
cally occurs as anhedral crystals, comprising approximately 
15 % of the modal composition. It commonly contains inclu-
sions of Fe–Ti oxides, predominantly magnetite, and occurs in 
association with amphiboles. Textural relationships indicate 
that titanite frequently develops at the expense of amphibole, 
displaying clear hydrothermal replacement textures (Fig. 4f). 
These include irregular reaction boundaries, embayed amphi-
bole relics, and partial to complete pseudomorphic replace-
ment. Accessory minerals include fine-grained, equant to 
anhedral Mn-rich ilmenite and other Fe–Ti oxide minerals, 
along with quartz occurring as anhedral to subhedral grains. 
Most of these accessories occur as inclusions within, or inter-
stitial to, amphibole and K-feldspar crystals (Fig. 4c–f).

Mineral chemistry and X-ray elemental maps

Feldspars: The major element compositions of K-feldspar 
and plagioclase in the AKPG and associated MEs, as deter-
mined by electron probe microanalyses (EPMA), are presented 
in Supplementary Tables S1 and S2, respectively. Potassium 
feldspars from both the host AKPG and MEs exhibit similar 
compositions, averaging Or97.3Ab2.7 and Or96.6Ab3.4, respectively, 

and plot within the perthitic microcline field on the Or–Ab–
An ternary diagram (Fig. 5a). Plagioclase compositions are 
typically pure albite (Fig. 5a) and are also comparable between 
the AKPG and MEs, averaging Ab99.3An0.7 and Ab99.1An0.9, 
respectively.

Amphiboles: EPMA analyses of amphiboles from the host 
AKPG and MEs are presented in Supplementary Table S3. 
Amphiboles from the host AKPG and MEs exhibit similar 
compositions and are classified as sodic–calcic (Fig. 5b) 
according to the nomenclature of Hawthorne et al. (2012). 
They are characterized by high Fe contents, ranging from 4.67 
to 4.33 apfu in the host granite and from 4.40 to 4.26 apfu in 
the enclaves. Sodium contents are also high, with values of 
1.51–1.22 apfu in the host granite and 1.54–1.28 apfu in  
the enclaves. The Mg/(Mg+Fe2+) ratios are generally low but 
variable in the host granite (0.09–0.02), whereas they are rela-
tively restricted in the enclaves (0.10–0.08). Based on the 
classification scheme of Leake et al. (1997), amphibole com-
positions from the host AKPG plot within the fields of ferro-
richterite, katophorite, and ferro-winchite, while those from 
the MEs fall within the ferro-richterite and ferro-winchite 
fields (Fig. 5c, d).

Accessory minerals: Ilmenite was analyzed in the host 
granite and enclaves, titanite only in enclaves, and Ti-rich 
magnetite only in the host granite, according to their relative 
abundances in the respective units. Major element composi-
tions of ilmenite are listed in Supplementary Table S4. 
Ilmenite in both the host AKPG and related MEs shows simi-
lar compositions, with TiO2 (46.71–53.92 wt.% and 50.84–
52.78 wt.%, respectively), FeO (33.92–46.32 wt.% and 
35.87–44.94 wt.%), and variegated MnO (0.15–12.76 wt.% 
and 3.25–10.20 wt.%) contents. Aluminum, Si, and Na are 
below detection limits. Based on the classification scheme of 
Mitchell & Liferovich (2004), chemical analyses are classified 
as Mn-rich ilmenite (Fig. 5e). EPMA data and calculated 
structural formulae for titanite are presented in Supplementary 
Table S5. Structural formulae are calculated based on three 
cations, assuming that all iron is incorporated into the crystal 
lattice as Fe3+ (King et al. 2013). Titanite displays a restricted 
compositional range in SiO2 (28.5–29.6 wt.%; 0.95–1.02  
apfu Si) and CaO (23.99–26.57 wt.%; 0.88–0.96 apfu Ca)  
but exhibits more variable TiO2 contents (32.76–38.71 wt.%; 
0.85–0.98 apfu Ti). On the Fe vs. Al (apfu) diagram, the analy
ses plot outside the igneous field, suggesting a hydrothermal 
origin (Fig. 5f). The Fe/Al ratios are notably high, ranging 
from 3.87 to 10.6, most likely consistent with the replacement 
for ferroan Na–Ca amphiboles in the MEs. The major-element 
compositions of magnetite in the host AKPG are presented  
in Supplementary Table S6. This oxide mineral is dominated 
by Ti-rich magnetite, with TiO2 contents reaching up to  
15.6 wt.% (0.27 apfu Ti). The predominance of Ti-rich mag
netite suggests crystallization under moderately oxidizing 
conditions, typical of evolved alkaline magmatic systems.

Elemental distribution maps for Ca, Fe, K, Mn, Al, Ti, and 
Si, together with BSE image and composite element map, are 
presented in Figure 6. These elemental maps focus on the 
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https://geologicacarpathica.com/data/files/supplements/GC77-5-Mahdy_TableS5.xlsx
https://geologicacarpathica.com/data/files/supplements/GC77-5-Mahdy_TableS5.xlsx
https://geologicacarpathica.com/data/files/supplements/GC77-5-Mahdy_TableS6.xlsx
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dominant mineral phases at the interface between the host 
AKPG and MEs. The elemental distributions highlight the 
prevalence of titanite replacing amphibole within the enclaves, 
as well as the dominance of ferroan Na–Ca amphiboles, 

whereas the host granite is characterized by quartz and 
feldspar-rich assemblages. These compositional contrasts are 
accompanied by diffuse contact along the enclave–granite 
boundary. Furthermore, the elemental maps emphasize the 

Fig. 4. Optical photomicrographs and BSE images of the microgranular enclaves showing: (a, b) large K-feldspar crystals surrounded by fine-
grained mafic minerals; (c) representative BSE image showing the textural characteristics of the enclaves associated with K-feldspar megacrysts. 
The enclaves are predominantly composed of feldspars and amphiboles, defining the principal mineral assemblage and enclave–host textural 
relationships; (d, e) anhedral crystals of amphibole associated with feldspars and containing fine, equant K-feldspar inclusions; and (f) anhedral 
crystals of titanite after amphiboles. Mineral abbreviations: Kfs = K-feldspar; Ab = albite; Tnt = titanite; other abbreviations as in Fig. 3.
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Fig. 5. Chemical classification diagrams for common mineral phases in the host peralkaline granite and its enclaves: (a) Or–Ab–An ternary 
diagram for feldspars; (b) amphibole classification based on the nomenclature of Hawthorne et al. (2012); (c, d) amphibole classification 
diagrams following the scheme of Leake et al. (1997); (e) nomenclature and classification of the Abu Kharif Mn-bearing ilmenites in triangular 
diagram with three end members ZnTiO3–FeTiO3– MnTiO3 after Mitchell & Liferovich (2004); and (f) Fe (apfu) versus Al (apfu) diagram for 
titanite (Kowallis et al. 2022), showing compositions inconsistent with typical plutonic titanite.
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mineralogical continuity between the enclaves and their host, 
reinforcing the interpretation that both units share a common 
magmatic origin.

Discussion

Evaluation of proposed genetic models

The xenolith and restite models are considered unlikely for 
the origin of the MEs in the AKPG, as evidenced by the 
absence of contact aureoles, metamorphic fabrics, and cross- 

cutting relationships with the host granites. In the restite 
model, MEs are interpreted as residual or unmelted fragments 
of meta-sedimentary or meta-igneous source rocks preserved 
after partial melting during granite magma generation (e.g., 
White et al. 1999). Based on whole-rock geochemical data 
(Abdel Wanees et al. 2022), the AKPG was derived from par-
tial melting of metasomatized Pan-African granitic crust. Its 
REE pattern closely resembles that of a calculated melt pro-
duced by ~65 % non-modal batch melting of metasomatized 
Pan-African calc-alkaline granites. However, the Abu Kharif 
MEs lack metamorphic fabrics, reaction or resorption textures, 
and refractory minerals (such as zircon) inherited from their 

Fig. 6. Elemental distribution maps for Ca, Fe, K, Mn, Al, Ti, and Si, together with BSE image and composite element map, illustrating  
the interface between the host peralkaline granite and its enclave. Mineral abbreviations: Qtz = quartz; Ab = albite; other abbreviations as in  
Figs. 3 and 4.
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metasomatized calc-alkaline granitoids source. Instead, they 
exhibit a simple mineral assemblage dominated by amphibole 
and feldspars, largely overlapping with that of the host granite 
(Fig. 4). The AKPG is characterized by high Zr concentrations 
(472–686 ppm), consistent with its peralkaline affinity (Abdel 
Wanees et al. 2022). The occurrence of zircon aggregates 
enclosed within sodic calcic amphiboles of the AKPG is 
characteristic of evolved peralkaline granites. This association 
reflects the high solubility of Zr in alkali- and volatile-rich 
peralkaline melts, which delays zircon saturation until the late 
stages of magmatic differentiation (e.g., Boehnke et al. 2013). 
As the residual melt becomes enriched in Zr through fractional 
crystallization, zircon crystallizes contemporaneously with 
late-stage alkali amphiboles and is entrapped during their 
growth (Marks & Markl 2017; Salvi & Williams-Jones 2022). 
Furthermore, the fine-grained igneous microstructures (Fig. 6) 
of the MEs (Vernon 2010) are inconsistent with a restite 
origin.

In addition, the MEs commonly display elliptical to rounded 
shapes, and locally diffuse contacts with the host AKPG  
(Fig. 2), indicating that they behaved as ductile to plastic 
bodies during the emplacement. These features suggest mecha
nical and thermal equilibration with the host granitic magma 
rather than a solid-state incorporation. The absence of chilled 
margins or thermal overprinting further argues against a xeno-
lithic origin. Moreover, the mineralogical compositions (mafic 
minerals > 50 %) and textural characteristics of the Abu Kharif 
MEs (Figs. 4 and 6) differ markedly from those of the sur-
rounding country rocks (gneissose granodiorites, metagabbro–
diorite complexes, and metavolcanics), precluding derivation 
from local wall-rock fragments. Geochemically, the AKPG is 
characterized by low Y/Nb (average 0.99) and Yb/Ta (average 
2.00) ratios (Abdel Wanees et al. 2022), which are inconsistent 
with significant crustal contamination or assimilation (Wilson 
2007). These chemical signatures argue against substantial 
interaction with the country rocks through partial assimilation 
or xenolith entrainment.

Diagnostic mixing–quench textures – such as quartz ocelli, 
cellular and resorbed plagioclase, elongate amphibole, and 
acicular phases – typically produced by rapid cooling and 
mechanical interaction between coexisting distinct magmas 
(i.e., hotter mafic and relatively cooler felsic magmas; e.g., 
Petrík & Broska 1994; Eliwa et al. 2021), are absent in the 
Abu Kharif MEs. This lack of textural evidence argues against 
magma mixing or mingling processes. Moreover, mafic–felsic 
magma interaction (including mixing, mingling, and under-
cooling) is commonly invoked to explain the origin of the 
MEs in I-type granites (e.g., Broska et al. 2013; Poli et al. 
2020; Eliwa et al. 2021), whereas the AKPG is peralkaline in 
composition, making this model less applicable. Instead, the 
fine-grained nature of the Abu Kharif MEs is better explained 
by crystallization along the margins of a magma chamber 
during emplacement of the granitic magma in the upper crust 
(Rodríguez & Castro 2017, 2019). This interpretation is con-
sistent with an autolithic (cognate cumulate) origin (discussed 
below). Such a process provides a viable alternative to magma 

mixing for the generation of the MEs, particularly in the 
absence of clear evidence for coeval mafic magmatism asso
ciated with the host granite. 

In contrast to MEs in the AKPG with A-type affinity, MEs 
occur in Variscan I-type granitoids in the Western Carpathians 
(Petrík & Broska 1989; Broska & Uher 2001), which represent 
injection of mantle-derived melts into felsic magmas (magma 
mixing and mingling) (e.g., Broska et al. 2013). Consequently, 
MEs represent key petrogenetic markers of the interplay 
between mantle input, crustal melting, and magmatic differen-
tiation during the Variscan orogeny (Hraško et al. 1998; Putiš 
et al. 2024). Furthermore, Broska et al. (2024b) proposed that 
the low abundance or even absence of MEs in Western Car
pathian I-type granites is related to slab break-off processes 
and subsequent asthenospheric upwelling. The associated 
increase in heat flow led to elevated magma temperatures, pro-
moting a complete dissolution of MEs. 

Alkaline A-type granitic magmas and their enclaves in the ANS

Microgranular enclaves are widespread in I- and S-type 
granites but are comparatively rare in alkaline, anorogenic 
granitoids, a feature that remains poorly understood (e.g., 
Barbarin 1999). Four principal types of enclaves have been 
described in alkaline (metaluminous to peralkaline) anoro-
genic granitic systems, including: (i) xenoliths, (ii) disaggre-
gated or restitic material derived from partially melted source 
rocks, (iii) cognate cumulates formed by early-crystallized 
minerals, and (iv) highly evolved (i.e. differentiation of F-rich 
aqueous fluids) rocks (Bonin 1991; Shellnutt et al. 2010).  
The Abu Kharif MEs do not correspond to the xenolith or 
highly evolved fluid-related rocks of Bonin (1991), as evi-
denced by the absence of F-rich hydrothermal mineral 
assemblages and other indicators of extensive fluid-mediated 
alteration.

The scarcity of enclaves in peralkaline A-type granites is 
commonly attributed to their petrogenesis, which is dominated 
by extensive fractional crystallization of mantle-derived mafic 
magmas (Eby 1990, 1992; Shellnutt et al. 2010). Efficient 
chemical and thermal homogenization during magma evolu-
tion generally limits the preservation of discrete enclaves.  
In contrast, I- and S-type granites commonly involve crustal 
melting and interaction between compositionally distinct 
magmas (e.g., Barnes et al. 2021; Eliwa et al. 2021), promo
ting incomplete homogenization and enclave formation. 
Nevertheless, magma hybridization is not restricted to I- and 
S-type granites. Peralkaline A-type granites may also preserve 
evidence of mafic recharge and magma mixing, expressed by 
the MEs, disequilibrium mineral assemblages, reverse zoning, 
and transitional geochemical signatures (Bonin 2007; Frost & 
Frost 2011). Recent examples include the Krasnopol intrusion, 
Poland (Domańska-Siuda et al. 2024), and the Hiltaba Suite, 
Australia (Kontonikas-Charos et al. 2023), demonstrating  
that enclave formation depends on the dynamics of indivi
dual magmatic systems rather than granite type alone. In con-
trast, the occurrence of xenoliths is largely controlled by 
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mechanical incorporation of country rocks and therefore 
should not differ significantly among I-, S-, and A-type 
granitoids.

Accordingly, the geochemical characteristics of the AKPG 
(Abdel Wanees et al. 2022) indicate a distinct petrogenetic 
evolution involving partial melting of the juvenile crust of  
the ANS, followed by extensive fractional crystallization of  
a peralkaline magma and subsolidus re-equilibration. The rela-
tively unfractionated HREE pattern, coupled with high HREE 
abundances, is inconsistent with melting in the presence of 
residual garnet and instead suggests derivation from a gar-
net-free source (Wilson 2007). The high Rb/Sr ratio (average 
4.77) together with elevated Y (average 58.97 ppm) and HREE 
concentrations are incompatible with melts derived from 
lower crustal sources. Instead, these geochemical features 
suggest that the AKPG was generated by partial melting of  
a metasomatized juvenile Pan-African crust, where infiltration 
of Na-rich fluids may have promoted crustal anatexis and 
generated the peralkaline magma (Abdel-Rahman 2006). This 
interpretation argues against significant mantle–crust magma 
hybridization during the generation of the AKPG. Flame and 
vein perthites in the AKPG are interpreted as primary exsolu-
tion lamellae formed during slow subsolidus cooling, whereas 
patch and feather perthites developed through fluid-assisted 
dissolution–reprecipitation and coarsening of earlier per-
thitic intergrowths during late-stage hydrothermal alteration 
(Parsons et al. 2015; Parsons 2021). This interpretation is 
further supported by the occurrence of titanite replacing 
amphibole in the Abu Kharif MEs, indicating late-stage 
fluid-mediated alteration and re-equilibration under oxidizing 
conditions.

In the ANS, the occurrence of MEs in peralkaline to alkaline 
granites has been attributed either to bimodal magmatism 
derived from a common source (Mushkin et al. 2003; Chazot 
& Bertrand 1995) or to liquid immiscibility within a single 
magma (El-Dokouny et al. 2023). The coexistence of co-
magmatic mafic and felsic rocks of A-type affinity is well 
documented in the ANS. Such associations are commonly 
interpreted as resulting from extensive fractional crystalliza-
tion of mantle-derived mafic magma (often exceeding 90 % 
crystallization) to produce felsic derivatives, with variable 
degrees of crustal assimilation during the emplacement, as 
exemplified by the Amram magmatic suite at the northern-
most part of the ANS (Mushkin et al. 2003).  However, this 
scenario is incompatible with the Abu Kharif MEs. These 
enclaves are dominated by mafic minerals, comprising more 
than 50 vol. % of the mode, which is inconsistent with their 
derivation as a liquid composition.

Alternatively, mafic enclaves and their felsic host granites 
may represent conjugate liquids derived from a single parental 
melt through silicate–fluoride (Ca-rich) liquid immiscibility, 
as proposed for microgranular enclaves in the fluorite-bearing 
Gabal El-Ineigi granite, Central Eastern Desert of Egypt 
(El-Dokouny et al. 2023). In the immiscible liquid model, the 
host granite and enclaves represent compositionally distinct 
liquids derived from a common parental magma (e.g., Veksler 

et al. 2008). Consequently, their mineral assemblages are 
typically dissimilar and show no compositional overlap 
(El-Dokouny et al. 2023). Such immiscibility in alkaline sys-
tem generally requires elevated F contents (>4 wt. %) in the 
parental magma (e.g., Klemme 2004). However, these features 
are inconsistent with the AKPG and associated MEs, as the 
host alkaline granite lacks fluorite and other F-rich minerals, 
and the mineral assemblages of both the AKPG and MEs are 
similar, exhibit compositional overlap, and show some degree 
of chemical evolution (Figs. 5, 7 and 8) but differ only in 
mineral proportions. 

Evidence for autolith origin

The mineral assemblages of the MEs and their host AKPG 
are broadly similar, with only minor differences in modal pro-
portions (Fig. 5). Both MEs and the host AKPG share com-
mon phases, including albite, K-feldspar, Na–Ca amphibole, 
Mn-rich ilmenite, quartz, and Ti-rich magnetite. However, 
titanite occurs exclusively in the enclaves, where it commonly 
replaces amphibole, as indicated by textural relationships and 
chemical compositions (Fig. 4d). In contrast, Mn-rich ilme
nite, titanomagnetite and zircon are more abundant in the host 
peralkaline granite than in the enclaves, whereas quartz is 
comparatively less abundant in the enclaves. Overall, the 
enclaves are characterized by a higher modal proportion of 
mafic minerals, particularly amphibole (ferro-richterite, kato-
phorite, and ferro-winchite), titanite and Mn-rich ilmenite – 
which collectively constitute more than 50 vol. % of the mode. 
This contrasts with the host granites, where felsic minerals, 
such as albite, quartz and K-feldspar, are dominant. During the 
earliest crystallization phases of a granitic melt, mafic mine
rals will nucleate more quickly than felsic minerals and thus 
should be enriched in the early crystallization products (e.g., 
Sun et al. 2022). The ellipsoidal shapes of the Abu Kharif MEs 
and broadly similar mineral assemblages between the enclaves 

Fig. 7. Binary diagram of Mg (apfu) versus Fetotal (apfu) for amphi-
boles from the host granite and associated enclaves, illustrating  
the dominant role of fractional crystallization in the evolution of  
the Abu Kharif peralkaline granitic magma.
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and their host granites indicate that the enclaves behaved as 
plastic bodies and remained in thermal equilibrium with the 
surrounding magma during the emplacement. These features 
suggest that the enclaves represent accumulations of early-
formed mineral phases (i.e., not liquid composition), which is 
consistent with autolithic origin.

The ferrorichterites and other amphiboles from the Abu 
Kharif MEs are more magnesian than those of the host AKPG 
(Fig. 7). This evidence suggests that fractional crystallization 
was the dominant process within the AKPG granitic magma. 
Aluminum in the amphibole is used as a key proxy for tracking 
magmatic differentiation of the host granite, as its concentra-
tion in amphibole sensitively records evolving melt condi-
tions, particularly in systems dominated by alkali feldspar 
fractionation (e.g., Hawthorne et al. 2001; Piilonen et al. 
2013). Amphiboles from the AKPG and related MEs define 
coherent compositional trends, with Al showing positive cor-
relations with Ca and Ti, and inverse correlations with Si and 
Na (Fig. 8), reflecting systematic crystal-chemical adjust-
ments during the magma evolution. These chemical trends  
are consistent with magma differentiation, during which Na+ 
replaces Ca2+ at the B site, while Si4+ substitutes for Al3+ in  
the tetrahedral (T) site in the amphibole (Siegel et al. 2017). 

This coupled exchange, expressed as BCa2+ + TAl3+ → BNa+ + TSi4+, 
reflects a shift toward more evolved, silica-enriched melt 
compositions. Comparable evolutionary trends – marked by 
decreasing Ca and increasing Si in amphibole – have been 
reported from alkaline complexes such as Ilímaussaq 
(Greenland), Khibiny (Kola Peninsula, Russia), and the Larvik 
plutonic suite (Oslo Rift, Norway) (Marks et al. 2004; 
Konopleva et al. 2008; Piilonen et al. 2013). 

Furthermore, Ti concentration in amphibole-group minerals 
from alkaline rocks is commonly used as an indicator of melt 
evolution due to its incompatible behavior (Siegel et al. 2017). 
However, in the Abu Kharif alkaline magma, additional con-
trols influence its distribution. Titanium is preferentially parti-
tioned into coexisting mineral phases, particularly during  
the early or simultaneous crystallization of Mn-rich ilmenite 
and Ti-rich magnetite from the granitic magma. These Fe–Ti 
oxides effectively sequester Ti into their crystal lattices, dri
ving amphibole to lower Ti contents, a feature that is charac-
teristic of the host AKPG. Accordingly, amphiboles in both  
the MEs and the host AKPG display similar well-defined 
linear trends, indicating a cogenetic origin within a shared 
magmatic evolution (Fig. 8).

Fig. 8. Binary diagrams of Al (apfu) versus Na, Ca, Si, and Ti (apfu) for amphiboles from the host granite and associated enclaves, illustrating 
their use as tracers of magmatic differentiation and elemental incompatible behavior.
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The Abu Kharif enclaves are microgranular and finer-
grained than the host granite, and are relatively less evolved, 
as indicated by their higher proportion of mafic minerals and 
lower abundance of felsic phases. These features suggest 
undercooling conditions, likely developed at the contact bet
ween hotter magma and cooler country rocks during the 
emplacement (Donaire et al. 2005). The widespread distribu-
tion of the Abu Kharif MEs throughout the AKPG indicates 
that this process operated at the scale of the magma chamber. 
The enclaves commonly contain large K-feldspar phenocrysts 
(Fig. 4a, b), a feature typical of MEs formed by magma mixing 
and mingling between compositionally contrasting magmas 
(Eliwa et al. 2021), or by cognate crystal accumulation 
(Shellnutt et al. 2010; Flood & Shaw 2014). These pheno
crysts were most likely incorporated mechanically (Vernon 
1984), according to a magma mingling model. Alternatively, 
the autolith model explains the microgranular texture of 
enclaves as a result of rapid cooling along magma chamber 
margins or conduits, promoting the crystallization of ferro-
magnesian minerals, particularly amphibole (Naney & 
Swanson 1980; Donaire et al. 2005). Therefore, the frequent 
presence of large K-feldspar crystals within the Abu Kharif 
MEs, surrounded by or enclosing other mafic mineral phases, 
suggests that amphibole and other phases nucleated hetero
geneously on these phases. Because K-feldspars nucleate less 
readily, they tend to develop into relatively large grains (Flood 
& Shaw 2014), i.e., the magma at the time of quenching 
already contained crystals (K-feldspars metacrysts of the 
AKPG) that served as nucleation sites for the quench mineral 
phases (such as Na–Ca amphiboles in the Abu Kharif MEs).

Conclusions

•	 The Abu Kharif peralkaline granite (AKPG) hosts micro-
granular enclaves (MEs), which are finer-grained and rela-
tively less evolved than the host granite, as indicated by 
their higher proportion of mafic minerals and lower abun-
dance of felsic phases.

•	 Amphiboles in the host AKPG and MEs are classified as 
sodic–calcic amphiboles, including ferro-richterite, kato-
phorite, and ferro-winchite. Plagioclase occurs as nearly 
pure albite, whereas K-feldspar is represented by perthite.

•	 The mineral assemblages of the AKPG and MEs are broadly 
similar, exhibit compositional overlaps, and show evidence 
of chemical evolution, but differ mainly in the relative pro-
portions of their constituent minerals. The MEs contain 
abundant mafic minerals (>50 vol. % of the modal mineral 
assemblage), inconsistent with their derivation as a liquid 
composition. 

•	 Amphiboles from both the MEs and host AKPG display 
similar, well-defined compositional trends, suggesting  
a cogenetic relationship and evolution from a common mag-
matic system. The finer grain size and relatively less evolved 
character of the MEs compared with the host granite are 
consistent with undercooling, probably developed at the 

interface between hotter magma and cooler country rocks 
during emplacement. These features, together with the 
mineralogical and compositional similarities between  
the MEs and host granite, support an autolithic origin for  
the MEs. 
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