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ARTICLE INFO ABSTRACT

Keywords: The Korab Kansi and Abu Ghalaga Neoproterozoic mafic-ultramafic intrusions in the South Eastern Desert (SED)
Fe-Ti-V oxide Deposits of Egypt host economic Fe-Ti-V oxide deposits, ~41 million tons for Abu Ghalaga ores. The Korab Kansi deposits
Fractional crystallization are composed of titanomagnetite with subordinate ilmenite layers in dunites, gabbros and troctolites. The Abu

]I;Ieilrltl)dilcrrirtrilcljcf::t;lrlolfbyasaltic melts Ghalaga ores consist of hemo-ilmenite and ilmenite with subordinate magnetite and titanomagnetite lenses in

Koralf Kansi norites, gabbros and anorthosites. The difference in calculated oxygen fugacity (fo2: ~ AFMQ-1.24 to —3.28 for

Abu Ghalaga Korab Kansi ores and +0.21 to —0.3 for Abu Ghalaga ores) during subsolidus re-equilibration is consistent with
different dominant iron and titanium oxides, magnetite and hematite, respectively. Ilmenite in both deposits is
enriched in Nb, Ta, Zr, Hf and V, but is poor in Cr and Ni relative to coexisting magnetite, which belongs to
magmatic Fe-Ti-V deposits. The Korab Kansi and Abu Ghalaga ore deposits are rich in Ti, Fe, V, Nb, Ta and Hf
with subordinate S, Cu, Ga and Zn at high fos. The Abu Ghalaga gabbroic intrusion crystallized from ferrobasaltic
magmas of tholeiitic affinity at lower temperature (~1082 °C) and pressure (5.1 kbar) than the Korab Kansi
intrusion (~1180 °C, 8.3 kbar). The Korab Kansi ore deposits mainly formed by fractional crystallization of
olivine followed by in situ crystallization of Fe-Ti oxides from ferropicritic/ferrobasaltic parent melts at the floor
of the magma chamber. The Abu Ghalaga ores formed as a result of more advanced fractional crystallization of
ferrobasaltic parent melts. The Abu Ghalaga Fe-Ti oxides in massive ores at the base of the intrusion grew in situ,
whereas most ore lenses in the middle to the top of the intrusion precipitated from immiscible oxide melts that
separated from the parental magma in association with floatation of plagioclase and sulfide crystals at a late
magmatic stage. Both Fe-Ti ore deposits formed from similar mantle-derived magmas but Korab Kansi ores
formed as early fractionates, whereas Abu Ghalaga ores formed late. The Korab Kansi ilmenite is rich in vana-
dium (up to 3.8 wt% V30s) relative to that of other magmatic deposits. Its parental melt may have formed from
locally Fe-Ti-V enriched part of the Neoproterozoic mantle due to interaction with upwelling asthenosphere or a
mantle plume. Controlling factors for formation of economic SED Fe-Ti-V deposits were the V-rich ferropicritic/
ferrobasaltic compositions of the parental magmas, and addition of H2O to cause high magma foo.

1. Introduction Naslund, 2003), the Emeishan Large Igneous Province in SW China
(Zhou et al., 2005; Liu et al., 2015), the Sept Iles layered intrusion in

Fe-Ti-V oxide ores are orthomagmatic deposits composed mainly of Canada (Namur et al., 2010, 2011, 2012), the Bushveld Complex in
ilmenite and magnetite. They are mostly hosted in layered mafic in- South Africa (Maila, 2015; Scoon et al, 2017) and Khamal
trusions such as the Skaergaard intrusion in Greenland (Jang and gabbro-anorthosite complex (Saudi Arabia) in the Arabian Shield
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(Eldougdoug et al., 2020). Fe-Ti oxide ores and associated silicate layers
are generated by several magmatic processes, including segregation of
immiscible Fe-Ti+P+V-rich magma, fractional crystallization by in situ
crystallization and/or crystal settling of oxides, magma mixing, poly-
baric crystallization and solid-state remobilization (Campbell, 1978;
McBirney and Noyes, 1979; Martin, 1990; Morisset et al., 2010; Charlier
et al., 2015; Kruger and Latypov, 2020; Latypov et al., 2020).

Ferrian ilmenite or hemo-ilmenite (70% FeTiO3- 30% Fe;03; Ber-
geron, 1980) is ilmenite with exsolution lamellae of hematite (Basley
and Buddington, 1958) and is the principal Ti ore in the largest deposits
such as Lac Tio (or Allard Lake) in Quebec, Tellnes in SW Norway
(Bergeron, 1980; Morisset et al., 2010; Charlier et al., 2006, 2007, 2010,
2015) and Abu Ghalaga ilmenite (this study) in the South Eastern Desert
(SED) of Egypt. On the other hand, magmatic magnetite is the main
source of vanadium (about 85% of the V505 global production) in Fe-Ti
oxide deposits hosted in large layered mafic intrusions (Liu et al., 2015).
Vanadium content is higher in Korab Kansi ilmenite (V5Os, up to 3.8 wt
%) and magnetite (V2Os, up to 2.0 wt%) than in other global intrusions,
but similar to that (2.0-2.5 wt% V20s) in the Bushveld magnetite hosted
in Fe-rich gabbros (Scoon et al., 2017), and the V-bearing (1.93-2.68 wt
% V205) magnetite and ilmenite mineralization from the Sinarsuk, West
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Greenland (Grammatikopoulos et al., 2002). Consequently, the Korab
Kansi layered intrusion with high vanadium is worth studying for un-
derstanding formation conditions of high-vanadium Fe-Ti oxide
deposits.

Fe-Ti oxide deposits are hosted in few layered mafic-ultramafic in-
trusions in the SED of Egypt, especially the Abu Ghalaga and Korab
Kansi intrusions (Fig. 1a). They are composed mainly of hemo-ilmenite,
titanomagnetite, ilmenite and magnetite, similar to worldwide Fe-Ti-V
oxide ores in layered mafic-ultramafic intrusions, including Sinarsuk in
W.Greenland (Grammatikopoulos et al., 2002), Panzhihua in China
(Zhou et al., 2005), Allard Lake in Canada (Morisset et al., 2010;
Charlier et al., 2010), Mustavaara in Finland (Karinen et al., 2015) and
the Khamal complex in the Arabian Shield (Eldougdoug et al., 2020).
Wadi Abu Ghalaga and Gabal Korab Kansi provide the most promising of
SED deposits, while Gabal Akab El Negum, Wadi Abu Fas, Gabal Kol-
minab, Um Effein, Wadi Rahaba, Um Ginud and Gabal El Rokham are
minor occurrences (Basta and Girgis, 1968, 1969; Girgis, 1977; Sabet
and Khalaf, 1989; Nasr et al., 2000). The Abu Ghalaga mine has the
largest Fe-Ti ore reserves not only in Egypt but also in the
Arabian-Nubian Shield, estimated to be about 41 million tons of
hemo-ilmenite deposits averaging 35% TiOy (Basta and Takla, 1968).
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These hemo-ilmenite deposits are estimated to contain 14.3 million tons
of TiOy, 21.3 million tons of Fe;03 and 0.14 million tons of V,0s5 (Amin,
1954; Basta and Takla, 1968; EMRA, 2014). The Korab Kansi ranks
second in ore reserves with 1.8 million tons of semi-massive ore and 2.5
million tons of disseminated one (Shaaban et al., 2003). Comparison of
Korab Kansi and Abu Ghalaga Fe-Ti ore deposits can provide insights on
fractionation of Fe-Ti-V rich melts, magmatic differentiation processes
and mechanisms of Fe-Ti-V oxide accumulation in magma chambers.

Fe-Ti-P mineralization in the Arabian-Nubian Shield (ANS) have
long been noted (e.g., Amin, 1954; Basta and Takla, 1968; Basta, 1977;
Eldougdoug et al., 2020), but without geochemical studies. This is the
first detailed geochemical study of Neoproterozoic Fe-Ti-V oxide ores in
the Nubian Shield. It deals with the field occurrence, microtextures,
mineralogy and chemistry (major, trace and REE) of economic Fe-Ti-V
oxide deposits in two layered mafic-ultramafic intrusions in the SED of
Egypt, the Abu Ghalaga and Korab Kansi (Fig. 1, Supplementary 1). The
main goal of this study is to understand the genesis of Neoproterozoic
Fe-Ti-V ore deposits and to determine mechanisms of their formation.
This study also aims to understand factors controlling economic Fe-Ti-V
ore deposits in the SED of Egypt and to explain the enrichment of va-
nadium the Korab Kansi Fe-Ti oxide deposits relative to other Fe-Ti
deposits.

(a) (b)
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2. Geological setting

The Korab Kansi layered mafic-ultramafic intrusion is located, ~350
km south of the Abu Ghalaga (Fig. 1a) in the SED of Egypt. The intrusion
consists of dunite layers, amphibole peridotites, thin pyroxenites and
hornblendites, troctolites, olivine gabbros, gabbronorites, pyroxene
gabbros and pyroxene-hornblende gabbros. Hornblendites occur as
several centimetre thick bands at the contact between Fe-Ti-V layers
and gabbros (Fig. 2e). These hornblendite bands generally strike NNW-
SSE, and dip steeply (70°-80°) to the east (Fig. 2 a-d; Supplementary 1a).
The dunites, troctolites and olivine gabbros host economic Fe-Ti-V ore
deposits in the southern part of the intrusion (Fig. 1b and c; Supple-
mentary 1a). These ore deposits are found along the axial plane of an
open fold trending 145° and gently plunging 10°-15° SE (Makhlouf
et al., 2008). The Fe-Ti-V deposits display sharp contacts with host
gabbros (Fig. 2a—e) and are generally concordant with the host rocks
(Fig. 2¢ and d; Supplementary 1a), showing various thickness (1-5 m
thick) in the same layer. They sometimes have green rounded patches of
olivine in hand specimen (Fig. 2f) and are characterized by cumulate
textures, forming Fe-Ti-V oxides-rich dunites. The Fe-Ti-V deposits are
divided into three parts, separated by E-W fracture zones, and mainly
show NNW-SSE and N-S trends, parallel to the Hamisana Shear Zone

Fig. 2. Field photographs of Fe-Ti-V ore deposits in
Korab Kansi and Abu Ghalaga layered intrusions. a)
Parallel Fe-Ti-V oxide ore layers hosted in gabbros,
with the first layer from the left showing pinch and
swell structure. b) Multiple Fe-Ti-V oxide ore layers
displaced by fault (Khedr et al., 2020) and hosted in
gabbroic rocks. ¢) Partly exposed and closely spaced
sill-like Fe-Ti oxide ore layers intercalated with py-
roxene gabbros. d) Highly resistant ridge-like Fe-Ti
oxide ore layer hosted in dunites with sharp or knife
borders with pyroxene gabbros. e) Close up view of
thin hornblendite layer at the contact between Fe-Ti
oxide ore layers and host gabbros. f) Hand-sample
photographs showing net-textured oxide ore with
cumulus olivine in Korab Kansi semi-massive ores
(left), and plagioclase aggregates in Abu Ghalaga
ilmenite-rich norites (right).
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Table 1
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Representative microprobe analyses of silicates and Al-spinel in Korab Kansi and Abu Ghalaga ore layers.

Area Korab Kansi (Kn) Abu Ghalaga (Ghl) Kn Abu Ghalaga
Rock Fe-Ti-V oxide- Fe-Ti-V oxide-rich Ilmenitite Ilmenite-rich Ilmenitite Ilmenite-rich  Fe-Ti-V oxide- Fe-Ti-V Ilmenitite Ilmenite-rich
Name rich Troctolite Dunite melanorite melanorite rich Troctolite oxide-rich melanorite
Dunite
Sample Kn28 Kn25 Knl0 Kn25 Ghl35 Ghl23 Ghl42 Ghil23 kn28 Kn23 Ghl18 Ghi23
Mineral Olivine Iddingsite Opx Cpx Prg Prg Prg Ed
$i02 37.7 376 254 30.5 533 51.9 52.6 52.6 41.9 41.1 42.5 46.6
TiO2 0.00 0.06 0.05 0.06 0.32 0.10 0.44 0.24 3.77 3.91 0.88 1.92
Al203 0.00 0.00 0.02 0.05 1.6 1.9 2.3 1.7 13.3 13.7 15.5 8.9
Cr203 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.05 0.00 0.00 0.00 0.00
FeO 26.9 243 507 398 15.3 21.8 5.5 7.9 10.5 8.8 8.5 10.5
MnO 0.32 0.36 0.15 0.36 0.27 0.38 0.07 0.21 0.11 0.02 0.12 0.11
MgO 35.3 383 11.1 9.4 26.6 22.9 15.8 14.4 13.2 13.8 14.9 15.6
NiO 0.02 0.03 0.81 0.84 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00
CaO 0.00 0.06 0.09 026 23 0.8 22.7 22.3 11.1 11.8 11.2 11.6
Na20 0.00 0.00 0.00 0.34 0.05 0.02 0.42 0.37 3.03 3.15 2.34 1.30
K20 0.00 0.00 0.12 0.05 0.00 0.00 0.00 0.00 0.67 0.61 0.11 0.48
BaO 0.00 0.00 0.00 0.00 0.04 0.00 0.03 0.00 0.00 0.00 0.03 0.08
Total 100.2 100.8 88.4 81.7 99.8 99.8 99.8 99.8 97.7 97.0 96.2 97.1
Fo 69.84 73.43 - - 75.66 65.23 83.65 76.51 - - - -
An - - - - - - - - - - - -
Mg# - - - - - - - - 0.72 0.74 75.74 72.53

Olv: olivine, Opx: orthopyroxene, Cpx: clinopyroxene, Prg: pargasite, Ed: edenite, Anth: anthophyllite, Act: actinolite, Prh: prehnite, Al-spinel: aluminium spinel.

Chl: chlorite; Apt: apatite.

along Wadi Seyet (Fig. 1b and c; Supplementary 1a).

The Korab Kansi Fe-Ti-V deposits mainly occur as resistant ridge-
like bodies with a few ore horizons occurring as discordant dyke-like
bodies because they are disrupted or tilted by faults and folds
(Fig. 2b). They are semi-massive ores with subordinate massive to
disseminated types. The Korab Kansi disseminated Fe-Ti-V ores in host
troctolites are found in the north, whereas semi-massive ores hosted in
dunites (Fig. 2d) are found in the south. Thin bands of disseminated ores
are observed along the upper parts of the massive ore body. The thick-
ness and mode of occurrence of ore deposits vary along strike due to NW-
SE compression, which caused pinch and swell structure of ore layers
(Fig. 2a) (Makhlouf et al., 2008). The Fe-Ti-V deposits range from <1 to
5 m thick (Fig. 2), and are exposed for less than 2.5 km (600 m on
average) along strike (Makhlouf et al., 2008), taking the form of
magmatic layers (Supplementary 1a). In some locations, ore layers <1m
thick are spaced less than 1 m apart (Fig. 2c).

The Abu Ghalaga Fe-Ti ores are hosted by titaniferous gabbroic rocks
(Fig. 1d; Supplementary 1b) that are elongated NNE, forming the
layered mafic intrusion. These titaniferous gabbroic rocks, which are
mainly gabbros, gabbronorites, norites and anorthosites, are surrounded
by Abu Ghalaga syn-tectonic granites and metagabbros in the west and
Gebel El-Sarobi amphibolites and meta-andesites in the east (Basta and
Takla, 1968) (Fig. 1d; Supplementary 1b). The Abu Ghalaga gabbroic
rocks have a gradational contact with syn-tectonic granites to the west,
which contain small bodies of altered gabbroic xenoliths especially in
the NW part of the mapped area (Fig. 1d; Supplementary 1b). The
syn-tectonic granites sometimes intrude into the gabbroic rocks, and
granite porphyry dykes with E-W strike traverse ilmenite deposits and
their host gabbros (Fig. 1d).

The Abu Ghalaga layered gabbroic rocks host abundant Fe-Ti ore
deposits, which commonly occur as lenses, layers and veins (Fig. 1d;
Supplementary 1b). A few ilmenite pods also occur as enclaves in
gabbroic rocks near contacts with granites (Supplementary 1b). The
Fe-Ti ore deposits are generally concordant with layered gabbros and

mainly strike NW-SE and dip NE. Layering is also observed in the main
ore body, where thin gabbro layers are intercalated with thicker ore
bands (Supplementary 1b). Some Fe-Ti ore deposits form an inclined
sheet-like feature on the top of the gabbroic mass (Amin, 1954), and
display sharp contacts with host norites and anorthosites. Anorthosites
contain disseminated Fe-Ti ores, mainly ilmenite with minor magnetite
(Basta and Takla, 1968). Few discordant ore bodies occur as lenses or
vertical dykes (50-100 cm across) crosscutting layers of norites and
anorthosites that are enveloped by gabbros.

The Abu Ghalaga massive and disseminated Fe-Ti ore layers can be
subdivided (Basta and Takla, 1968) into: 1) ilmenite-rich melanorites in
the lower part of the intrusion (at great depth in drill holes), 2) ilmenite
layers with intercalated gabbros in the middle section of the intrusion,
and 3) ilmenite ore layers below and within anorthosites at the top of the
intrusion. The Abu Ghalaga ores have various dimensions with a
maximum exposed length of about 300 m and a thickness of more than
105 m for the main ilmenite lens. Some massive ilmenite layers are
several meters long and range from less than 1 m to more than 20 m
thick, whereas small ilmenite lenses (less than 20 m long) are also
observed in medium-grained metagabbros to the west and northeast of
the main ilmenite body (Amin, 1954; Basta and Takla, 1968; EMRA,
2014) (Fig. 1d; Supplementary 1b). On the surface of gabbroic in-
trusions, the main ilmenite ore lenses are capped by strongly weathered
zones less than 50 cm thick. Ilmenite ores in these lenses are mainly
massive (Fig. 2f), showing submetallic luster. A few ilmenite ore layers
include fragments (autoliths) of norites and anorthositic gabbros (few
centimetres to few meters) with sharp contacts (Basta and Takla, 1968).

3. Analytical methods

We collected 73 and 42 samples from Korab Kansi and Abu Ghalaga
mafic-ultramafic intrusions, respectively. All samples were prepared as
polished thin sections for petrography and mineral chemistry. Major-
element compositions of silicate minerals (e.g. olivine, pyroxene,
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Abu Ghalaga Korab Abu Ghalaga Kn Ghl Korab Kansi Ghl
Ilmenitite Ilmenite-rich norite Fe-Ti-V Altered Ilmenitite  Fe-Ti-V Fe-Ti-V Ilmenite-rich norite Fe-Ti-V oxide-rich Dunite  Ilmenite-rich norite

oxide-rich oxide-rich oxide-rich

Dunite Troctolite  Dunite
Ghl18 Ghl24 Kn5 Ghl10 Kn28 Kn23 Ghl38 Kn23 KnlO Ghil24
Anth Act Chl Serp Talc Plagioclase Prh Al-Spl Apt
53.4 54.3 26.9 46.8 61.6 53.7 53.6 51.9 408 0.4 bdl
0.22 0.29 0.16 0.10 0.13 bdl 0.06 0.07 0.09  0.00 0.03
4.4 3.1 20.1 4.9 1.3 28.9 29.3 29.9 29.5 62.6 0.0
0.04 0.00 21.15 0.00 0.00 0.00 0.00 0.00 0.00 0.56 0.00
12.4 7.1 0.0 5.0 3.8 0.2 0.0 0.2 1.7 22.0 0.1
0.24 0.09 18.05 0.00 0.02 0.00 0.00 0.00 0.65 0.14 0.01
24.5 20.0 0.0 27.6  28.0 0.0 0.0 0.0 0.0 14.1 0.0
0.02 0.00 0.00 0.14 0.02 0.00 0.00 0.00 0.00 0.07 0.00
0.5 11.3 0.0 0.0 0.3 11.8 11.4 11.1 240 0.0 55.4
0.55 0.31 0.18 0.12 0.00 4.99 5.03 5.33 0.02  0.02 0.02
0.00 0.00 0.07 0.00 0.00 0.03 0.03 0.02 0.00  0.00 0.00
0.00 0.01 0.00 0.00 0.04 0.00 0.00 0.00 0.00  0.00 0.01
96.2 96.4 86.7 84.6 95.2 99.6 99.5 98.6 96.9 100.0 55.6
- - - - 56.55 55.45 53.43 - - -
77.94 83.37 - 091 0.93 - - - - - -

amphiboles, plagioclase, prehnite, chlorite, serpentine, talc and
iddingsite), oxides (e.g. ilmenite, titanomagnetite, magnetite, titanohe-
matite and Al-rich spinel) and sulfides (Tables 1 and 2; Supplementarys
2-4) in Korab Kansi Fe-Ti-rich rocks were determined using a JEOL
wavelength dispersive electron probe X-ray micro-analyzer (EPMA: JXA
8800R) at Kanazawa University, Japan. Analysis conditions were 20 kV
for accelerating voltage, 20 nA for the beam current and 3-pm beam
diameter. The values of Si, Cr, Fe, Ca, (K, Ti), Al, Mn, Na, Ni and Mg were
determined and calibrated on the standards: quartz, eskolaite, fayalite,
wollastonite, KTiPOs, corundum, manganosite, jadite, nickel oxide and
periclase, respectively. The detection limits (ppm) calculated by the
microprobe soft-ware are Si (123), Cr (320), Fe (195), Ca (115), K (98),
Ti (199), Al (117), Mn (198), Na (138), Ni (178) and Mg (119). Back-
scattered electron (BSE) images were captured using the same condi-
tions. Twelve samples of the Abu Ghalaga Fe-Ti oxide minerals, sulfides
and coexisting gangue minerals were determined using an electron
probe microanalyzer with wavelength dispersive X-ray spectrometry
(JEOL JXA-8600SX) at Niigata University, Japan. Operating conditions
were 15 kV accelerating voltage, 13 nA beam current, and ~1 mm beam
diameter, using oxide ZAF matrix correction. Precision and accuracy of
most major elements (>2.0 wt%) determined by EPMA is mainly <1%-
4%, calculated based on the standards values, net intensity and back-
ground counts. Elemental distribution maps (Supplementary 6) and
analyses of the Fe-Ti-V oxide minerals were carried out by Scanning
Electron Microscopy (SEM)-Energy Dispersive X-Ray Spectroscopy
(EDS) at Niigata University, Japan. Operating conditions were 20 kV
accelerating voltage, and working distance (WD) was 10 mm.
Trace-element concentrations in olivine, iddingsite, amphiboles,
plagioclase, magnetite, titanomagnetite, and ilmenite (Table 3; Sup-
plementary 5) from Korab Kansi and Abu Ghalaga Fe-Ti-rich rocks were
determined in-situ by laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) using a quadrupole ICP-MS (Agilent 7500a)
coupled to a 213 nm Nd:YAG laser ablation system (New Wave Research
UP213) at Niigata University, Japan. Thin sections were ablated in a
small cell by using the helium gas mixed with argon and nitrogen prior
to entering the plasma. Analyses were performed at 4 Hz with an energy
density of 10 J/cm2 per pulse and ablating 80-um diameter spots for all

minerals, except the Abu Ghalaga ilmenite with laser diameter spots of
40-pm. The total time of data acquisition for one spot is 105 s including
laser ablation for 45 s and background for 40 s. Sensitivity variation
during the analytical runs was corrected using five internal standards.
The CaO and SiO- contents of silicates as well as Al,03, Fe;03 and TiO,
of Fe-Ti oxides determined by electron microprobe were used as internal
standards. SRM 612 and SRM 610 (Pearce et al., 1997) were used as
external standards for calibrating trace element concentrations. The
accuracy and data quality based on the above reference materials,
assuming the composition given by Pearce et al. (1997) and multiple
analysis (n = 15) of the R-185 Cpx standard, are high and acceptable.
Precision or reproducibility is better than 12% for trace elements, except
Zn, Rb, Cs, Ba, Ta, Pb, U and Th for which it is better than 15%.

4. Petrography of Fe-Ti-V oxide mineralization

The Korab Kansi Fe-Ti-V oxide ores occur as disseminated (~15-40
vol% oxides) ores in troctolites and as semi-massive (~40-70 vol%)
deposits in dunites. The semi-massive ores show brownish black colors
with variable amounts of olivine (Fig. 2e and f). The Fe-Ti-V oxides are
found as intercumulus phases between olivine (Fig. 3a, f), iddingsite,
plagioclase, serpentine and chlorite (Fig. 3a-d). Cumulus olivine
(Fig. 2f) occurs as rounded equigranular crystals (up to 3 x 2.5 mm), and
is mostly altered to iddingsite, serpentine and chlorite (Fig. 3a and b).
Plagioclase associated with olivine occurs as cumulus crystals that are
corroded by intercumulus oxide minerals (Fig. 3b and c). Plagioclase
crystals are surrounded by thin reaction rims of hornblende or pargasite
at the contact with Fe-Ti-V oxides (Fig. 3c). A few plagioclase crystals in
the host Fe-rich gabbroic rocks show zoning and enclose chadacrysts of
Fe-Ti oxides, like clinopyroxene and pargasite (Fig. 3d). The Fe-Ti-V
oxides consist mainly of titanomagnetite with subrodinate ilmenite and
magnetite, although minor hematite and Al-rich spinel are also observed
(Fig. 3e-h). Titanomagnetite grains (0.2-2.0 mm) sometimes includes
exsolved ilmenite and spinel lamellae (Fig. 3g and h) or granule
(Fig. 3e). It is sometimes martitized to hematite lamellae along its
octahedral cleavage planes and along its periphery (Fig. 3e, h). Large
titanomagnetite grains (2.0-4.5 mm) occur between cumulus olivine
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Table 2

Representative microprobe analyses of magnetite, titanomagnetite, titanohematite and ilmenite in Korab Kansi and Abu Ghalaga ore layers.

Abu Ghalaga

Korab Kansi

Abu Ghalaga

Korab Kansi

Area

Ilmenitite Ilmenite-rich Ilmenite-

Ilmenite-

Ilmenite-rich
melanorite

Ilmenitite

Fe-Ti-V oxide-rich

Dunite

Ilmenitite Fe-Ti-V

Ilmenite-

Fe-Ti-V oxide-rich Dunite

Fe-Ti-V

Rock N.

rich norite

melanorite

rich norite

oxide-rich
troctolite

rich norite

oxide-rich
troctolite

Ghl23 Ghl23 Ghl24

Ghl18

Kn23 Knl3 Kn5 Ghl18 Ghi38 Ghl23 Ghi24

Kn28

Knl10 Knl2 Knl2 Knl13 Ghl24 Ghl35

Kn23 Knl13 Kn5

Kn28

Sample

Titanohematite

Ilmenite

Titanomagnetite

Magnetite

Mineral

0.04  0.09

0.08 0.05

0.08

0.00 0.00 0.01 0.05 0.04

0.16

0.00

0.08
5.91
0.16
0.05

0.08
2.95

0.00 0.00

0.00
7.70
3.22
0.59

0.08
6.97

0.00
0.79
0.29
1.04

0.00
0.67
0.11
0.63

0.00
2.50
0.62
0.82

0.00
0.89
1.01
0.53

Sio2
TiO2

12.87
0.08
0.11

13.07 31.41

0.06
0.20

13.02
0.20
0.33

47.39
0.00
0.04

51.18 54.12 52.70 49.78 50.18 48.25

0.02
0.04

51.50
0.04
0.00

11.48 4.53

2.33
0.64

0.05
0.17

0.02
0.09

0.03 0.03 0.02
0.00 0.10

0.05

0.02
0.00

0.11
0.20

0.16
0.65

2.43
0.62

Al203

Cr203
FeOt
MnO
MgO
NiO

76.36 63.04 77.70

0.00
0.22
0.03
0.08
90.1

75.31

50.85
0.29
0.07
0.03
0.56
99.3
9.5

4

44.19 41.37 45.44 44.97 46.89 48.64

0.82
1.98
0.03
0.00
98.4
2.6

45.25
0.84
0.64
0.00
0.00

86.25

88.15 87.89 89.20 86.30 81.89 76.83 85.26 88.72

0.09
0.24
0.00
0.00
92.4

86.50

0.05
0.03
0.00
0.10
91.0

0.13
0.39
0.04
0.28
95.5

0.00
0.38
0.00
0.13
89.4

0.35
1.51
0.00
0.61
99.5
9.2

0.30
2.01
0.00
0.54

0.27
3.02
0.05
0.62

1.02
0.05
0.00
0.00

1.38
1.27
0.00
0.00
98.2
0.0

0.24
0.21
0.09
0.05
93.0

0.00
0.02
0.00
0.04
92.1

0.18
1.07
0.00
0.00
91.8

0.33
0.87
0.07
0.00
92.5

0.17
1.13
0.03
0.00
94.7

0.33
0.77
0.02
0.00
97.5

0.05
0.07
0.00
0.00
91.4

0.04
0.27
0.00
0.00
89.6

0.00
0.

10

0.03
0.00

89

BaO

100.1
6.2

99.28 98.7
0.00

98.27
1.

.1

Total

68.09 35.02 69.29

15.08 31.52

67.38

6.5

01

64.10

65.00 65.19 65.67 63.39 60.21 56.52 64.38 65.62
29.66 29.23 30.11 29.25 27.72 2597 27.33 29.67

7.39

63.49
29.37

Fe203
FeO

15.35

41.3  40.4 2.3 14.68

46.04 39.1

41.5

41.9

44.34

28.57

17.14

20.21 23.05 35.08 12.47 8.79

2.34

1.80

2.75

Xusp %
XIlm
ZnO

0.90

0.82 0.86 0.85

1.00
0.08
0.06
3.48

0.85
0.02
0.08
3.62

0.88
0.02

0.99
0.01
0.05
3.10

0.00
0.11
1.90

0.01
0.09
1.83

0.17
0.12
1.50

0.03
0.11

0.00
0.09
1.40

0.00
0.10
2.01

0.04

CoO

3.68

1.21

V205
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grains, forming net-textured ores (Fig. 3f) Titanomagnetite shows
different textural relations with associated ilmenite such as: 1) com-
posite grains (Figs. 3h), 2) sandwich lamellae intergrowth (Fig. 3e, h),
and 3) exsolution trellis texture due to intergrowth of ilmenite lamellae
with the host titanomagnetite (Fig. 3g). Sulfides are rare, and appear as
fine-grained pyrrhotite and pyrite along titanomagnetite boundaries.

The Abu Ghalaga massive (>70 vol% oxides) and semi-massive ore
(~40-70 vol% Fe-Ti oxides) usually contain whitish grey spots of
plagioclase (Fig. 2f). They are enriched in plagioclase (15-50 vol%) and
sulfides (up to 5 vol%) contents relative to Korab Kansi ores. Gangue
minerals are mainly plagioclase, amphibole and orthopyroxene (Opx)
with minor amounts of clinopyroxene (Cpx) and apatite (Fig. 4a—d).
Their alteration products are tremolite, actinolite, anthophyllite, anti-
gorite and talc (Fig. 4a-d). Boundaries between massive Fe-Ti oxides
and anorthosites in thin section are sharp (Fig. 4a). The Abu Ghalaga ore
samples can be classified into ilmenitites (>80% Fe-Ti oxides + ~15%
plagioclase and Opx), ilmenite-rich anorthosites (~50-70% Fe-Ti ox-
ides + ~30-50% plagioclase; Fig. 4a), ilmenite-rich norites (~55%
Fe-Ti oxides + ~40% Opx and plagioclase with minor Cpx; Fig. 4d) and
ilmenite-rich melanorites (~40% Fe-Ti oxides + ~60% Opx, plagioclase
with minor Cpx and amphibole; Fig. 4b, g). Plagioclase mostly occurs as
prismatic crystals (1.0-3.0 mm) in semi-massive ores (Fig. 4a). Some
plagioclase crystals form vermicular intergrowths with ilmenite,
showing reactive symplectite textures (Fig. 4c). Pyroxenes occur as
cumulus short idiomorphic prisms (0.2-1.0 mm), and exhibit thin re-
action rims of amphiboles at contacts with ilmenite (Fig. 4b). They are
sometimes partially to completely altered to tremolite, serpentine and
talc (Fig. 4a—d). Amphibole occurs as large phenocrysts (1.0-2.5 mm),
which are mostly corroded by hemo-ilmenite (Fig. 4d). It is also found as
thin rims arround Fe-Ti oxide grains. Apatite occurs as fine idiomorphic
inclusions in ilmenite (Fig. 4g).

The Abu Ghalaga Fe-Ti oxides are composed mainly of hemo-
ilmenite (ilmenite with titanohematite lamellae) and ilmenite with
minor titanomagnetite (Fig. 4c-h). Hemo-ilmenite is the main constit-
uent of the Abu Ghalaga oxide ores and occurs as polygonal crystals
(Fig. 4e, h). These crystals show 120° triple-junction contacts (Fig. 4e, h)
and contain <50% exsolved titanohematite, showing magmatic origin
(Fig. 4f-h). Hemo-ilmenite grains are mostly fresh, except in a few
samples in which ilmenite was replaced by rutile (Fig. 4g). The exsolved
titanohematite is found as irregular exsolution textures (Fig. 4f and g) in
the host ilmenite (Fig. 4e-h). Ilmenite sometimes contains fine elon-
gated lamellae of exsolved magnetite (Fig. 4f), which coexist with he-
matite exsolution lamellae within the same crystal.

Sulfide minerals are more abundant (3-5 vol%) in Abu Ghalaga ores
(Fig. 4e-h) than in Korab Kansi ores. They occur either as fine inclusions
in hemo-ilmenite grains (Fig. 4g) or as interstitial phases between hemo-
ilmenite crystals and at their rims (Fig. 4e-h). They sometimes fill hemo-
ilmenite cracks and fractures (Fig. 4h). The Abu Ghalaga sulfides are
mainly pyrite with subordinate chalcopyrite, pyrrhotite and sphalerite,
which crystallized with hemo-ilmenite (Fig. 4e-h). Pyrrhotite occurs
mainly as inclusions (Fig. 4g) in ilmenite, but pyrite is the dominant
interstitial phase (Fig. 4h).

5. Mineral chemistry
5.1. Major elements of minerals in Korab Kansi Fe-Ti-V ores

Olivines in Korab Kansi ores have chrysolite to hyalosiderite
composition. They have narrow ranges of forsterite contents (Fo) from
68.8 to 74.2 mol%; olivines in Fe-Ti-V oxide-rich troctolites have lower
Fo (69.8 mol%) than those (72.9 mol% Fo on average) of Fe-Ti-V oxide-
rich dunites (Fig. 5a; Supplementary 2). The investigated olivines
(Table 1; Supplementary 2) have similar NiO content (<0.05 wt%) and
Fo to olivines in ferropicrites (Fig. 5a). Iddingsite has variable compo-
sitions according to the degree of olivine alteration.

Primary amphiboles in Korab Kansi Fe-Ti ores are pargasite (Leak
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et al., 1997, Fig. 6¢; Table 1; Supplementary 2), and have higher Mg#
(0.7-1.0), TiO (3.64 wt%), Al;O3 (14.22 wt%) and NaO (3.17 wt% on
average) than Abu Ghalaga primary amphiboles (Table 1; Supplemen-
tary 2). Plagioclase is labradorite (Anssssee) for Fe-Ti oxide-rich
troctolites, and andesine to labradorite (Anggo_se¢) for Fe-Ti-V
oxide-rich dunites (Table 1; Supplementary 2). Spinel is aluminous
(Cr#, 0.006) with a narrow range of Al,O3 (61.9-64 wt %), MgO
(13.4-14.4 wt %) and FeO (21.5-23.5 wt %). Chlorite is ripidolite and
clinochlore (Hey, 1954, Fig. 6e).

Magnetite-titanomagnetite solid solution has a wide range of ulvo-
spinel contents (0.6-72.5 mol%) (Stromer, 1983) (Table 2; Supple-
mentary 3). Magnetite forms continuous solid solutions with ulvospinel,
forming titanomagnetite. There are two types of magnetite composi-
tions: Ti-poor (0.2-2.7 wt% TiO3) and Ti-rich (4.5-24.3 wt% TiO3)
(Fig. 6f; Supplementary 3). Ti-poor magnetite favors CryO3 relative to
Ti-rich magnetite (Fig. 7f). In addition, V205 in magnetite exhibits a
negative correlation with FeO (Fig. 8a). Magnetite FeO content varies
from 67.4 to 89.9 wt% due to replacement by Ti, Mg, V and Mn
(Fig. 7b—e). The Korab Kansi magnetite is poor in NiO, ZnO and CoO
(<0.2 wt%), but rich in MnO (up to 1.4 wt%) (Supplementary 3).

The Korab Kansi ilmenite ranges widely in Xp, [Fe
(Fe?+ Fe>*+Mg+Mn)], from 0.79 to 0.98 and has a narrow range of
FeO, 39.8-46.3 wt% (Fig. 6f, Supplementary 3). The ilmenite (mol% of
Hem, 0.007 on average) is slightly higher in TiO, content (51.2-54.7 wt
%) than that of Abu Ghalaga and Sept Iles (TiO5, 48.6-50.6 wt%; Namur
et al., 2010) layered intrusions (Fig. 8c). The Korab Kansi ilmenite has
small amounts of Cry03 (<0.07 wt%), NiO (<0.03 wt%) and ZnO (<0.1
wt%), and exhibits a large variation of MgO content (0.05-3.0 wt%),
similar to Panzhihua ilmenites (Fig. 8d). It is richer in V505 (3.1-3.8 wt
%) and MnO (1.0 wt% on average) than coexisting titanomagnetite
(V20s5, 1.2-2.0 wt% and MnO = 0.27 wt% on average; Fig. 8f).
Elemental mapping of both magnetite and ilmenite for most elements
shows homogeneous compositions from core to rim (Supplementary
6a-f). Sulfides in Fe-Ti oxide ores are mainly pyrrhotite and pyrite with
subordinate chalcopyrite (Supplementary 4). They contain significant
Mo (up to 0.8 wt%), Au (up to 0.3 wt%) and Ag (up to 0.33 wt%).

2+/

5.2. Major elements of minerals in Abu Ghalaga Fe-Ti ores

Pyroxenes in Abu Ghalaga ores have low concentrations of TiOa,
Cry03 and MnO (<0.5 wt%. The clinopyroxene (Cpx) is diopside
(Wo44.97.47.5) with a narrow range of Mg# (0.73-0.84) (Table 1; Sup-
plementary 2; Fig. 5b), similar to Cpxs of Egyptian layered mafic-
ultramafic intrusions (Khedr et al., 2020). The Abu Ghalaga Cpx con-
tains less Ti and Al than Korab Kansi Cpx (Fig. 5¢c and d). Opx is enstatite
(Engs.g.71.9) with a narrow range of Mg#, 0.65-0.76, similar to Opxs of
ferrobasalts (Fig. 6a and b). It has wide ranges of TiO2 (0.1-1.16 wt%),
CaO (0.46-2.7 wt%), FeO (15.3-21.8 wt%) and Al;03 (1.0-1.87 wt%)
(Fig. 6a and b; Table 1; Supplementary 2).

Primary amphiboles in Fe-Ti ores are edenite with minor pargasite
(Leak et al., 1997, Fig. 6¢; Table 1). They have average contents of TiOo
(1.6 wt%), Al,03 (10.74 wt%), Na,O (1.5 wt%) and K,0 (0.44 wt%)
(Table 1; Supplementary 2). Secondary amphiboles are actinolite and
magnesiohornblende for those replacing Cpx and are anthophyllite and
gedrite for those replacing Opx (Supplementary 2; Fig. 6¢ and d).
Plagioclase ranges from andesine to labradorite (Ans4 4.555) (Table 1;
Supplementary 2). Chlorite after Cpx or amphiboles is pycnochlorite,
clinochlore and sheridanite (Fig. 6e).

The Abu Ghalaga titanomagnetite has a narow TiO, range
(2.95-5.91 wt%), and contains minor Al;O3 (0.11-0.22 wt%), MgO
(0.02-0.24 wt%), Cry03 (0.05-0.23 wt%) and MnO (<0.3 wt%) relative
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to that of the Korab Kansi (Table 2; Supplementary 3). The magnetite is
of magmatic origin based on the Ni/Cr versus Ti diagram (Fig. 8b) (Dare
et al., 2014). The Abu Ghalaga ilmenite shows higher FeO (44.97-50.95
wt%) and Cry03 (<0.12 wt%), but lower TiO;3 (45.3-50.18 wt%), MgO
(0.06-3.1 wt%) and MnO (0.2-0.4 wt%) contents relative to those of the
Korab Kansi due to abundance of exsolved hematite (Figs. 4 and 8e;
Supplementary 3). It is ferrian type (8.7 mol% Hem, on average) with
high Fe;O3 contents (6.1-13 wt%) than the Korab Kansi (0.1-6.5 wt%)
(Fig. 6f; Supplementary 3). MgO is concentrated in ilmenite (1.8 wt% on
average) relative to the exsolved titanohematite (0.3 wt%) (Supple-
mentary 3). Titanohematite averages 67.8 wt% Fe»03, 15.8 wt% TiO,
and 13.6 wt% FeO (Table 2; Supplementary 3). Ilmenite major element
mapping for Abu Ghalaga semi-massive and massive ores shows ho-
mogeneous compositions from core to rim (Supplementary 6g-i). Sul-
fides in Abu Ghalaga ores are mainly pyrite (with Au<0.14 wt%, Pt and
Ir = 0.4 wt% on average) and chalcopyrite (with Au<0.14 wt%, Pt =
0.37 wt%) with subordinate pyrrhotite and sphalerite (with Pt = 1.15 wt
%) (Supplementary 4).

5.3. Trace elements of minerals in Korab Kansi Fe-Ti-V ores

Trace-element contents of Korab Kansi olivines increase from fresh
olivine (ZREE = 0.2 ppm) to iddingsite ZREE = 0.85 ppm) (Table 3).
Chondrite (CI)-normalized REE patterns of olivine and iddingsite are
spoon shaped with enrichment of light rare earth elements (LREE)
relative to heavy rare earth elements (HREE) (La/Yb)y = 2.37-12.64
(Fig. 9a). Olivine multi elemental patterns show positive anomalies for
fluid-mobile elements (e.g., Pb, Ba, Sr, Rb, U) and Ni, but exhibit
negative anomalies for Nb, Nd, Co, Th and V (Fig. 9b).

REE patterns of Korab Kansi amphiboles in Fe-Ti-V oxide-rich du-
nites are nearly flat (La/Lu)N = 1.01-1.34, while those in Fe-Ti-V
oxide-rich troctolites are nearly U-shaped (Fig. 9g). Multi elemental
patterns of amphiboles are mostly enriched in large ion lithophile ele-
ments (LILE; e.g. Rb, Ba and Sr), U, La, Ce, Pr and Nd (>2 times PM) and
depleted in Co, Cr and Ni (Fig. 9h). REE patterns of plagioclase show
pronounced Eu positive anomalies and are enriched in LREE relative to
HREE (Fig. 9i). Multi elemental patterns of plagioclase in Fe-Ti-V oxide-
rich dunites are enriched in most trace elements relative to plagioclase
of Fe-Ti-V oxide-rich troctolites (Fig. 9j). The Cl-normalized REEs of
ilmenites exhibit U-shaped patterns with slightly enriched HREE relative
to LREE (Fig. 10a). Ilmenite multi elemental patterns show strong pos-
itive anomalies for high field strength elements (HFSE: Nb, Ta, Zr, Hf)
and V, but negative anomalies for Li, Cs, Rb, Ba, and LREE (Fig. 10b).
The Korab Kansi magnetite-titanomagnetite shows wide ranges of V
(7842-10251 ppm), Co (48.6-199 ppm), Zn (31-277 ppm) and Ga
(16.5-75.2 ppm). It is poor in REE (ZREE, up to 0.25 ppm) contents
(Fig. 10c) relative to REE (ZREE, up to 0.73 ppm) of ilmenite (Table 3;
Supplementary 5).

5.4. Trace elements of minerals in Abu Ghalaga Fe-Ti ores

CI-normalized REE patterns of Cpx in Abu Ghalaga ores are convex
upward with negative Eu anomalies, similar to Cpx REE patterns of
Fe-Ti-V oxide-bearing troctolites from the Sept Iles layered intrusion in
Canada (Namur et al., 2011) and Motaghairat layered anorthosites from
the SED (Fig. 1a) of Egypt (Ab del Halim et al., 2016) (Fig. 9¢). Primitive
mantle (PM)-normalized Cpx patterns show negative anomalies for Pb,
Sr, Nb, Ta, Zr, Hf, Eu, Cr and Ni (Fig. 9d). The depletion of Eu and Sr in
Cpx suggests that the magma experienced significant plagioclase frac-
tionation. REE patterns of Abu Ghalaga Opx are steeply inclined with
LREE depletion relative to HREE (La/Yb)y = 0.04-0.36), and exhibit
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Table 3

Journal of African Earth Sciences 194 (2022) 104620

Representative trace and rare earth elements (ppm) of silicates and Fe-Ti oxides in Korab Kansi and Abu Ghalaga ore layers.

Area Abu Ghalaga Korab Kansi
Rock type Fe-Ti-V oxide-rich Ilmenite melanorite Ilmenitite Fe-Ti-V oxide-rich Fe-Ti-V oxide-rich
Dunite troctolite Dunite

Mineral olivine Altered Olivine Iddingsite Clinoenstatite Diopside Pargasite
Sample Kn.23 Kn.10 Kn.10 Ghl.23 Ghl.42 Ghl.35 Kn-16 Kn-10 Kn-23
Trace

elements (ppm)
Li 0.22 0.14 0.39 1.02 1.29 7.17 6.18 7.29 4.09 7.75 2.86
B 0.08 0.02 0.04 0.07 0.13 0.21 0.85 0.34 0.40 0.90 0.32
Sc 0.16 0.06 0.13 19.26 25.79 101.14 162.04 145.07 102.09 228.57 131.09
Ti 10.76 5.63 13.88 764.3 1582.4 3332.9 5608.4 4102.1 20306 25419 23577
\' 0.21 0.14 0.30 51.94 70.88 280.31 372.73 370.69 609.01 719.66 642.06
Cr - - - 15.25 22.84 72.57 97.60 151.53 - - -
Co 4.04 1.07 0.45 51.78 67.60 59.91 75.17 46.06 59.59 85.52 55.09
Ni - - - 40.71 55.91 65.45 180.93 91.11 - - -
Zn 1.12 0.20 0.64 131.36 157.09 86.72 79.39 40.10 41.35 90.93 41.77
Ga 0.05 0.06 0.16 4.05 5.06 9.79 30.40 15.21 12.91 11.84 12.20
Rb 1.01 1.11 3.49 Bdl 0.90 1.66 1.78 0.20 1.94 2.91 3.31
Sr 2.20 2.52 8.38 0.07 2.06 24.3 20.0 16.6 279.2 153.6 171.0
Sr 2.36 2.59 8.28 0.14 1.89 23.4 21.4 18.9 273.1 159.5 173.4
Y 0.04 0.05 0.14 4.09 9.27 57.18 91.34 74.64 16.70 61.95 22.19
Zr 1.14 0.91 2.60 1.92 4.92 41.50 41.88 50.60 47.08 90.94 48.79
Nb 0.02 0.02 0.06 0.00 0.15 0.18 0.63 0.83 1.52 2.85 2.37
Cs 0.01 0.01 0.02 0.00 0.04 0.05 0.25 0.00 0.06 0.06 0.05
Ba 7.87 6.66 21.05 0.02 4.43 8.21 7.54 8.90 3.0 75.7 72.3
La 0.05 0.07 0.20 0.04 0.34 6.54 3.71 5.78 2.70 11.32 5.40
Ce 0.07 0.12 0.36 0.15 1.29 29.54 19.35 21.86 10.43 32.82 14.40
Pr 0.01 0.01 0.04 0.03 0.25 5.83 5.21 5.02 1.91 5.49 2.13
Nd 0.03 0.04 0.13 0.27 1.51 34.67 38.45 33.26 10.44 29.51 9.63
Sm 0.01 0.01 0.02 0.16 0.70 11.82 17.93 13.06 2.71 8.95 2.34
Eu 0.00 0.01 0.01 0.04 0.11 2.48 2.92 2.65 1.56 3.04 1.61
Gd 0.00 0.01 0.02 0.38 1.10 13.92 21.49 16.97 2.53 10.40 3.28
Tb 0.01 0.00 0.00 0.07 0.19 2.14 3.40 2.79 0.42 1.87 0.54
Dy 0.00 0.00 0.02 0.67 1.49 13.03 20.36 17.99 291 11.28 3.59
Ho 0.00 0.00 0.01 0.15 0.38 2.23 3.60 3.54 0.62 2.35 0.78
Er 0.00 0.01 0.01 0.57 1.03 5.38 8.43 8.22 1.89 6.66 2.62
Tm 0.01 0.01 0.00 0.09 0.19 0.69 0.88 1.03 0.34 0.96 0.42
Yb 0.01 0.00 0.01 0.65 1.14 4.17 4.61 5.31 2.52 6.44 3.33
Lu 0.00 0.00 0.00 0.11 0.18 0.57 0.58 0.73 0.39 0.89 0.57
Hf 0.03 0.03 0.08 0.08 0.26 1.60 2.33 2.66 1.64 3.45 1.60
Ta 0.00 0.00 0.00 Bdl 0.02 0.02 0.04 0.05 0.09 0.19 0.11
Pb 0.11 0.14 0.54 0.00 0.01 0.23 0.13 0.18 0.31 1.72 1.00
Th 0.02 0.02 0.04 0.01 0.06 0.31 0.19 0.06 0.25 0.46 0.18
U 0.01 0.02 0.06 0.00 0.01 0.04 0.03 0.07 0.06 0.14 0.04
XREE 0.20 0.28 0.84 3.38 9.91 133.01 150.91 138.21 41.37 132.00 50.63
(La/Lu)N 1.60 6.16 13.88 0.03 0.20 1.20 0.67 0.82 0.72 1.32 0.98
(La/Yb)N 5.16 14.95 10.74 0.04 0.20 1.07 0.55 0.74 0.73 1.19 1.10

(-): not analyzed.
bdl: below detection limits.

pronounced Eu anomalies (Fig. 9¢). They show similar patterns to Opx
from Motaghairat anorthosites (Fig. 9e). The PM-normalized trace-ele-
ment patterns of Opx are depleted in Pb, Sr, Eu, Ta, Cr and Ni (Fig. 9f).

REE patterns of Abu Ghalaga amphiboles differ from those of the
Korab Kansi, and show a convex-upward shape with LREE depletion
(La/Yb = 0.42-1.0; Fig. 9g). Trace-element contents of Abu Ghalaga
amphiboles are higher than those in the Korab Kansi with some
enrichment of HFSE (e.g. Nb, Ta) and depletion of LILE (e.g. Cs, Rb, Sr
and Pb), Th and U (Fig. 9h). The Abu Ghalaga plagioclase REE values
and patterns resemble those of Korab Kansi gabbros, displaying steeply
inclined patterns from La to Yb (Fig. 9i).

The Cl-normalized REEs of Abu Ghalaga ilmenites display U-shaped
patterns (Fig. 10a). Abu Ghalaga ilmenite has higher (La/Lu)y ratio
(0.55-0.81) than that of the Korab Kansi [(La/Lu)y = 0.01-0.12]. The

Abu Ghalaga ilmenite is slightly enriched in Li, Nb, Ta, Ga and LREE,
relative to Korab Kansi ilmenite (Fig. 10b). CI-normalized REEs of the
Abu Ghalaga titanohematite display U-shaped patterns (Fig. 10c;
Table 3; Supplementary 5). The multi elemental patterns of this tita-
nohematite show a strong positive anomaly for HFSE (e.g. Nb, Ta, Zr and
Hf) and V, while Ba shows a strong negative anomaly (Fig. 10c).

6. Discussion
6.1. Subsolidus modification of SED Fe-Ti-V ore deposits
The investigated titanomagnetites sometimes suffer from subsolidus

re-equilibration with ilmenite due to Fe?>*-Mg redistribution during slow
cooling (e.g., Charlier et al., 2007), causing enrichment of Mg in
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Abu Ghalaga Korab Kansi Korab Kansi Abu Ghalaga
Ilmenitite Fe-Ti-V oxide-rich  Fe-Ti-V oxide-rich Ilmenitite Fe-Ti-V oxide-rich Fe-Ti-V oxide- Fe-Ti-V oxide-rich Ilmenite Ilmenitite
troctolite Dunite Dunite rich Dunite Dunite melanorite
Edenite Actinolite Labradorite Magnetite Ti-magnetite Ilmenite Hematite
Ghl.23 Ghl.35 Kn-16 Kn-23 Ghl.42 Kn.23 Kn.16 Kn.10 Kn.10 Ghl.23 Ghl.35 Ghl.42 Ghl.42
1.63 2.85 0.15 bdl 0.12 0.00 1.46 0.05 0.02 0.51 1.21 0.23 0.23
0.16 0.12 0.18 1.32 0.25 0.01 0.44 0.10 0.10 0.08 0.07 0.03 0.02
110.31 110.60 0.83 1.47 0.88 1.15 2.14 7.44 55.17 60.54 59.05 18.69 13.43
12446 56973 208.7 501.5 384.6 - - - - - - - -
474.02 596.36 4.28 4.91 0.63 7842.3 8906.6 10251.0 20600.2 1849.9 1772.1 487.1 374.1
126.77 209.81 - - - - - - - - - 95.18 69.61
72.35 40.09 0.43 8.56 0.06 22.62 81.62 88.91 85.83 30.29 30.37 23.02 14.58
110.98 74.68 - - - - - - - - - 9.25 5.84
93.70 59.93 0.18 17.46 0.73 14.76 124.69 149.76  5.79 69.03 4558 9.34 10.98
21.16 14.76 19.94 10.41 28.92 7.27 28.99 24.26 0.61 5.92 4.50 1.38 1.21
1.21 0.24 0.03 25.76 0.08 0.00 0.04 0.01 0.02 0.01 0.03 0.00 0.01
75.6 15.5 1056.8 1055.5 791.1 bdl 2.28 0.14 0.55 bdl bdl bdl bdl
72.1 15.6 1231.5 1245.3 791.5 0.03 1.81 0.19 0.77 0.63 0.65 0.26 0.13
129.71 60.07 bdl 1.16 0.36 0.00 0.00 0.11 0.11 0.20 0.10 0.03 0.02
64.95 39.99 0.02 27.02 0.09 0.47 1.63 3.44 92.40 19.64 26.08 6.75 4.71
4.91 17.23 bdl 0.55 0.02 0.00 0.01 0.02 8.14 7255 6239 18.49 13.00
0.00 0.01 0.00 0.44 bdl bdl 0.00 bdl bdl bdl bdl bdl bdl
56.5 10.7 2.2 340.3 113.7 0.02 0.01 0.05 0.31 bdl 0.04 0.00 0.00
13.96 2.99 1.42 2.18 2.90 0.00 0.00 0.03 0.01 0.08 0.05 0.02 0.01
61.29 13.68 2.14 3.81 7.33 0.00 0.02 0.07 0.01 0.21 0.17 0.05 0.02
11.64 3.33 0.15 0.49 0.64 bdl 0.00 0.01 bdl 0.02 0.01 0.01 0.00
66.13 23.88 0.66 1.51 2.38 bdl 0.01 0.05 0.00 0.09 0.08 0.03 0.02
21.51 10.32 0.02 0.15 0.37 0.00 0.03 0.04 bdl 0.04 0.00 0.01 0.00
4.99 2.17 0.26 0.40 1.61 bdl 0.01 0.00 bdl 0.01 0.00 0.00 0.00
24.94 13.23 bdl 0.13 0.19 bdl bdl bdl bdl bdl 0.03 0.00 0.00
4.04 2.07 0.02 0.02 0.03 bdl bdl bdl 0.00 0.00 0.01 0.00 0.00
26.63 13.80 0.01 0.20 0.13 0.00 0.00 0.02 bdl 0.03 0.01 0.01 0.00
5.04 2.61 0.00 0.03 0.01 bdl 0.00 0.01 bdl 0.00 0.01 0.00 0.00
12.50 6.64 0.00 0.09 0.02 bdl bdl 0.01 0.05 0.02 0.03 0.00 0.00
1.57 0.86 0.00 0.01 0.00 0.00 bdl 0.01 0.02 0.01 0.00 0.00 0.00
8.98 4.83 bdl 0.10 bdl bdl 0.03 0.01 0.17 0.03 0.03 0.02 0.01
1.09 0.54 0.01 0.02 0.00 bdl 0.00 0.00 0.07 0.02 0.01 0.00 0.00
3.04 3.14 bdl 0.62 bdl 0.02 0.06 0.15 2.25 2.50 3.72 0.97 0.71
0.25 1.55 bdl 0.05 0.00 0.00 bdl 0.00 0.72 5.57 5.72 1.67 1.22
0.36 0.05 0.78 3.72 2.51 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00
0.08 0.01 bdl 0.33 0.01 0.00 0.00 0.00 0.00 bdl 0.01 0.01 0.00
0.01 0.00 0.00 0.39 0.00 0.00 bdl bdl 0.01 0.01 0.01 0.00 0.00
264.31 100.96 4.70 9.14 15.61 0.01 0.11 0.25 0.33 0.56 0.45 0.15 0.09
1.33 0.57 17.76 11.08 120.27 0.00 0.16 3.70 0.01 0.55 0.68 0.34 0.07
1.06 0.42 0.00 15.17 0.00 0.00 0.07 2.64 0.03 2.05 1.12 0.67 0.10

ilmenite relative to magnetite (Supplementary 3). The MgO content in
SED ilmenite ranges from 0.05 to 3.0 wt% (Supplementary 3), and the
ilmenite in contact with ferromagnesian silicates has high MgO content,
reflecting postcumulus re-equilibration with these silicates and Fe?*-Mg
exchange. During subsolidus cooling, magnetite loses Al, Mg and Ti by
exsolving Al-spinel and ilmenite lamellae (Fig. 3).

Ilmenite easily recrystallizes under subsolidus conditions, meaning
that cations effectively diffuse (Charlier et al., 2015). The following
features support recrystallization of Abu Ghalaga Fe-Ti oxide deposits:
1) dominance of annealing texture (granoblastic) of hemo-ilmenite,
which indicates static recrystallization (Fig. 4e, h); 2) occurrence of
twinning, displacement and folding of hematite exsolution lamellae
(Fig. 4g); and 3) existence of intergranular films of hematite or
magnetite along hemo-ilmenite borders due to migration of Fe;O3 from
inside the crystal to the rims due to subsolidus modification (Fig. 4g).

6.2. Implications of SED Fe-Ti-V oxide textures

Oxide intergrowths reflect many factors operating during crystalli-
zation of Fe-Ti oxide deposits such as oxygen fugacity, temperature, and
chemical conditions of the parent melts (Tan et al., 2016). Ilmenite is
generated either by direct crystallization from parent melts, or as a
product of oxidation-exsolution from titanomagnetite (Frost and
Lindsley, 1991). The Korab Kansi titanomagnetite (Fig. 3; Supplemen-
tary 3) generally has (111) oxidation-exsolution lamellae of ilmenite,
forming ilmenite-titanomagnetite intergrowths (Fig. 3e-h). Interstitial
titanomagnetite between cumulus olivines (Fig. 3) includes
oxy-exsolution of ilmenite and spinel lamellae (Fig. 3g and h). This
occurrence suggests formation of ilmenite as a result of
oxidation-exsolution of titanomagnetite (e.g., Frost and Lindsley, 1991;
Liu et al., 2015), and a magmatic origin of both minerals. Ilmenite
granules and trellis-type lamellae (Fig. 3g and h) in titanomagnetite may
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Fig. 3. Photomicrographs of Fe-Ti-V oxide ores in
the Korab Kansi mafic-ultramafic intrusion. All
photos are back-scattered electron images, except a-
d taken under crossed polarized light and h taken
under reflected light. a) Net-textured Fe-Ti oxides
between cumulus olivine (Olv) crystals, showing
cumulate texture. This olivine is highly altered to
iddingsite (Idg) in semi-massive ore hosted in dunites.
b) Cumulus crystals of olivine (Olv) and plagioclase
(Plg) thermally corroded and invaded by inter-
cumulus Fe-Ti-V oxide minerals in disseminated ores
hosted by troctolites. ¢) Thin rim of brown horn-
blende (pargasite; Prg) occurring at the Fe-Ti oxide
ore and plagioclase interface suggesting reaction be-
tween both of them in disseminated ores hosted by
troctolites. d) Chadacrysts of Fe-Ti oxides included in
plagioclase (Plg), clinopyroxene (Cpx) and pargasite
(Prg); plagioclase sometimes shows zoning. e)
Ilmenite-titanomagnetite sandwich intergrowth with
very fine Al-spinel (Spl) exsolution lamellae or gran-
ules in semi-massive ores. f) Net-textured interstital
titanomagnetite grains including (111) oxidation-
exsolution ilmenite lamellae. g) Exsolution trellis
texture of ilmenite in magnetite that enveloped by
thin pargasite rim at the contact with plagioclase in
disseminated ores in troctolites. h) The different oc-
currences of ilmenite as sandwich lamellae and
composite intergrowths with magnetite that was
pitted by hematite (Hm) in massive ores.
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Fig. 4. Photomicrographs of Fe-Ti-V oxide ores in
the Abu Ghalaga mafic intrusion. All photos were
taken using Scanning Electron Microscope (SEM),
except a, b taken using crossed polarized light and ¢
as well as e taken under reflected light. a) Irregular
contact between the hemo-ilmenite ore pitted with
anthophyllite (Ant) and the host anorthosites. b)
Idiomorphic primocrysts of orthopyroxene (Opx) and
edenite (Ed) surrounded by interstitial net-textured
hemo-ilmenite in ilmenite-rich melanorites. ¢) Sym-
plectite texture formed due to ilmenite intergrowth
with plagioclase as evidence of liquid immiscibilty,
showing vermicular or wormy-like plagioclase in the
host anorthosites. d) Dendritic oikocrysts of edenite
(Ed) and clinopyroxene (Cpx) enclosing cumulates or
chadacrysts of Fe-Ti oxides. Large intercumulus
ilmenite showing amoeboidal texture and sending
offshoots into clinopyroxene (Cpx) and edenite that is
altered to tremolite (Tr). e) Polygonal ilmenite and
hemo-ilmenite with 120° triple junction boundaries
and pitted by pyrite (Py), chalcopyrite (Cpy), Opx and
anthophyllite (Ant) in ilmenitite. f) Intercumulus
sulfides filling spaces between the hemo-ilmenite that
showing two different generations of hematite (Hm)-
ilmenite (Ilm) intergrowth with intercumulus pyrite
(Py) in ilmenite-melanorites. Ilmenite (grey) includes
very fine Ti-hematite exsolution lamellae (light
color). g Twinned hemo-ilmenite crystals and
cumulus apatite (Ap) with intercumulus sulfides (Py,
Po), where hemo-ilmenite replaced by thin rims of
titanohematite and late-magmatic rutile in ilmenite-
melanorites. h) Interlocked hemo-ilmenite grains
showing 120° triple junction boundaries with inter-
stitial sulfides (Py, Cpy) in ilmenite-melanorites.
Ilmenite has multiple generations of titanohematite
exsolution lamellae, mainly parallel to (0001).
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result from oxidation of ulvospinel above the magnetite-ulvospinel
solvus during subsolidus cooling (Charlier et al., 2015). Thus, our
ilmenite-magnetite intergrowths (Fig. 3g and h) may be attributed to
direct exsolution or “oxy-exsolution’’ at a broad range of temperatures,
and possibly indicate variations in the oxidation and cooling history of
the layered intrusion (Buddington and Lindsley, 1964; Haggerty, 1991).
During slow cooling, titanium in Korab Kansi titanomagnetite or
magnetite-ilmenite solid solution may exsolve to form either discrete
lamellae of ilmenite in magnetite (Fig. 3g and h) or granular exsolutions
(Fig. 3g and h) of ilmenite around magnetite grains during
oxy-exsolution. The Korab Kansi titanomagnetite includes Al-spinel
exsolution lamellae or granules (Fig. 3e), and contains significant
amount of AlyO3 (up to 3.7 wt%; Supplementary 3). Aluminous spinel
exsolution (Fig. 3e) is due to the low solubility of Al,O3 in magnetite
(Fig. 7a) during slow cooling (Charlier et al., 2010, 2015), and reflects
significant amounts of Al in primary melts.

On the other hand, the Abu Ghalaga hemo-ilmenite occurs as
cumulate and polygonal crystals with triple junction boundaries (120°

12

intersections), suggesting a magmatic origin (Fig. 4g-h). It has abundant
hematite exsolution lamellae parallel to (0001), forming hemo-ilmenite
exsolution texture (Fig. 4f-g). This texture is interpreted to reflect
unmixing of hematite-ilmenite solid solution during slow cooling
(Ramdohr, 1980), and possibly formed in the late magmatic stage. The
exsolved titanohematite is found as irregular exsolution plebs (Fig. 4f
and g), spots, and threads or needle shapes parallel to the (0001) di-
rection of the host ilmenite (Fig. 4e-h). The different shapes and ori-
entations of titanohematite exsolution may indicate more than one
generation. The high hematite content in ilmenite (6-13 mol%; Sup-
plementary 3) and high fO, of the parent melts are responsible for
generating this intergrowth (Fig. 4f-h), similar to Adirondacks
hemo-ilmenite in New York (Basley and Buddington, 1958). Ilmenite
may alter to rutile in Abu Ghalaga ores (Fig. 4g) under strongly oxidizing
conditions (Frost and Lindsley, 1991), and some ilmenite rims around
hemo-ilmenite are free of hematite exsolution (Fig. 4g) due to diffu-
sional loss of Fe3" at the grain boundary.
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6.3. T-P- fo2 conditions of SED Fe-Ti-V ore deposits

The abundance of titanomagnetite over ilmenite (Fig. 3e-h) in Korab
Kansi Fe-Ti-V oxide ores can be explained by low Ti content in the
primary melts. However Ti-rich melts may reach ilmenite saturation
before magnetite crystallization, even in oxidizing conditions, and in
some cases may crystallize hemo-ilmenite without magnetite (Lattard
et al., 2005), like Abu Ghalaga hemo-ilmenite (Fig. 4e-h) formed under
high foz of Ti-rich parent melts. This is similar to the case for
hemo-ilmenite in the Grader layered intrusion (Charlier et al., 2008,
Fig. 8), where high hematite content in ilmenite indicates the high foz of
the Ti-rich parent melts. Abu Ghalaga hemo-ilmenite deposits require
both high TiO, content of the parental magma and more oxidizing
conditions.

Crystallization temperature (T) of Abu Ghalaga Opx in Fe-Ti ores
and host gabbroic rocks based on projection of isothermal lines (Linds-
ley, 1983) ranges from 900 to 1100 °C (Fig. 5b). This temperature agrees
with that calculated after Brey and Kohler (1990) based on Ca content of
Opx, which yields 1082 °C for ilmentites and 1010 °C for ilmenite-rich

melanorites. Abu Ghalaga Opx temperature is lower than that of
Korab Kansi Opx in olivine gabbros (~1180 °C) and gabbronorites
(~1116 °C). This crystallization temperature is higher than the equi-
librium subsolidus temperature calculated based on pyroxene pairs.
Three Opx and Cpx pairs from Abu Ghalaga ilmenitites, ilmenite-rich
norites and ilmenite-rich melanorites reveal equilibration tempera-
tures (Brey and Kohler, 1990) of 811 °C, 750 °C and 780 °C on average,
respectively. These subsolidus temperatures (~750-900 °C) of Abu
Ghalaga rocks are lower than those of Korab Kansi gabbroic rocks based
on Opx and Cpx thermometry equations after Brey and Kohler (1990),
which yield 820-997 °C (Khedr et al., 2020).

Equilibrium between ilmenite and magnetite has been used widely
for estimating both temperatures and oxygen fugacities (Lepage, 2003;
Lattard et al., 2005). We used the ILMAT program (Lepage, 2003) for 25
coexisting magnetite-ilmenite pairs from both Korab Kansi and Abu
Ghalaga ores to calculate re-equilibration solidus temperatures ranging
from 420 to 527 °C and 674-740 °C, respectively. The Abu Ghalaga ores,
mainly hemo-ilmenite, have higher equilibration temperatures than
those of the Korab Kansi, which are mainly magnetite. In addition,

13
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Fig. 7. Comparison between the SED Fe-Ti-V oxide
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calculated oxygen fugacities (fp2) are around AFMQ-1.24 to —3.28 for
Korab Kansi ores and from AFMQ +0.21 to —0.3 for Abu Ghalaga ores
based on results from ILMAT (Lepage, 2003) and reported as log units
relative to the fayalite-magnetite-quartz buffer (FMQ). These oxygen
fugacity results may represent solidus equilibrium conditions, but do not
directly indicate magmatic conditions.

The higher foo for Abu Ghalaga ores than for Korab Kansi ones is
consistent with the high abundance of hematite in the former (Fig. 4f-h)
and absence in the latter (Fig. 3e-h). Thus, the different redox conditions
of these two intrusions was responsible for high magnetite content of
titanomagnetite-magnetite series (Fig. 3e-h) in Korab Kansi ores and
hematite content of ilmenite-hematite series in Abu Ghalaga ores
(Fig. 4f-h; Supplementary 3) (e.g. Buddington and Lindsley, 1964;
Lattard et al., 2005).

The Ti + V and Al + Mn contents of magnetite can be used as in-
dicators of formation temperature (Dupuis and Beaudoin, 2011; Nadoll
et al., 2014). The Korab Kansi magnetite data mostly plot around
300-500 °C based on Ti + V versus Al + Mn diagram (Supplementary
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7b), suggesting that magnetite re-equilibrated at solidus conditions of T,
~500 °C or more. Another exsolution texture seen in Korab Kansi
Fe-Ti-V oxide deposits is intergrowth of aluminous spinel and titano-
magnetite (Fig. 3e), which occurs below ~600 °C (Vincent et al., 1957;
Turnock and Eugster, 1962).

The Al content of primary amphiboles in Fe-Ti-V oxide deposits is
sensitive to pressure (Schmidt, 1992). The application of this barometer
yields average pressures of 8.3 kbar (27 km deep) for Korab Kansi ores
and 5.1 kbar (17 km deep) for Abu Ghalaga ores (Supplementary 2).
These results are consistent with occurrence of Fe-Ti-V oxides in the
most primitive rocks (e.g. dunites and troctolites; Fig. 3) in the lower
part of the Korab Kansi intrusion relative to Abu Ghalaga norites and
anorthosites. The plagioclase + ilmenite + magnetite assemblage and
textures of Abu Ghalaga ores (Fig. 4) resembles that of Tellnes and Lac
Tio deposits, which crystallized from ferrobasaltic melts at lower pres-
sure (5-8 kbar) (Charlier et al., 2006, 2010; Supplementary 8).



M.Z. Khedr et al.

Journal of African Earth Sciences 194 (2022) 104620

4.0 1 Fig. 8. Comparison between SED Fe-Ti-V oxide
(a) ﬂ (b) Magmatic magnetite minerals and ilmenites from other layered intrusions.
100000 ..F. o a) FeO vs.V,0s5 for the SED magnetite and ilmenite. b)
3.0 - - Ni/Cr vs. Ti binary diagram for the SED magnetite
| gl 0000 ®®o // Hydrothermal (Dare et al., 2014). ¢) MgO vs. TiOa. d) Xj, vs. MgO.
8 < e ® / magnetite e) MnO vs. FeO. f) TiO, vs Cr,03 diagram based on
Q20 . g = ‘h E 1000} / occurrence of magnetite in the base, middle and top
> L = = 2 / - - of massive to disseminated ore layers in the base of
s g .t <~ 100f ! |® Korab Kansi magnetite . . . :
2 ) = / ® Korab Kansi Ti-magnetite the Korab Kansi layered intrusion. Ilmenite data of
= @
. s e ii i Panzhihua (Guan, 2014), Keatin i Hinchey,
L0 g = A Korab Kansi ilmenite hihua ( ) ing hill (Hinchey
L = 101 <> Abu Ghalaga r_nagngtite 2015), Northwest River Anorthosite (Valvasori et al.,
L 1 L .<> Abu, Ghalagla 11men|1te 2020), Skaergaard (Jang and Naslund, 2003), Grader
030 40 50 60 70 80 90 0.01 0.1 1 10 100 1000 10000 (Charlier et al., 2008), Suwalki (Charlier et al., 2009)
FeO Ni/Cr (M) and Tellnes (Charlier et al., 2006, 2007, 2015)
60 layered intrusions were used for comparison.
P 10
( C ) Swalki Anorth Panzhihua (d)
Skaergaard
LS sl
E E o
=2 g
S % 4+ Tellnes
= 2 :
2 L
Swalki Anorth
0 L L ! -
10 05 06 07 08 09 1
1.6 Xilm
L @ Fe-Ti-rich troctolites
1.4 1 (15-20 vol% oxides) at the top
. | Fe-Ti-rich dunites
(35-45 vol% oxides) at the middle|
—_ 127 W Fe-Ti-rich dunites
E E (70 vol% oxides) at the base
= =
= & 1.0 _
=} =)}
= S 08 {m® u
o -]- B Magmatic magnetite
| ]
0.6 L ¥ r iy -
i A \ m | .
oy i 5 3 s 04 —_— e
MnO (Ilm) (1} 5 10 15 20 25 30
TiO2 (Mt)

6.4. Genesis of Fe-Ti-V ore deposits in SED layered intrusions

6.4.1. Magma type and tectonic setting

The occurrence of Fe-Ti oxides between cumulus olivine (Figs. 2f
and 3a) in the most primitive rocks (e.g. dunites and troctolites) in-
dicates enrichment of their parent melts in Mg, Fe and Ti from the
mantle source (host of Fe and Mg), similar to the Panzhihua intrusion
(Bai et al., 2014; Pang et al., 2008). The olivine forsterite range (Fogg.gg;
Khedr et al., 2020) and Cpx REE (Fig. 10c) of the Korab Kansi rocks
resemble olivine Foyg_gg ¢ and Cpx REE of Lalibela ferropicrites derived
from a mantle source (Desta et al., 2014). The Korab Kansi olivine is
similar in composition to olivines in MORB ferropicrites and Para-
na’-Etendeka ferropicrites (Tuff et al., 2005)(Fig. 5a), while the Cpx Al,
Ti and Mg# plot mainly in the overlapping Cpx field of ferropicrites and
ferrobasalts (Fig. 5¢ and d). The Korab Kansi gabbroic intrusion and its
Fe-Ti-V ore deposits crystallized from ferropicritic or ferrobasaltic
magmas, similar to the Panzhihua gabbroic layered intrusion hosted
Fe-Ti-V oxide deposits that formed from highly evolved Fe-Ti-V-rich
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ferrobasaltic or ferropicritic magmas (Zhou et al., 2005) (Supplementary
8).

On the other hand, Abu Ghalaga Cpx Al, Ti and Mg# resemble those
of tholeiitic ferrobasalts (Fig. 5¢c and d) (Leterrier et al., 1982; Lustrino,
2006; Namur et al., 2012). The Abu Ghalaga Opx is similar in Ti, Ca, Al
and Mg# to ferrobasalt Opx (Fig. 6a and b) (Morisset, 2008; Charlier
et al., 2010; Namur et al., 2012). In addition, REE-normalized U-shaped
patterns of Abu Ghalaga ilmenite ores (Fig. 9a) are similar to those of
Saint-Urbians and Big Island ilmenite hosted by anorthosites, thought to
have originated from ferrobasaltic melts (Morisset, 2008; Morisset et al.,
2010). CI-normalized REE patterns of Cpx in Abu Ghalaga ilmenitites are
convex upward, similar to Cpx REE patterns of Sept Iles layered Fe-Ti-V
oxide-bearing troctolites that crystallized from Fe-rich tholeiitic basaltic
parent magmas (Namur et al., 2011). REE patterns of Opx and Cpx in
Abu Ghalaga are also similar to those of the Motaghairat (Fig. 9e)
layered intrusion, which is thought to have crystallized through frac-
tional crystallization from high-Mg tholeiitic melts (e.g., ferrobasaltic
melts) derived from a metasomatized mantle source in the rift setting
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Fig. 9. Trace and REE patterns of silicate minerals in
Korab Kansi and Abu Ghalaga Fe-Ti-V ore deposits.

Chondrite (CI)-normalized REE patterns (a, c, e, g, i)

and primitive mantle (PM)-normalized trace-element
patterns (b, d, f, h, j) for olivine, Cpx, Opx, amphi-
boles and plagioclase of Abu Ghalaga and Korab

Kansi Fe-Ti oxide ores. The purple fields in panels (c,

e) represent Cpx and Opx of the Motaghirat anor-

thosites (Abdel Halim et al., 2016), while the dark

grey field represents Opx of Korab Kansi ultramafic
rocks (Khedr et al., 2020). The pale grey fields in

panels (g, h) represent amphiboles of the host Korab
Kansi gabbroic rocks and plagioclase in the Korab

Kansi after Khedr et al. (2020). The Cpxs in
ocean-island basalts (OIB; Nimis and Vannucci,

1995), Lalibela ferropicrites (Desta et al., 2014) and
Fe-Ti oxide-bearing troctolites from the Sept Iles

layered intrusion (Quebec, Canada; Namur et al.,
2011) are used for comparison. Chondrite (CI) and

primitive mantle (PM) values are from McDonough
and Sun (1995).
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(Abdel Halim et al., 2016). The equilibrated melt composition of Abu
Ghalaga Cpx (Fig. 11a) was calculated using Cpx/melt partition co-
efficients (Hart and Dunn, 1993; Johnson, 1998). Its
chondrite-normalized REEs (McDonough and Sun, 1995) show inclined
patterns with decreasing REE contents from LREE to HREE, like those of
tholeiitic basalts derived from mantle melting (Clift and Fitton, 1998)
and ocean-island basaltic melts (Sun and McDonough, 1989) (Fig. 11a).
This chemical features suggest tholeiitic ferrobasaltic parent melts of
Abu Ghalaga Fe-Ti ores, possibly generated in a subduction-related rift
setting (Fig. 12).

Magnetite trace-element compositions can be used to distinguish
different iron deposits such as iron oxide-copper-gold (I0CG), porphyry
Cu, Kiruna, BIF, skarn, and Fe-Ti-V deposits (Dupuis and Beaudoin,
2011; Dare et al., 2014; Knipping et al., 2015). The Korab Kansi
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B Li CsRbBaTh U NbTa LaCe Pb Pr Sr Nd Zr Hf SmEuGd Tb Dy Y HoEr TmYb Lu Sc V Co

magnetite belongs to magmatic Fe-Ti-V deposits based on its Cr, V, Ti,
Ni, Al, Mn and Cr compositions (Supplementary 7a-c). Its trace-element
patterns (Fig. 11b) and textures (Fig. 3) resemble Panzhihua and Baima
magmatic magnetites crystallized from Fe-Ti-V-rich ferropicritic or
ferrobasaltic magmas (Zhou et al., 2005; Bai et al., 2014; Luan et al.,
2014; Liu et al., 2015; Wang et al., 2014). The ilmenite and titanohe-
matite trace-element patterns show strong positive HFSE anomalies (Ti,
Nb, Ta, Zr and Hf), V and Sc, while Abu Ghalaga ilmenite is highly
enriched in Nb, Ta, and Hf (Fig. 10). This enrichment of incompatible
elements (HFSE) in SED Fe-Ti oxides (Fig. 10) is attributed to their Fe-Ti
rich parent melts that were rich in these elements and derived from a
mantle source, like plume-derived ferropicrites (Goldstein and Francis,
2008; Bai et al., 2014). This suggests that ferropicritic/ferrobasaltic
parent melts of SED Fe-Ti oxides (Fig. 10; Supplementarys 3-5) were
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Fig. 11. a) CI-normalized REE patterns for calculated melts in equilibrium with Cpx from Abu Ghalaga Fe-Ti-V oxide ores. Cpx/melt partition coefficients are from
Hart and Dunn (1993) and Stosch (1982). Normal mid-ocean ridge basalt (N-MORB), Ocean island basalt (OIB) and enriched mid-ocean ridge basalt (E-MORB)
compositions are from Sun and McDonough (1989). REE patterns of tholeiitic basalts crystallized from mantle-derived melts (Clift and Fitton, 1998) are used for
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derived mainly from the upper mantle during interaction between
metasomatized lithosphere and upwelling asthenosphere or a mantle
plume (Fig. 12). This is consistent with global ferropicritic or ferroba-
saltic melts, which are enriched in Fe and HFSE and are related to
anomalously hot mantle such as upwelling asthenosphere or mantle
plumes (Hanski and Smolkin, 1995; Goldstein and Francis, 2008)
(Fig. 12). The parent melts of Fe-Ti oxides are enriched in Nb, Ta, Ti and
V (Figs. 10 and 11), reflecting significant contributions from a
mantle-plume source (Condie, 1997). They are also poor in Ni, Cr, Co
and Mn with subordinate S and Cu (Figs. 3, 4 and 10; Tables 2 and 3;
Supplementarys 3-5). Active rifting in convergent margin settings
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sometimes results from slab breakoff associated with upwelling
asthenosphere or a mantle plume, which is forcefully injected into the
base of the metasomatized lithosphere in the studied areas (Fig. 12).
During injection, diapirs undergo adiabatic decompression leading to
partial melting and generation of parent melts of SED layered intrusions
(Fig. 12).

Picrites are found in different tectonic environments: midocean
ridges, continental rifts and arcs like the Lesser Antilles Island Arc (e.g.,
Woodland et al., 2002), Solomon Islands (e.g., Ramsay et al., 1984) and
Vanuatu Arc (e.g., Eggins, 1993). Some features of Korab Kansi and Abu
Ghalaga ores are best explained by formation or modification above a
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Fig. 12. Sketch of subduction-related rift model (modified after Merle, 2011)
for the origin of mafic-ultramafic intrusions in the SED of Egypt. Active rifting is
due to slab breakoff and upwelling of asthenosphere or mantle plumes.

subduction zone. The Abu Ghalaga and Korab Kansi layered intrusions
are associated with island-arc assemblages in the field (Khedr et al.,
2020). Nisbet and Pearce (1977) calculated two equations for clino-
pyroxene compositions to indicate different tectonic settings. The Abu
Ghalaga Cpx compositions plot in the fields of volcanic arc based on F;
vs. Fy digaram (Fig. 5e) after Nisbet and Pearce (1977) or island arc
basalt (Beccaluva et al., 1989) (Fig. 5f), suggesting the
subduction-related rift setting (Fig. 12). PM-normalized Cpx patterns
show depletion in HFSE (e.g., Nb, Ta, Zr and Hf; Fig. 9d), suggesting a
convergent margin setting (or SSZ: suprasubduction zone) of the
investigated SED intrusions. This is consistent with U-shaped REE pat-
terns of amphiboles in Korab Kansi Fe-Ti-V oxide ores (Fig. 9g), which
are like those of SSZ amphiboles (Khedr et al., 2010). Amphiboles are
rich in Rb, Ba, Sr, U, La, Ce and Pr (Fig. 9h) and olivines show positive
anomalies for Pb, Ba, Sr, Rb and U, indicating these crystallized from
hydrous parental melts dominated by slab-derived fluids in a convergent
margin setting (Fig. 9b).

Finally, highly oxidizing conditions due to high aqueous H20 con-
tents are consistent with generation of Korab Kansi and Abu Ghalaga
intrusions in a rift-related convergent margin setting (Fig. 12). The
composition of ferrobasaltic/ferropicritic parental magmas of the
investigated oxide deposits was the main factor causing deposition of
Fe-Ti rich layers, similar to Fe-Ti oxide ores in Panzhihua, Baima and
Hongge intrusions (Zhou et al., 2005; Zhang et al., 2009; Luan et al.,
2014; Liu et al., 2015) (Supplementary 8). Composition of parental
magmas, high oxygen fugacity (fo2) conditions and high H,0 contents of
the magmas are proposed to have been controlling factors for generating
economic Fe-Ti-V oxides ore layers in SED mafic-ultramafic intrusions.
These factors also cause compositional (Figs. 3 and 4; Supplementary 3)
and trace-element variations (Fig. 10) of SED Fe-Ti-V oxide deposits.

6.4.2. Evidence of fractional crystallization and immiscible separation of
melts

Several theories have been proposed to explain the formation of
global economic Fe-Ti ore deposits and host silicate layers: 1) fractional
crystallization either by crystal settling (Martin, 1990; Charlier et al.,
2006, 2015) and/or in situ crystallization (Campbell, 1978; McBirney
and Noyes, 1979; Latypov et al. 2016, 2020; Kruger and Latypov, 2020),
2) immiscible separation of oxide melts from magma and their accu-
mulation with floating of plagioclase crystals (Force, 1991; Von Grue-
newaldt, 1993), and 3) magma mixing and polybaric crystallization
(Morisset et al., 2010; Charlier et al., 2015). Magma mixing can produce
hybrid magmas and crystallize a pure ilmenite cumulate (Charlier et al.,
2015), but not the rocks we describe. Therefore, fractional crystalliza-
tion and immiscible separation better explain the origin of Fe-Ti oxides
and host silicate layers in SED intrusions (Fig. 13).
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Fig. 13. Schematic illustration showing how Abu Ghalaga (right) and Korab
Kansi (left) Fe-Ti-V oxide ores formed. The Korab Kansi Fe-Ti oxide ores
crystallized from ferropicritic melts at an earlier stage of fractionation than Abu
Ghalaga ores. Fractional crystallization by in situ crystallization accompanied
with crystal settling and accumulation of Fe-Ti oxide crystals was dominated in
the Korab Kansi, whereas fractional crystallization followed by segregation of
an immiscible Fe-rich melt and co-crystallization of Fe-Ti oxides with flotation
of plagioclase was responsible for the origin of Abu Ghalaga ore deposits.
Abbreviation of Opx: orthopyroxene; Cpx: clinopyroxene; Olv: olivine; Plg:
plagioclase; Suf: sulfides; Amp: amphiboles.

The Korab Kansi Fe-Ti-V ore deposits are concordant layers in host
dunites and troctolites near the base of a layered intrusion (Fig. 2),
suggesting their origin by fractional crystallization. Their fractional
crystallization origin is confirmed from: 1) dominant layered structure
of the oxide ores (Fig. 2a-d) with cumulus olivine (Figs. 3), 2) decreasing
plagioclase A content and amphibole Mg# (0.97, 0.79, 0.77, 0.69 and
0.64 on average) for peridotites, troctolites, pyroxene gabbros, gab-
bronorites and pyroxene-hornblende gabbros from the base to the top of
the Korab Kansi intrusion (Khedr et al., 2020), 3) some plagioclase
grains are zoned (Fig. 3d), suggesting separation from an evolving liquid
(e.g., Brown, 1993), 4) systematic decreasing of Cr in magnetite from the
base of the intrusion to the most evolved rocks (Figs. 7f and 8f; Sup-
plementary 3) (e.g., Liu et al., 2015), and 5) lower olivine Fo content
(69.8 mol%) of Korab Kansi Fe-Ti-V oxide-rich troctolites than olivine
Fo (72.9 mol% on average) of Fe-Ti-V oxide-rich dunites (Supplemen-
tary 2). The lower forsterite content (Foggg.74.2) of olivine in Korab
Kansi Fe-Ti-V ores (Fig. 5a; Table 1, Supplementary 2) than surrounding
peridotite olivines (Fogss.ge) and fine-grained olivine gabbros
(Foy7.7.78.7) as a chilled margin (Khedr et al., 2020) suggests that these
ores crystallized from more fractionated ferropicritic or ferrobasaltic
melts (Fig. 13). The origin of Korab Kansi Fe-Ti-V oxide layers by
fractional crystallization may be explained either by in situ
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crystallization (e.g., Latypov et al., 2016) and/or crystal settling (e.g.
Martin, 1990).

Based on field observations and petrography, Fe-rich dunites at the
base of the Korab Kansi intrusion have higher concentration of Fe-Ti
oxides (60-70 oxide vol%; Fig. 3a) than Fe-bearing dunites (35-45 vol
%) in their upper part, where Fe-Ti oxide concentrations gradually
decrease upward to Fe-bearing troctolite (Fig. 3b and c; 15-20 vol%)
layers and pyroxene gabbros (<15 oxide vol%; Fig. 3d). This may be
related to settling of crystals to the magma chamber floor (Fig. 13),
forming high Fe-Ti oxide concentrations at the base (Figs. 2 and 3a).
Moreover, average olivine size decreases slightly from Fe-rich dunites
(1.5 mm across) to Fe-bearing dunites (1.2 mm) and Fe-bearing troc-
tolite (<1 mm across) (Fig. 3a-d), showing slightly graded bedding.
These two observations suggest fractional crystallization via crystal
settling.

The systematic decrease of V505 and CryOs in magnetite from the
base of Fe-Ti semi-massive ores (V205 = 1.8 wt%; Cry03 = 1.5 wt%) to
the top of disseminated ores (V205 = 1.2 wt%; CroO3 = 0.48 wt%)
(Fig. 8f; Table 2; Supplementary 3) is evidence for in situ crystallization
(e.g., Kruger and Latypov, 2020). The sharp upward depletion in Cr of
SED magnetite is similar to a steep upward depletion in Cr content of
magnetite in the Bushveld Complex magnetite layer, where magnetite
started to nucleate and grow, providing evidence for in situ crystalli-
zation (Kruger and Latypov, 2020). Therefore, fractionation by in situ
crystallization may have been more important than crystal settling for
accumulating Fe-Ti oxide ores at the base of the Korab Kansi layered
intrusion.

The Fe-Ti oxide crystals grew in situ between cumulus olivine
(Fig. 3a, f) beneath the magma chamber floor (Fig. 13. Ila-IVa),
accompanying gravity settling of some crystals (e.g., Martin, 1990)
that segregated from Fe-Ti-rich parent melts. These crystals descended
into the unconsolidated crystal pile, pushing out lower density inter-
stitial melts and filling some interstices between cumulus silicates
(Fig. 3a, f, 13a). Fractional crystallization by in situ crystallization and
crystal settling may form the cumulate stratigraphy of the Korab Kansi
intrusion and associated ore deposits (Fig. 13a).

On the other hand, fractional crystallization by in situ crystallization
of ferrobasaltic melts associated with liquid immiscibility could have
produced layers and lenses of Fe-Ti oxides, and layers of melanonorites,
gabbros and anorthosites in the Abu Ghalaga intrusion and residual
liquids (Fig. 13b). These residual liquids may have separated into con-
jugate Si-rich and Fe-Ti- rich melts (e.g., Force, 1991; Von Gruenewaldt,
1993). The latter melts could have produced Abu Ghalaga Fe-Ti oxide
lenses associated with plagioclase flotation, forming economic
hemo-ilmenite ores (Fig. 4f-h) in sharp contact with anorthosites
(Fig. 4a). In this scenario, massive ore layers near the base of the
intrusion could have been produced by in situ crystallization beneath
the magma floor (Fig. 13b). Other scattered lenses and pods of net tex-
tures in the middle (e.g., norites) and upper sectors (e.g., anorthosites) of
the intrusion precipitated as cumulates from immiscible oxide melts
(Fig. 13b). Evidence for in situ crystallization of Abu Ghalaga massive
ores at the base of the intrusion includes: 1) Few Abu Ghalaga ilmenite
ore layers include autoliths of host norites and anorthositic gabbros
(Basta and Takla, 1968), like anorthosite autoliths within the in situ
crystallized magnetite deposits in the Bushveld Complex (Kruger and
Latypov, 2020). 2) Interstitial hemo-ilmenites between idiomorphic
primocrysts of Opx and edenite in ilmenite-rich melanorites (Fig. 4b)
and dendritic oikocrysts of edenite and Cpx that enclose chadacrysts of
Fe-Ti oxides (Fig. 4d) are evidence for in situ crystallization in the
liquid-crystal framework (e.g., Kruger and Latypov, 2020; Latypov et al.,
2020). 3) Plagioclase crystals were less dense than residual Fe-Ti-rich
liquids (Fig. 13), however, they occur on the floor of the Abu Ghalaga
intrusion (Fig. 4b), reflecting in situ crystallization from some trapped
melts (e.g., McBirney and Noyes, 1979).

Some ilmenite lenses in the middle and upper parts of the Abu
Ghalaga intrusion likely originated from Fe-rich melts that separated
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from a silicate-rich melt via liquid immiscibility of ferrobasaltic parent
melts (e.g., Morisset et al., 2010; Charlier et al., 2010, 2015) (Fig. 13 b).
Other lines of evidence supporting liquid immiscibility include: 1)
Ilmenite lenses and inclined sheet-like pods in the middle and near the
top of the Abu Ghalaga intrusion (Fig. 1d, Supplementary 1b) suggest
liquid immiscibility and segregation of conjugate Si-rich (forming
anorthosite) and Fe-rich melts, from which Fe-Ti oxide accumulated
(Fig. 4a, e, 13b) (Philpotts, 1967; Charlier et al., 2015). 2) The reactive
symplectite growth (Fig. 4c) is due to the movement of two immiscible
melts such as Si-rich and Fe-Ti-rich melts (Dong et al., 2013), similar to
the formation of symplectite during the last solidification stage of the
Skaergaard, Sept Iles and Xinjie (SW China) layered intrusions (Holness
etal.,, 2011; Dong et al., 2013; Keevil et al., 2020) as well as symplectite
fabrics in Ediacaran (post-collisional) gabbros from the Ablah-Shuwas
belt in the western Arabian Shield of Saudia Arabia (Surour et al.,
2017). This symplectite (Fig. 4c) may have formed due to reaction be-
tween plagioclase primocrysts in Abu Ghalaga gabbros and immiscible
Fe-Ti melts (e.g., Scoon et al., 2017). The occurrence of this symplectite
(Fig. 4c) consists with symplectite textures that are a common feature of
layered gabbroic intrusions in the Arabian-Nubian Shield (Surour et al.,
2017; Habtoor et al., 2022). 3) Abundance of sulfide droplets or coarse
grains (Fig. 4e-h) associated with apatite (Fig. 4g) in Fe-Ti oxides re-
flects Fe-Ti-P and S liquid immiscibility (e.g., Ripley et al., 1998) and
higher volatile contents (e.g. S, P, F and Cl) as fluxing agents, which
facilitated the development of late stage immiscible liquids (Zhou et al.,
2005; Zhang et al., 2009; Chen et al., 2013; Eldougdoug et al., 2020). 4)
Abundance of amphiboles in Fe-Ti ores (Fig. 4d) suggests the hydrous
nature of parental melts from which Fe-Ti oxide melts separated by
immiscibility (Zhou et al., 2005). These observations support a role for
immiscible liquid separation and crystal accumulation from Fe-rich
melts, in addition to the in-situ growth origin of Fe-Ti oxides of
massive ores at the base of the Abu Ghalaga intrusion (Fig. 13b).

Finally, abundant plagioclase (15-50 modal vol%) and sulfide (3-5
vol%) in Abu Ghalaga (Fig. 4) ores with high REE contents of Cpx
(XREEs = 125.4-150.9 ppm), amphibole (XREEs = 101-264.3 ppm),
plagioclase (EREEs = 15.61 ppm) and ilmenite (XREEs = 0.55-0.81
ppm; Nb = 62.4-72.6 ppm; Ta = 5.6-5.7 ppm) (Fig. 9c-g, 10a; Table 3,
Supplementary 5) relative to Korab Kansi ores (Fig. 3) suggest the more
fractionated parent melts of the former. The alternation of the Fe-Ti-V
oxide multiple layers with Fe-Ti oxide-bearing gabbros (Fig. 2a) within
a single zone of the intrusion suggests multiple recharge of Fe-Ti-rich
magmas during formation of SED layered intrusions, similar to those
described in the Baima and Hongge intrusions (Bai et al., 2012; Zhang
et al., 2012).

6.5. Enrichment of vanadium in Korab Kansi Fe-Ti ore deposits

The partition coefficient of V in magnetite decreases with increasing
oxygen fugacity (fo2) in contrast to ilmenite because V** substitutes for
it (Toplis and Corgne, 2002). The fo2 of Korab Kansi mafic-ultramafic
magmas was high (FMQ +4.1 to FMQ +4.3) (Khedr et al., 2020) and this
can explain why vanadium is strongly partitioned into Korab Kansi
ilmenite (3.1-3.8 wt% V50s) relative to magnetite (VoOs, 1.2-2.0 wt%,;
Fig. 7d) and strongly correlates with Ti in both minerals (Fig. 7d, Sup-
plementary 3). The experiments of Schuiling and Feenstra (1980) also
show that vanadium preferentially partitions into ilmenite at oxygen
fugacities higher than normally found in silicate melts, like the highly
oxidizing condition of Korab Kansi ore formation.

A common feature of Korab Kansi magnetite is vanadium enrichment
(V20s, 1.2-2.0 wt%; Supplementary 3), similar to V-rich magnetite
found in the Fe-Ti-V oxide deposits of Mustavaara (V,0s, 1.27-1.76 wt
%; Taipale et al., 2013), Skaergaard (V205<1.74 wt%; Jang et al., 2001),
Bushveld Complex (2.0-2.2 wt% V,0s; Scoon et al., 2017) and Sinarsuk
(V20s5, 1.93-2.68 wt%; Grammatikopoulos et al., 2002) layered in-
trusions. V*2 can replace Fe*3 in magnetite, where it negatively corre-
lates with Fe (Fig. 8a). The Korab Kansi titanomagnetite (V:
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7840-10250 ppm) and ilmenite (V: 20600-21850 ppm) are rich in V
relative to that (V: 1234-3127 ppm) in magnetite-ilmenite in the Kha-
mal complex in the Arabian Shield (Eldougdoug et al., 2020) (Table 3,
Supplementary 5), reflecting Korab Kansi V-rich parent melts. There-
fore, the much higher V contents in Korab Kansi ores may be due to the
V-rich nature of ferropicritic or ferrobasaltic parental melts, high oxygen
fugacity (fo2) and high crystallization temperature (T, ~1180 °C) of the
intrusion (e.g., Mallmann and O’'Neill, 2009; Khedr et al., 2020). In the
Korab Kansi, high fpz crystallization conditions of the original oxide
crystals led to increased ilmenite exsolution in magnetite (Fig. 3g and h),
which enhanced partitioning of vanadium in ilmenite (Klemm et al.,
1985; Taipale et al., 2013). This high fo2 of Korab Kansi Fe-Ti oxides
also causes saturation of titanomagnetite prior to ilmenite, and may
reflect significant addition of HyO derived from a subducting slab into
the mantle source region. Fe-Ti-V-rich regions in the Neoproterozoic
mantle source may have been responsible for higher V contents in Korab
Kansi ores, and are possibly due to interaction of lithosphere with up-
welling asthenosphere or mantle plumes, forming mantle heterogeneity
beneath Arabian-Nubian Shield (Khedr et al., 2020).

The Abu Ghalaga ores were generated under very oxidizing condi-
tions, as shown by abundant hematite lamellae in ilmenite (Fig. 4f-h).
Their high oxygen fugacity (foz, ~ AFMQ +0.21 to —0.3) increases the
magmatic FeyO3/FeO ratio, forming abundant hemo-ilmenite
(Fig. 4f-h). The highly oxidizing nature of Abu Ghalaga parental
magmas was responsible for the relatively low vanadium content
(Table 3) of hematite and hemo-ilmenite (e.g., Charlier et al., 2009),
beside the depletion of V in the parental melt. V and Ti are immobile in
slab-derived fluids and unlikely to be added to Korab Kansi and Abu
Ghalaga mantle sources (Green and Adam, 2003; Spandler et al., 2007;
Khedr et al., 2020). Therefore, the V in magnetite and ilmenite was
controlled by vanadium concentration in parental melts and oxidizing
conditions.

7. Conclusions

1. The Korab Kansi ores (titanomagnetite with subordinate ilmenite)
occur mainly as concordant layers in host dunites and troctolites,
whereas Abu Ghalaga deposits (hemo-ilmenite) are found as lenses
and layers hosted in norites, gabbros and anorthosites.

2. The Korab Kansi ilmenite and titanomagnetite has higher vanadium
concentrations compared with well-known worldwide Fe-Ti-V oxide
deposits due to the parent magmas, being V-rich ferropicrites or
ferrobasalts with high oxygen fugacity (fo2). The V-rich nature of
these magmas suggests that the Neoproterozoic mantle beneath the
Arabian-Nubian Shield was very heterogeneous, with regions that
were Fe-Ti-V-rich and had high fpz. This Fe-Ti-V-rich mantle may
be due to upwelling of a mantle plume or asthenosphere beneath the
Arabian-Nubian Shield.

3. The Abu Ghalaga ilmenite is a high quality ore because of its low Cr
and Mg content with significant hematite (8.7 mol% on average).
Trace-element contents of Abu Ghalaga ores and sulfides are higher
than those of Korab Kansi ores, reflecting more fractionated parental
melts of the former.

4. The Korab Kansi ore deposits formed by fractional crystallization of
Fe-Ti-V rich magmas and settling of dunitic cumulates accompanied
by in situ crystallization of Fe-Ti oxides at the magma chamber floor.
In contrast, as a result of more advanced fractionation, the Abu
Ghalaga ferrobasaltic parent magmas immiscibly separated into a Si-
rich melt, which formed anorthosite and a Fe-Ti rich oxide melt. The
Abu Ghalaga massive Fe-Ti oxides at the base of the intrusion grew
in situ from Fe-Ti-rich parent melts whereas most scattered lenses at
the top precipitated from immiscible Fe-Ti-rich oxide melts that
separated from the parental magma associated with floatation of
plagioclase and sulfide.

5. Both Korab Kansi and Abu Ghalaga ore deposits formed from Fe-Ti
rich magmas generated in a rift-related convergent margin setting
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through interaction between upwelling asthenospheric melts or
mantle plumes and lithospheric mantle. The Korab Kansi ores formed
early in the magmatic fractionation sequence and Abu Ghalaga ores
formed late. The Abu Ghalaga gabbroic intrusion crystallized from
ferrobasaltic magmas of tholeiitic affinity at lower temperature
(~1082 °C) and pressure (~5 kbar) than the Korab Kansi intrusion
(~1180 °C, 8.3 kbar).

6. The diversity in chemistry and mineralogy of SED Fe-Ti oxide de-
posits was strongly controlled by melt compositions and variations in
foz and HoO content of the parent melts. Magmatic concentration of
Fe-Ti-V oxide ores in Korab Kansi and Abu Ghalaga requires Fe-Ti
rich parental melts (ferropicritic/ferrobasaltic melts), and variations
in the oxidation state of the magmas (high fo2) due to addition of
H0 to the magma source.
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