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Abstract. Field, petrography and major elements geochemistry of the
ultramafic -mafic rocks of Wadi Khamal area led to the recognition of
the following rock groups, namely: 1) ophiolitic suite, melagabbro-
norite and cumulate gabbronorite to the south of Wadi Mahalah
(southern ultramafic-mafic rocks) and 2) Wadi Khamal anorthosite-
gabbro complex to the north.

The ophiolitic rocks in the southern area include serpentinites,
peridotites and pyroxenites. The serpentinites contain large blocks of
amphibolites, schists, gneisses, and metagabbros. These rocks were in-
truded by melagabbronorite and cumulate gabbronorite. On the AFM
diagram, these rocks plot along the MgO-FeO* side in the tholeiitic
field except those of the melagabbronorite which plot within the calc-
alkaline field.

The Wadi Khamal complex consists of four major units; mar-
ginal gabbro unit, anorthosite unit, central gabbroic unit and northern
gabbronorite unit. The marginal gabbro unit and anorthosite unit have
a calc alkaline differentiation trend while those of the central gabbro
unit (olivine gabbro, melagabbronorite and Fe-Ti oxides-apatite gab-
bronorite) and the northern gabbronorite show a distinct different
trend parallel to the FeO*-MgO side line and belong to the tholeiitic
differentiation trend. Based on major element geochemistry, the
southern ultramafic — mafic rocks were derived from a more mafic
liquid source rather different from magma source(s) which formed the
Khamal anorthosite-gabbro complex.

The Fe-Ti oxides-apatite gabbronorite of the central unit of the
Khamal complex hosts two main types of Fe-Ti oxide ores. 1) Mas-
sive bands of nelsonite ore consist mainly of magnetite, ilmenite, apa-
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tite and minor amounts of silicates. It occurs in the form of bands and
lenses of variable sizes intercalated with the magnetite-ilmenite-
apatite gabbronorite, and 2) massive magnetite-ilmenite ore, which is
less abundant compared to the nelsonite. The latter occurs as dyke-like
bodies with nelsonite selvages within the anorthosite, or as bands or
lenses enclosed within the nelsonite and close to the contact with the
overlying anorthosite cap. The contact of magnetite-ilmenite ore with
the nelsonite bands is gradational. The close spatial association and
mineralogical similarities between the Fe-Ti oxides — apatite gabbro-
norite and the nelsonite, as well as the variable Fe-Ti oxides/apatite ra-
tios suggest that the nelsonite was formed as accumulations due to in
situ fractional crystallization of Fe, Ti, P and volatiles-rich gabbroic
magma. The formation of the massive magnetite-ilmenite ore is attrib-
uted to high fO, and mobility which promote later injection into the
anorthosite host rocks.

Introduction

The Proterozoic layered ultramafic-mafic rocks of the Wadi Khamal area
drew the attention of many researchers because they host numerous types
of mineralization; e.g. Cu-Ni (Pt) sulfides, Fe-Ti oxides and chromite.
The area is located in the western central part of the Hijaz terrane, about
400 km north of Jeddah city. It is situated in the western part of Yanbu
Al Bahr quadrangle (Sheet 24C, Pellaton, 1979) (Fig. 1).

The area was studied by many workers; Bache and Chevermont
(1976), Pellaton (1979), Hashem (1981), Chevremont and Johan (1981),
and Al Ghamdi (1994). The Wadi Khamal area has complex lithology
and lithostratigraphy. The study area is dominated by a sequence of ul-
tramafic-mafic rocks which belong to Wadi Khamal-Wadi Murattijah
complex (Chevremont and Johan, 1981). These rocks intruded the meta-
morphic rocks of the Farri group and the post-Al Ays granitoid rocks
(Pellaton, 1979). This rock sequence was intruded by younger granitic
batholiths, and mafic dykes, and is locally overlain by Tertiary to Qua-
ternary basalt flows, marine sediments and alluvial terraces.

The classification and origin of the ultramafic-mafic rocks in the
Wadi Khamal area is a subject of controversy among the different work-
ers. In the light of the present geological and geochemical studies a new
lithostratigraphic sequence has been proposed. Moreover, the different
types of mineralization associated with certain rock types within the rock
sequence are also discussed.
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Geologic Setting, Mapping and Petrography

Integration of Landsat EMT+ and SPOT-5 data along with field veri-
fication were utilized in production of a 1:25,000 geological map for
Wadi Khamal area. Band ratios technique was the main technique used
for the lithologic discrimination (Drury, 1993) in which the DN value of
one band is divided by the other DN value of the other band. The follow-
ing band ratios 5/7:R; 7/1:G & 5/1:B were generated throughout this
study. SPOT-5 data was fused with the previously described band ratios
image using IHS transformation method (Chavez and Bowell, 1988; Ma-
dani, 2003) to generate 1:25,000 image map (Fig.1) for Wadi Khamal
area. The resulting fused image was integrated with the lineaments and
major faults verified in the field to generate a geological map for the
study area (Fig. 2).
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Fig. 1. Fused FCC band ratios image 5/7:R; 7/1:G & 5/1:B for the study area.

In this study SPOT-5 data were used for lineaments analysis and ex-
traction. The advantage of high spatial resolution of SPOT data makes it
suitable for such analysis. Edge detection, threshold and linear feature
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extraction steps are the main processing steps carried throughout PCI -
LINE Package. Figure 2 shows the main trends of the automatically ex-
tracted lineaments over the study area. The main trends are NW -SE con-
stituting the 33% of total lineaments number. NE-SW, E-W (ENE) and
N-S (NNW) are the main subordinate directions constitute 24%, 23% and
20% of total lineaments number (1179). Structural information extracted
from the lineaments analysis together with the previous literature and
field check were used to construct the geological map for the study area.

Fig.2. Geologic Map of the study area. 37°54E
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Fig. 2. Geological Map of the study area.

The most important structural elements recorded in the study area were
faults which show the following main trends; NW —SE, NE-SW, E-W
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(ENE) and N-S (NNW). The ENE-WSW to E-W trend represents one of
the main tectonic trends crossing the Neoproterozoic basement complex
in the Arabian-Nubian Shield. ENE-WSW direction exhibits right lateral
strike-slip sense which could be observed in the field and traced on the
SPOT data.

The oldest rocks exposed in the Wadi Khamal area belong to the El
Hinu Formation which represent an infrastructural unit. On the band ra-
tios image (Fig. 1) this unit appears to have a pale green image signature.
The rocks of the Al Hinu Formation are highly deformed and regionally
metamorphosed up to amphibolite facies. They include para- and ortho-
amphibolite, quartzite, feldspathic schist and gnesisses (locally granitized
and migmatized). The age of the Al Hinu formation rocks is uncertain,
but Kemp et al., (1980) reported an age older than 780 Ma. Pellaton
(1979) indicated that these rocks predate the emplacement of the Wadi
Khamal complex and the southern ultramafic-mafic rocks, possibly be-
long to the Farri Group, or could represent an older basement. The other
rocks in the Khamal area can be grouped into two distinct groups
namely: an ophiolitic suite and gabbroic rocks exposed to the southwest
of Wadi Mahalah; and the Wadi Khamal ultramafic — mafic complex
(Fig. 2).

The ophiolitic mélange suite and the Wadi Khamal ultramafic — ma-
fic complex, which are the target of the present study, are further in-
truded by younger granitoid rocks (Post-Khamal intrusions). The younger
granitic rocks occupy the southeastern and northwestern parts of the
mapped area (Fig. 2). They are of limited distribution and are found as
dikes and small intrusive bodies into the ophiolitic rocks, the marginal
gabbros and the anorthosites of the Khamal complex.

The correlation between the different classifications of the ultrama-
fic-mafic rocks in the Wadi Khamal area is presented in Table 1 along
with a new proposed classification tentatively arranged chronologically
from oldest to youngest.

I. The Ophiolitic Suite

The rocks of the ophiolitic mélange suite were considered by some
workers as a part of the Wadi Khamal-Al Murattijah complex (Chever-
mont and Johan, 1981 and Al Ghamdi, 1994) and as different rock units
by others (e.g. Pellaton, 1979; Hashem, 1981 and Bache and Chever-
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mont, 1976). The ophiolitic mélange rocks which occur as isolated out-
crops and as roof-pendants, are highly deformed and regionally meta-
morphosed up to the lower amphibolite facies. The ophiolitic rocks in-
clude the serpentinites, peridotites and pyroxenites.

Table 1. Summary of previous classifications of the ultramafic-mafic rocks in the Wadi
Khamal area, with the proposed classification of the current study.

Bache and Pellaton Chevermont & Johan
Chevermont (1979 Hashem (1981) (1981) Present Study
(1976) Al Ghamdi (1994)
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Farri Group (Al Hinu Formation)

The serpentinites contain many ophiolitic and non ophiolitic rock
blocks of variable sizes, few cm up to few meters diameter, and of di-
verse nature, igneous and metamorphic. On the band ratios image (Fig.
1), this unit shows pink image signature. The rock fragments are ophioli-
tic metagabbro, amphibolites, hornblende hornfels, diorite, pyroxene-
hornblende gneiss and tremolite schist (Fig. 3A).

The serpentinites contact with the melagabbronorite show develop-
ment of a contact metamorphic aureole, tens of meters wide. Whole rock
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and mineral samples from the nearest ophiolitic rocks (Jabal Al Wask
and Jabal Al Ess) yielded Sm-Nd isochron ages of 743424 and 782+38
Ma (Claesson et al., 1984).

The essential rock type of the serpentinite is chrysotile-lizardite
which consists of chrysotile, lizardite, magnetite and chromite, while
close to melagabbronorite, metamorphic mineral assemblages of antho-
phyllite, tremolite, talc and magnesite are developed. The chrysotile-
lizardite serpentinite is blocky, sheared and fine grained with develop-
ment of mesh and bastite textures. Chrysotile is the dominant serpentine
polymorph, occurs as veinlets and microbands displaying a ribbon-like
texture, or form the outer girdle of the mesh texture. Lizardite follows
chrysotile in abundance and occurs as small platelets forming the core of
some mesh texture, and as the main part of bastite. Tremolite occurs as
long prismatic crystals and bundles (1 to 2mm long) as well as fibro la-
mellar crystals. Talc occurs as fine-grained subhedral prismatic and flaky
forms.

Peridotites are slightly serpentinized and locally contain patches of
gossan with copper staining. These rocks are intruded by melagabbro-
norite dykes which are slightly tectonized.

Pyroxenites are observed as roof-pendants on the cumulate gabbro-
norite (Fig. 3B). Along the eastern margin, the layered peridotite and py-
roxenite are intruded by dyke-like granite bodies parallel to the layering
(Fig. 3C).

Peridotites include weherlite and lherzolite, both are massive. Lo-
cally, they occur as thick bands alternating with pyroxenites. Wehrlite
consists of olivine, clinopyroxene, and magnetite. Chlorite and serpentine
minerals (chrysotile, lizardite, serpophite and brown iddingsite) represent
secondary minerals almost entirely after olivine. Lherzolite is less af-
fected by serpentinization and consists of olivine 50-60%, clinopyroxene,
25-35%, and orthopyroxene, 15-20%.

Pyroxenite is the most abundant rock type of the southern ultramafic
rocks. The rock is melanocratic, medium- to coarse-grained and consists
almost entirely of clino- and orthopyroxene, over 95% of the rock mode.
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Fig. 3. A. Metagabbro fragments in serpeninites.

B. A pyroxenite roof-pendant carried by cumulate gabbronorite.
C. Layered pyroxenite and peridotite intruded by younger granite .
D. Layering in marginal gabbro at the entrance of Wadi Al Khishirma. Looking east.

E. A roof-pendant from the marginal gabbro carried by the younger granite. South-
ern margin of the marginal gabbro. Looking north.

F. Exsolution intergrowths of clinopyroxene as very thin lamina (hair-like) in ortho-
pyroxene. C.N., 110x.
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The clinopyroxene / orthopyroxene ratio shows great variation, and
gradation may exist from clinopyroxenite to orthopyroxenite. Primary
accessory phases include olivine, plagioclase, magnetite, ilmenite, and
sulfides.

11. Diorite-Tonalite-Granodiorite Complex

The rocks of the ophiolitic mélange suite were intruded by granitoid
rocks of the diorite-tonalite-granodiorite complex which show green im-
age signature with reddish spots (Fig. 1). The rocks mainly exposed on
the eastern and southern parts of the area, were intruded by Wadi Khamal
complex. Hornfelsic zone up to 1 m wide was recognized in the diorite
rocks, very close to the contact with the marginal gabbro of Wadi
Khamal complex (Fig. 2). These rocks intrude and carry roof-pendants
from the ophiolitic rocks. Similar tonalites from Jabal Salajah north of
the study area, yielded an age of = 725 Ma by Rb-Sr method (Kemp et
al., 1980).

111. Melgabbronorite

The melagabbronorite is mainly exposed in the southwestern part of
the area and is characterized by the presence of numerous roof-pendants
of the ophiolitic serpentinities (Fig. 2). The rocks are fine grained (0.5-
2mm), melanocratic (modal pyroxene range from 75-85% of the rock)
with blackish- to grayish green color. It consists essentially of clino- and
orthopyroxene, andesine and olivine in decreasing order of abundance.
Brownish to pale green amphiboles are relatively abundant in some sam-
ples, formed on the expense of pyroxene. Accessories of opaques and
apatite are of scarce abundance, most occur either as inclusions in pyrox-
ene or in the interstices between the silicate minerals. The melagabbro-
norite was considered to be older than Al Ays Group which has an age of
684 Ma (Pellaton, 1979). On the band ratios image (Fig. 1) these units
show red image signature.

1V. Cumulate Gabbronorite

The cumulate gabbronorite occurs in the southwestern part of the
area intruded the ophiolitic ultramafic rocks and has not been described
before. It is of limited distribution and unmappable and occupies the
floor of the wadies in association with the southern ultramafic rocks. The
cumulate gabbronorite is geochemically different from the melagabbro-
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norite (see geochemistry section). The rock exhibits cumulate texture and
is both massive and foliated, melanocratic with dark greenish color. The
cumulate gabbronorite consists of plagioclase of andesine composition
(Angs.s» and Angg on average), clinopyroxene, orthopyroxene, Fe-Ti ox-
ides and apatite in relative decreasing abundance. Green hornblende lo-
cally forms secondary reaction rims around the ortho- and clinopyroxene.
Plagioclase is the most abundant phase, 50-60%.

V. Khamal Anorthosite-Gabbro Complex (KAGC)

The ultramafic-mafic rocks of the Khamal anorthosite-gabbro com-
plex (KAGC) are exposed mainly north of Wadi Al Mahallah forming an
elliptical body 5x12 km trending N15°W. They are considered to repre-
sent a separate intrusion, referred to as Khamal anorthosite-gabbro com-
plex. The complex constitutes gabbros, and anorthosites as well as nu-
merous occurrences of Fe-Ti mineralization. The marginal gabbronorite
unit represents the chilled margin of the intrusion where a hornfelsic zone
occurs in the older dioritic rocks of the diorite-tonalite-granodiorite com-
plex. The rocks of the hornfelsic zone were described as jotunite and
mangerite by Pellaton (1979) and were considered as a part of the intru-
sion. On the basis of field and petrographic studies, the complex is di-
vided into four units namely; 1) KU1 Marginal gabbro unit, 2) KU2 An-
orthosites, 3) KU3 Central gabbros, and 4) KU4 Northern gabbronorite.

Marginal Gabbro Unit (KU1)

The marginal gabbro unit (KU1), forms a horse-shoe like body with
variable lithological composition and width (= 1 km wide), and shows a
pronounced layering (Fig. 3D). On the band ratios image (Fig. 1), it is
dark red. South of Wadi Al Mahallah, the marginal gabbro is intruded by
the younger granite which contains roof-pendants of it (Fig. 3E). The
contact is characterized by a hornfels zone of tens of meters in width
where hornblende is recrystallized to granular pyroxene. Three rock
types are recognized forming the marginal gabbro: a) coarse-grained
norite, b) medium-grained gabbronorite, and ¢) medium-grained gabbro.
The contacts between these rock types are gradational and oftenly diffi-
cult to be delineated in the field.

a- The coarse-grained norite is melanocratic and consists essentially
of orthopyroxene and plagioclase. The later shows variation in abun-
dance ranges from 35% to 50% (Anass.sg; average of Anss). Primary ac-
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cessory minerals include Fe-Ti oxides, clinopyroxene, quartz, biotite and
apatite. Most orthopyroxene crystals contain exsolution intergrowths of
clinopyroxene as very thin to hair-like crystals along the cleavage planes
of orthopyroxene (Fig. 3F). Abundant reddish brown to brown and black
inclusions and acicular rutile are very abundant in orthopyroxene, devel-
oping schiller structure. Opaque minerals include magnetite, hematite,
ilmenite and hemoilmenite.

b- The medium-grained gabbronorite constitutes the major part of the
marginal gabbro unit (KUI). It is melanocratic and consists of ortho-
pyroxene, clinopyroxene and plagioclase of andesine composition (Angs.
s2; average Angg). The plagioclase constitutes about 40% to 60%. Minor
primary phases include, in relative decreasing abundances, olivine, horn-
blende, biotite, ilmenite and apatite. The gabbronorite shows wide varia-
tion in the ortho-pyroxene/clinopyroxene ratio. Orthopyroxene crystals
contain abundant exsolution lamellae of clinopyroxene, and poikilitic in-
clusions of Fe-Ti oxides.

c- The medium-grained gabbro, locally grades to olivine gabbro,
represents a minor part of the marginal gabbro unit. The rock is medium-
grained, melanocratic and consists of plagioclase, clinopyroxene, and
minor quartz, olivine, opaques and orthopyroxene. Plagioclase is the
most abundant from 50% to 60% of the rock. The plagioclase displays a
wide compositional range (Ansg.47) with an average of Anaa.

Khamal Anorthosite Unit (KU2)

Based on the band ratios image (Fig. 1) two types of Khamal anor-
thosites were distinguished: a) the central and b) the peripheral types.
These units show pale red and brick red image signatures respectively.
The Khamal anorthosite unit (KU2), which was intermittently quarried, is
a massif-type andesine anorthosite, according to the definition of Emslie
and Hegner (1993) and Ashwal (1993). The anorthosite which forms the
core of the complex and constitutes the major part of the KAGC was in-
truded by the olivine gabbro, melagabbronorite and oxides-apatite-
bearing gabbronorite and (KU3) and the northern gabbronorite (KU4).
Large xenoliths and rafts of the anorthosite are encountered in the KU3
and KU4 units. The anorthosite also occurs as roof-pendents in the ox-
ides-apatite-bearing gabbronorite (KU2). The contact between the anor-
thosite and the marginal gabbro (KU1) is locally gradational, but in other
instances sharp contacts are also recorded. The anorthosites are intruded
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by dike-like granitic bodies (Fig. 4A). The relationship between these
dike-like granitic rocks and the granitic bodies intruded into the southern
ultramafic-mafic and the marginal gabbro is difficult to assess in the ab-
sence of chemistry and age dating.

These anorthosites are leucocratic and show great color variation
(grey, deep bluish grey, dark violet-grey to blackish violet) and grain size
(0.2 mm to 6mm). The coarse-grained variety displays typical cumulate
texture (Fig. 4B). The anorthosite consists of plagioclase of andesine
composition (Angs.s4) and minor clinopyroxene. Accessory minerals in-
clude apatite, Fe-Ti oxides and rutile. Secondary minerals include chlo-
rite, amphibole, epidote, quartz and sericite. Clinopyroxene, which is the
main mineral, is fine- to medium-grained, anhedral, sometimes with
fluidal-like form occupying the interstices between the coarse feldspar
crystals (Fig. 4C). Some crystals are partially altered to green amphibole
(actinolite-uralite mixture). Presence of chlorite associated with quartz
and epidote in some feldspar grains indicates that this assemblage is the
product of feldspar alteration.

Central gabbroic unit (KU3)

These rocks occupy the central part of the KAGC and are younger
than the anorthosites, where rafts and xenoliths of different sizes as well
as roof pendants of anorthosite are enclosed in the melagabbronorite (Fig.
4D) all suggesting the intrusive nature of this unit. Based on field and
petrographic study, the central gabbroic rocks can be differentiated into
three rock types differing in appearance, layering and associated miner-
alizations, namely: a) olivine gabbro, b) melagabbronorite and c) Fe-Ti
oxides-apatite gabbronorite.

a) The olivine gabbro is the least abundant rock type in the central
gabbroic unit and constitutes most of the southern part of it. Layering is
parallel to overlying melagabbronorite. On the band ratios image (Fig. 1),
this unit shows dark red image signature. The olivine gabbro consists of
olivine, clinopyroxene (diopside to diopsidic augite), orthopyroxene, pla-
gioclase, minor hornblende, oxides and accessory apatite. Olivine is the
requently abundant and some crystals show subsolidus reaction with the
development of clinopyroxene corona texture. Few crystals of clinopy-
roxene are altered to brownish hornblende. Most of the orthopyroxene
(bronzite) contain exsolution intergrowths of clinopyroxene. Plagioclase
is medium to coarse grained, prismatic to lath-like shape with an average
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composition (An 70-80), and as fine granular crystals possibly recrystal-
lized under equilibrium conditions. [lmenite and magnetite are abundant.

Fig. 4. A. A younger granite dyke intruding the anorthosite.

B. Anorthosite showing well developed cumulate texture. C.N., 110x.

C. Clinopyroxene as intercumulus phase between large cumulate plagioclase feld-
spar. The clinopyroxene occupies the interstices between the plagioclase crystals.
C.N,, 30x.

D. Melagabbronorite enclosing an anorthosite block.

E. Cluster aggregates of fine-grained clino- and orthopyroxene forming subparallel
bands imparting to the rock cumulate texture in the cumulate melagabbronorite.
C.N,, 30x.

F. Gossaneous materials in melagabbronorite.

b) The melagabbronorite is characterized by the presence of cumulus
pyroxene layers and intercumulus plagioclase, disseminated sulfides, and
the presence of numerous gossaneous bodies. On the band ratios image
(Fig. 1), this unit appears with violet image signature. It is melanocratic
with >70% mafic minerals. In thin sections, it consists of clino- and or-
thopyroxene, and plagioclase. Accessory minerals are magnetite, ilmen-
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ite, chalcopyrite, pyrrhotite, and pyrite with rare apatite. Clino- and or-
thopyroxene form subparallel elongated patches and bands of cluster ag-
gregates imparting to the rock the cumulate texture (Fig. 4E). The plagio-
clase feldspar is less abundant, 30-45%. Sulfide minerals are common
and include chalcopyrite, pyrrhotite and less common pyrite. Ilmenite
and magnetite are also abundant.

The melagabbronorite is associated with a gossan of limited exten-
sion, few square meters up to tens of square meters, occurs in the central
part of Wadi Khamal area (Fig. 4F). The gossans occur in veinlets and
massive bodies (Fig. 5A) and composed mainly of iron oxides. Opaques
mineral sulfides and oxides are commonly disseminated between and en-
closed by the pyroxenes and rarely with plagioclase. The sulfides mainly
pyrrhotite is commonly altered to marcasite (Fig. 5B) with minor
amounts of pyrite and chalcopyrite. The oxides are represented by ho-
mogenous ilmenite and magnetite (Fig. 5C).

Representative samples from the melagabbronorite and associated
gossans were analyzed for their Au, Pt, Pd, Cu and Ni contents at ACME
labs; Canada. The results are shown in Table 2. The Au, Pt, Pd and Ni
values of the melagabbronorite are below the average of the mafic rocks
while Cu values are slightly higher. The gossans are slightly enriched in
Au, Pt, Pd, when compared with melagabbronorite, but the reported val-
ues are not encouraging. A sample from the same gossan exposures gave
7.2 g/t Pt, 0.82 g/t Pd and 6.2 g/t Au, and sulfide mineralization which
was intersected by drill holes gave 0.4 g/t Pt and 0.27 g/t Pd, 0.71 % Ni
(Collenette and Grainger, 1994). It is recommended to drill more holes
along the strike of the melagabbronorite layer which is generally dipping
to the north underneath the Fe-Ti oxides-apatite gabbronorite.

Table 2. Au, Pt, Pd Cu and Ni contents (ppm) of melagabbronorite and associated gossans;
Khamal central gabbroic unit .

, Sample # Au Pt Pd Cu Ni
o 1 - - - 91 28
< o
22 2 - - - 93 19
&g 3 - - 0.01 95 22
s 89B - - 0.01 80 19
258 - - 0.01 81 37
Lo 0 0.04 - 0.01 na Na
é g 8 0.02 - 0.03 na Na
90 0.02 0.01 0.02 na Na
Mafic Rocks* 0.0032 0.03 0.021 72 130

* Average of mafic rocks after Rose ef al. (1979).,- =<0.1, na =not analyzed
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Fig. 5. A. Veinlets and massive bodies of iron oxides in melagabbronorite associated gos-

sans.

B. Magnetite with ilmenite trellis intergrowths associated with pyrrhotite altered to
marcasite. P.T.S., P.P.L., 550x.

C. Discrete magnetite with ilmenite intergrowths enclosed in pyroxenes. P.T.S.,
P.P.L., 550x.

D. A close association of cluster aggregates of apatite and ilmenite in the Fe-Ti—
oxide-apatite gabbronorite. P.P.L., 30x.

E. A layered sequence of massive and disseminated nelsonite ores at sharp contact
with anorthosite.

F. Massive nelsonite ore consisting of rounded and subhedral apatite (dark grey)
setin a ground mass of magnetite (M) and ilmenite (I). P.S., P.P.L., 30x.

c) The Fe-Ti oxides-apatite gabbronorite occurs in the central part of
the KAGC and is noticeably enriched in opaques and apatite. The apatite
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constitutes up to 5%. This rock consists of clinopyroxene and plagioclase
with minor orthopyroxene, magnetite and ilmenite and apatite. Plagio-
clase is the most abundant, 40 - 50%. It is a soda labradorite (Anss.sg, av-
erage Ans;). Clinopyroxene is the second most abundant. Chadacrysts of
apatite and ilmenite are frequent in clinopyroxene. Apatite occurs as
large subhedral to euhedral crystals, 0.2mm up to 2 mm, sporadically
scattered and form cluster aggregates with ilmenite (Fig. 5D).

A recent study by Harbi ef al. (2006), led to the discovery of a nelso-
nite-type deposits and described two main types of the Fe-Ti oxide min-
eralizations associated with the Fe-Ti oxides — apatite gabbronorite of the
central gabbroic unit (KU3): a) massive nelsonite bands consist of mag-
netite-ilmenite and apatite in different proportions with minor interstitial
silicates and b) massive magnetite-ilmenite ore which occurs either as
bands intercalated with nelsonite or as dike-like bodies hosted by the an-
orthosite in contact with Fe-Ti oxides — apatite gabbronorite.

a) Massive magnetite-ilmenite-apatite mineralization (Nelsonite)

This type of mineralization occurs in massive layers or bands, tens of
cms up to = 20m in thickness and extends for tens of meters up to 100s of
meters along strike (Fig. SE). The massive ore is composed essentially of
magnetite, ilmenite and variable apatite content (15 - 40%, X= 24.69%)
(Fig. 5F). Other minerals identified include plagioclase, pyroxene, green
spinel, and sulfides (mainly pyrite, pyrrhotite and chalcopyrite) which
constitute less than 10% of the ore mode. The contact between the mas-
sive ore and the mineralized gabbronorite is either sharp or gradational
(Figs. 6A and 6B). Close to the contact with the Fe-Ti oxides-apatite
gabbronorite, the banded massive ore is characterized by ovoid to lensoid
inclusions (up to 10 cm in diameter) (Figs. 6C and 6D). These inclusions
are mineralogically similar to the gabbronorite and contain disseminated
Fe-Ti oxides (= 10%), but they are fine-grained compared to those of the
gabbronorite. Also, the apatite crystals in these inclusions are very fine-
grained (0.12 mm) compared to those present in the massive ore (few
mms in diameter).

b) Massive magnetite-ilmenite

This type is found as dyke-like bodies, few meters thick and tens of
meters long, intruded the anorthosites and is usually found in close prox-
imity to the nelsonite (Fig. 6E). The margins of these dyke-like bodies
are charac- terized by the presence of nelsonite envelopes of variable
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thickness. Also, the massive magnetite-ilmenite ore occurs as bands lo-
cally intercalated with nelsonite, where the contact with the later is gra-
dational.

Fig. 6. A. Massive nelsonite ore interlayered with disseminated ore. The upper and lower
contacts seem to be gradational.
B. Sharp contacts between bands of massive nelsonite ore interlayered with dissemi-
nated ore in gabbronorite.
C. Small ovoid inclusions in the massive nelsonite ore.
D. A large ovoid inclusion of fine-grained gabbronorite incorporated within the
massive nelsonite ore.

E. Massive magnetite —ilmenite dyke (d) in anorthite.
F. Polygonal magnetite aggregates with interstitial ilmenite granules. Notice green
spinel and silicates along grain boundaries. P.S., P.P.L., 30x.
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This type of ore consists essentially of magnetite (60%) and ilmenite
(= 35%). Other minerals identified (< 5%) include green spinel and a sili-
cate mineral (chlorite ?) and occur as fine grains along the contact as well
as the triple junction points between ilmenite and magnetite crystals (Fig.
6F). The close spatial association, mineralogical similarities between the
gabbronorite and the nelsonite, and the variable Fe-Ti oxides/apatite ra-
tios suggest that the nelsonite was formed as accumulations by in situ
fractional crystallization of Fe, Ti, P and volatiles-rich gabbroic magma.
The formation of the massive magnetite-ilmenite ore is attributed to high
/O, and later mobility and injection into the anorthosite host rocks.

Northern Gabbronorite Unit (KU4)

The northern gabbronorite unit (KU4) occupies the northern part of
the KAGC. Unlike the central gabbroic unit (KU3), the rocks of the
northern gabbronorite are devoid of Fe-Ti mineralization. However, it
consists of feldspar, clinopyroxene, orthopyroxene and opaque oxides
with minor olivine. The plagioclase has an andesine composition
(Ango.46). On the band ratios image (Fig. 1) this unit shows dark red im-
age signature.

Major Oxides Geochemistry

This section deals with the major elements geochemical characteris-
tics of the ultramafic-mafic rocks of the Wadi Khamal and and Nabt ul-
tramafic-mafic rocks in the south and south west of the study area (17
and 74 samples, respectively). The later includes the ophiolitic rock suite
(serpentinites, pyroxenites and peridotites), the melagabbronorite and the
cumulate gabbronorite. The diversity of these two complexes as indicated
by the field relationships and petrographic studies is also confirmed using
the major element characteristics of the different rock types. Major ele-
ments were determined by inductively coupled plasma-mass spectrome-
try (ICP-MS) after fusion of 0.2 gm of the powdered sample by LiBO,, at
the ACME analytical laboratories, Canada. Total C and S were deter-
mined by Leco, and loss on ignition (LOI.) is determined by heating a
known weight of sample to 1000°C for one hour. The total carbon is re-
calculated as COa.
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Major Elements Characteristics of Southern Ultramafic-Mafic Rocks

The major element contents of the southern ultramafic-mafic rocks
show wide variations (Table 3). The melagabbronorite unit shows an
overall higher SiO, TiO,, Al,O3 Na;O, and K,O, and lower MgO and
Fe,O5 than the other rocks. These chemical features are best shown in the
variation diagrams (Fig. 8), where MgO is used as an index of fractiona-
tion. Although, field relationships of the melagabbronorite rocks to the
ophiolitic rocks and the cumulate gabbronorite are obscured and difficult
to be verified in the field, yet major element variations reveal that these
rocks plot in three distinct compositional fields and trends (Fig. 8).

Peridotites (lherzolite and weherlite) display the highest MgO con-
tent, from 32 wt% in lherzolite to 23wt% in weherlite (Table 3 and
Fig. 8). These samples have rather uniform major element composition,
except one weherlite sample (highly serpentinized) has relatively high
Si0,, CaO and lower Fe;O3 contents. Al,O3, CaO, Na,O, K,0, and TiO,
contents of both rock types are generally low. The cumulate nature of the
ultramafic rocks is evident on the MgO-CaO-Al,O; ternary diagram (Fig.
9), where they approach and overlap the field of metamorphic peridotite
and ultramafic cumulate. The pyroxenite falls mainly in the field of ul-
tramafic cumulate. Al Gamdi (1994) analyzed the pyroxenites and the
harzburgite for the PGEs in addition to Ni and Cu and found that the py-
roxenite are characterized by higher Ni/Cu ratios and lower Pd/Ir ratios
which indicate their ophiolitic affinity.

Table 3. Major oxides of the southern ultramafic-mafic rocks.

Ultramafic rocks (Peridotite ) | Pyroxenite Cumulate gabbronorite

Sample | 131 132 133 137 138 134 135 136 | 139 146 147 148

Si02 [36.96 36.71 42.18 37.78 36.08 50.45 50.89 52.43|49.47 49.76 51.37 50.24
TiO2 | 0.07 0.07 029 0.16 0.10 044 032 031|049 0.66 029 037
Al203 | 2.03 0.77 470 088 055 221 1.70 198 [10.62 7.19 7.20 7.66
Fe203 [ 13.07 18.25 15.27 19.38 1832 16.78 15.64 12.70|10.06 14.50 14.19 13.89
MnO | 0.15 0.15 022 020 0.15 025 025 022]0.18 023 025 0.21
MgO [30.26 29.52 23.11 28.65 32.45 25.12 24.52 21.79|14.35 17.20 18.71 18.59
CaO | 277 192 857 230 050 405 250 7.64 1288 9.12 7.06 8.22
Na20 | 0.19 0.04 030 0.07 0.01 0.11 0.05 030 0.75 0.88 0.52 041
K20 | 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 | 004 006 0.04 0.04
P205 | 0.01 0.02 0.01 0.02 0.01 0.02 0.02 0.02|0.01 0.03 0.01 0.07
Lor |13.70 11.80 5.10 9.80 11.10 0.10 3.50 220|090 020 020 0.10
Total [99.25 99.29 99.79 99.28 99.31 99.57 99.43 99.63|99.75 99.83 99.84 99.80
Mg# 82.10 76.21 7498 74.54 77.82 74.78 75.64 77.26|73.86 70.14 7231 72.61
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Table 3. Cont.

Melagabbronorite
Sample 140 142 143 144 145
Si02 52.47 5429 5443 5231 48.03
TiO2 0.67 0.71  0.39 0.23 0.55
AI203 | 1691 17.01 1737 1998  18.22
Fe203 9.10 897 825 6.89 9.16
MnO 0.14 0.14  0.13 0.10 0.15
MgO 7.97 570  6.60 7.82 8.55
CaO 9.72 9.17 897 8.91 12.68
Na20 2.90 329 341 3.06 1.52
K20 0.17 027 023 0.13 0.07
P205 0.04 0.11  0.08 0.02 0.02
LOI 0.10 030  0.10 0.50 1.00
Total | 100.43 99.96 99.96 99.95  99.95
Mg # 6343 5572 6131 6921  64.89

On the AFM diagram, the ophiolitic ultramafic and cumulate gab-
bronorite plot along the MgO-FeO side in the tholeiitic field while those
of the melagabbronorite plot close to boundary between the calc-alkaline
and tholeiitic fields (Fig. 10A). The southern ultramafic-mafic rocks are
plotted on Jensen diagram (Jensen, 1976) to determine their parent liquid
composition as well as the genetic relationship of these rocks. The south-
ern ultramafic rocks are plotted entirely in the ultramafic komatiite field
(Fig. 11), while those of the cumulate gabbronorite plot entirely in the
basaltic komatiite field. The melagabbronorite samples plot collectively
within the calc-alkaline field. This confirms the presence of three distinct
magmatic units revealed from the major element variation.

Moreover, the plot does not follow Skaergaard trend, indicating a
more mafic liquid source for the southern ultramafic-mafic rocks when
compared with those from the Khamal anorthosite-gabbro complex on
the AFM diagram (Fig. 10B &14) indicating that the former is probably
derived from a source rather different from magma source(s) which
formed the Khamal anorthosite-gabbro complex.
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CaO MgO
Fig. 9. Ternary diagram of MgO-CaO-ALO; (after Coleman, 1977) for the southern ul-
tramafic-mafic rocks. MAR represents the average composition of the mid-ocean

ridge basalts. Skaergaard liquid trend is plotted for comparison with the southern
ultramafic-mafic rocks trend (dashed arrow).
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Na,0 + K,0 MgO
Fig. 10. AFM diagram of the southern ultramafic-mafic rocks. The field boundary between
tholeiitic and calc-alkaline fields in (A) is after Irvine and Baragar (1971). MAR is

the average composition of mid-oceanic ridge basalt. Other fields in (B) are after
Coleman (1977).
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Fig. 11. Jensen cationic plot of Al,O;, (FeO*+TiO2) and MgO (after Jensen, 1976) for the
southern ultramafic-mafic rocks.

Major Elements Characteristics of the Wadi Khamal Complex

The major element concentrations of samples from the different rock
types of the whole KAGC generally reflect the wide change in the modal
composition from the marginal gabbro unit (KU1) to the northern one
(KU4). The major element variations are wide and conspicuous among
the gabbroic rocks of the KAGC (Table 4). The variation diagrams using
the Mg-number (Mg#) as index of differentiation (Mg# = Mg/Mg + Fe x
100) (Fig. 12A to I) show that the marginal, central and northern gabbros
have three distinct and different trends. SiO,, Al,Os;, CaO, MgO and
NayO decrease with increasing differentiation (decrease Mg#), Fe,Os in-
creases with increasing differentiation. The anorthosite samples display
wide variation in the Mg-number (Mg# = 30-65), with limited variations
in Si0,, TiO,, CaO and MgO which indicate variable modal content of
the ferromagnesian minerals. The change in the complex, grading in-
wards from medium-grained gabbro to anorthositic gabbro to gabbroic
anorthosite, and then to the anorthosite is consistent with the chemical
variations portrayed on most of the diagrams (Fig. 12). This indicates the
cogenetic and co-magmatic relationship of the anorthosite and the rocks
of the outer marginal gabbro unit.
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Fig. 12. Contd.

The marginal gabbro samples display more scatter, variable and wide
major oxides variations especially SiO, (47.46-59.96%), Al,O; (11.4-
22.33%), CaO (6.73-10.22%) and Mg# (47.11-69.63%) which may re-
flect some sort of contamination particularly in samples collected close to
the contact with host country rocks, where, they contain the highest SiO,
(Si0, > 57%). The central gabbro unit (KU3) comprises the olivine gab-
bro, melagabbronorite and Fe-Ti oxides-apatite gabbronorite (ilmenite-
magnetite-apatite gabbronorite). These three rock types show distinct
trends and cluster on the variation diagrams. They have characteristic en-
richment and depletion in their major elements. Compared to the gab-
broic rocks from both the marginal (KU1) and the northern gabbros
(KU4), the rocks of the central gabbroic unit (KU3) with the exception of
olivine gabbro, are markedly enriched in TiO, (0.39-4.96%), Fe,Os
(9.73-21.03%), P,0s (0.04-2.09%), CaO (8.55-13.70%); and still lower
in Na,O, K;O and Al,Os. This may indicate that the central gabbroic
rocks were derived from a different magma source and/or have different
evolution and fractionation trend. The olivine gabbro of the central gab-
bro unit (KU3) forms a separate array with highest MgO and extremely
low K,0, Na,O and CaO on the variation diagrams. These rocks most
probably resulted from accumulation of olivine, orthopyroxene +Fe-Ti
oxides during crystallization, and therefore do not represent any liquid
composition (Areback, 1995).

The northern gabbronorite unit (KU4) is represented by the gabbro-
norite samples which are less evolved and have the highest Mg number
(Mg# = 56.4-75.36). They display a different fractionation trend on the
variation diagrams (Fig. 12), where SiO,, Al,O3;, MgO, Na,O decrease
with decreasing Mg# while TiO,, Fe,O3, and CaO increase.
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Table 4. Major oxides of rocks from the wadi Khamal anorthosite-gabbro complex.

Marginal Gabbro unit KU1

Coarse-grained Norite Medium grained gabbronorite

Sample 10 19 25 1 3 6 7 8 9 17 20

Si02 58.40 5347 5434 | 5046 4999 59.88 59.18 5406 5421 4990 59.96
TiO2 0.89 0.78 0.78 0.80 0.88 0.59 0.48 046 0.44 0.83 0.46
AI203 | 1641 1690 16.77 | 17.13 17.44 1630 17.08 18.10 20.60 16.28 18.92
Fe203 8.08 9.14 8.51 9.77 9.91 6.91 6.86 7.74 594 1237 570
MnO 0.12 0.14 0.12 0.15 0.15 0.11 0.10 0.12  0.09 0.17 0.10
MgO 4.01 6.39 6.02 7.97 7.81 4.36 4.42 6.02 6.27 6.31 3.21
CaO 7.26 8.70 8.64 | 1022 999 6.96 6.90 8.86  8.10 9.55 7.39
Na20 3.90 3.44 3.88 2.97 3.09 3.73 3.90 3.66 3.89 3.16 3.79
K20 0.44 0.41 0.35 0.04 0.04 0.24 0.21 028 0.24 0.18 0.12
P205 0.18 0.16 0.16 0.02 0.04 0.05 0.04 0.04 0.02 0.10 0.11
LOI 0.10 0.40 0.20 0.40 0.60 0.70 0.80 0.60 0.40 0.10 0.20
Total | 99.79 99.93 99.77 | 99.93 9994 99.83 99.97 9994 1002 98.95 99.96
Mg# 49.57 58.06 58.35 | 61.77 60.95 5555 56.06 60.63 67.64 50.25 52.73

Medium grained gabbronorite (KU1) Gabbro (KU1)

Sample 21 18 23 24 46 64 4 5 12 13 26

Si02 51.90 4746 5322 5322 5239 53.53 | 5945 5428 58.69 54.70 54.61
TiO2 0.31 0.98 0.44 0.63 0.46 0.58 0.90 0.79 0.89 0.94 0.87
AI203 | 1796 1631 1858 1646 2233 19.85 | 16.11 1640 1630 17.02 17.28
Fe203 8.44 1401  8.00 8.98 591 6.58 7.66 1046  8.06 9.21 8.78
MnO 0.13 0.16 0.13 0.14 0.08 0.13 0.11 0.17 0.12 0.13 0.13
MgO 9.14 6.30 5.84 7.19 4.46 5.54 391 7.11 4.07 4.86 5.24
CaO 826 1020 9.29 9.19 9.18 9.44 6.73 8.49 7.13 8.29 8.39
Na20 2.84 291 3.87 3.54 3.76 3.65 3.98 2.55 3.71 3.62 3.79
K20 0.16 0.16 0.18 0.17 0.25 0.26 0.46 0.26 0.70 0.50 0.30
P205 0.02 0.04 0.02 0.02 0.04 0.04 0.18 0.03 0.19 0.21 0.19
LOI 0.80 0.50 0.40 0.40 1.10 0.70 0.30 0.60 0.10 0.30 0.20
Total 99.96 99.03 99.97 9994 9996 1003 | 99.79 10I.1 9996 99.78 99.78
Mg# 68.20 47.11 59.11 6133 5991 6251 | 50.27 69.63 50.00 51.10 54.17

Anorthosite unit KU2

Sample 2 27 28 29 30 31 32 33 34 35 36

Si02 53.14 5329 5216 53.15 5252 52.82 53.66 53.10 5351 5347 5294
TiO2 0.16 0.21 0.18 0.19 0.36 0.21 0.21 0.19 0.17 0.26 0.28
AI203 | 26.02 2738 27.67 2746 2729 26.69 24777 2595 2682 2569 26.83
Fe203 | 2.29 1.16 1.16 1.37 2.14 2.08 3.15 2.03 1.26 2.66 1.67
MnO 0.02 0.01 0.02 0.01 0.02 0.03 0.04 0.02 0.02 0.03 0.03
MgO 1.51 0.35 0.36 0.37 0.48 1.44 230 1.12 0.59 1.79 0.71
CaO 10.58 11.21 11.68 11.04 11.51 10.59 10.56 11.21 1097 1052 11.01
Na20 4.30 4.65 4.38 4.59 4.61 4.39 4.26 4.61 4.70 4.27 4.39
K20 0.32 0.39 0.35 0.41 0.31 0.24 0.26 0.29 0.38 0.32 0.38
P205 0.02 0.02 0.06 0.03 0.02 0.04 0.04 0.04 0.02 0.05 0.02
LOI 1.60 1.30 1.80 1.20 0.50 1.40 0.70 1.40 1.50 0.90 1.70
Total 99.96 9997 99.82 99.82 99.76 99.93 9995 9996 9994 99.96 99.96
Mg# 56.63 37.40 38.07 34.85 30.76 57.82 59.12 5221 48.11 57.13 45.71
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Table 4. Contd.
Anorthosite unit KU2

Sample 37 38 39 40 41 42 44 45 47 49 50
Si02 | 52.15 52.06 53.76 53.37 5347 5213 5357 5400 5237 5372 53.34
TiO2 0.21 012  0.15 0.15 012 016 014 017  0.17 0.08 0.18
AI203 | 27.66 28.01 26.70 26.65 2720 26.66 2732 2691 2632 27.81 25.29
Fe203 1.75 1.25 1.29 1.38 1.41 2.00 1.33 1.14 1.75 0.90 241
MnO 0.02 002 0.01 0.01 0.02  0.03 0.01 0.01 0.03 0.01 0.03
MgO 0.77 050  0.63 0.65 0.61 1.66  0.80 036 1.41 0.41 2.08
CaO 11.33 12,02 11.08 11.31 1098 11.01 11.32 10.69 1136 10.59 10.26
Na20 | 455 415 431 466 421 399 448 466 407 476 4.16
K20 0.21 0.31 0.40 0.26 039 027 017 047 038 0.56 0.27
P205 0.02  0.03 0.02 0.02 0.03 0.02 002 006 0.02 0.01 0.04
LOI 1.30 1.50 1.60 1.50 1.50  2.00 0.80 1.50  2.10 1.10 1.90
Total | 99.97 99.97 9995 99.96 9994 99.93 99.96 9997 9998 99.95 99.96
Mg# | 46.56 4420 49.17 4826 46.14 62.17 5436 3848 6147 4743 63.09
Anorthosite Olvine gabbro gabll\)/f”zlrell(;ri te

Sample 51 52 53 54 55 57 14 15 16 72 73
Si02 53.17 52.76 5215 5237 53.68 52.11 | 45.60 | 46.70 47.04 | 51.03 52.09
TiO2 0.29 0.13 0.15 0.10 0.22 0.26 047 | 047  0.51 090  0.53
Al203 | 23.85 27.15 27.55 2833 2693 2224 | 7.77 | 854 11.57 | 1748 12.60
Fe203 | 4.13 1.46 1.30 0.89 1.20 575 | 21.03 | 19.66 17.35 | 9.73  16.67
MnO 0.06 0.02 0.02 0.01 0.02 0.08 0.27 0.27 0.23 0.15 0.40
MgO 3.24 0.77 0.64 0.32 0.49 5.52 | 20.58 | 19.37 1622 | 699  5.61
CaO 9.71 1073 10.68 11.70 10.55 9.60 379 | 414 541 994 943
Na20 421 482 454 4.47 4.95 3.40 1.33 145  2.01 320 289
K20 0.28 0.19 0.36 0.14 0.39 0.16 | 0.14 | 0.17 021 0.19 025
P205 0.02 0.04 0.07 0.03 0.04 0.02 0.06 | 0.04 0.07 | 006 0.05
LOI 1.00 1.90 250 1.60 1.50 0.70 | 0.10 | 0.10 0.10 | 030  0.10
Total 99.96 9997 99.96 99.96 99.97 99.84 | 101.1 | 100.9 100.7 | 99.97 100.6
Mg# 60.84 51.09 4937 4159 4471 65.53 | 6596 | 66.12 6493 | 58.72 39.99

Melagabbronorite Fe-Ti oxides-apatite gabbronorite

Sample 74 75 76 65 66 67 68 69 70 71 77
Si02 50.92 5149 51.30 | 47.77 4591 4389 4735 44.07 43.66 4587 44.16
TiO2 0.48 048 039 2.62 2.95 384 275 338  3.62 355 496
AlI203 10.86 11.00 9.79 1442 1395 13.15 1554 13.05 13.54 12.88 14.97
Fe203 | 17.39 17.63 1857 | 10.87 1277 14.64 1503 1390 1432 1333 14.70
MnO 0.44 0.44 047 0.17 0.18 0.17 023 020 016 018 0.15
MgO 6.31 6.13  6.71 6.32 6.47 628 638 6.09 574  6.63 5.50
CaO 1099 10.70 11.15 | 13.09 13.16 1370 855 1323 1337 1336 1146
Na20 2.47 250 223 2.51 2.39 236 295 207 261 234 276
K20 0.22 022 020 0.14 0.15 015 022 028 019 0.16 0.19
P205 0.04 0.02 0.02 0.91 1.49 1.81 1.05 2.09 1.95 1.46 0.09
LOI 0.10 0.10  0.10 1.00 0.40 0.10  0.10 1.60 080 020 0.10
Total 100.2  100.7 100.9 | 99.82 99.82 100.1 100.1 99.96 99.96 99.96 99.04
Mgt 41.81 40.78 41.71 | 53.52  50.08 4593 29.46 4646 4425 49.62 42.56
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Table 4. Contd.

Northern gabbronorite unit KU4

Sample 22 43 58 59 60 61 62 63
Si02 48.76 50.89 51.70 51.71 51.53 50.74 52.08 50.61
TiO2 1.21 0.41 0.22 0.25 0.28 0.32 0.53 0.43

Al203 18.04 15.36 18.49 17.06 18.18 18.66 18.34 16.78

Fe203 10.40 8.47 7.05 8.21 7.74 8.12 9.34 9.16
MnO 0.18 0.14 0.12 0.14 0.12 0.13 0.13 0.14
MgO 9.53 10.18 10.89 11.51 10.20 9.65 8.56 9.72
CaO 12.24 10.96 8.15 7.42 8.22 7.91 8.10 10.47
Na20 2.16 2.13 2.56 2.57 2.53 2.80 2.13 2.06
K20 0.04 0.15 0.11 0.12 0.17 0.11 0.04 0.07
P205 0.02 0.01 0.03 0.03 0.02 0.03 0.02 0.03
LOI 0.40 1.20 0.60 0.90 0.90 0.10 0.40 0.10
Total 102.98 99.90 99.92 99.92 99.89 98.57 99.67 99.57
Mgt 62.34 70.42 75.36 73.52 72.30 56.40 58.18 67.76

Mg# = (Mg/Mg+FeO)x 100.

The anorthosite samples from the Khamal anorthosite-gabbro com-
plex tend to be higher in feldspar components (Al,O3;, CaO, Na,O and
K,0) (Fig. 12, Table 4) compared with the more mafic member of the
complex.

Comparing with other worldwide massif-type anorthosite suites, the
field relationships and geochemical trends are most easily explained by
crystal melt fractionation and accumulation of plagioclase feldspar (e.g.
Buddington, 1972; Haskin and Salpas, 1992; Ashwal, 1993; Markl and
Frost, 1999). For example, Fe,O5 and MgO decrease and ALOs and CaO
increase from marginal gabbroic rocks (norite, gabbronorite and gabbro)
to anorthosite (Fig. 13A & B). This trend reflects the gradational change
in modal proportions of primary cumulates plagioclase and pyroxene
(e.g. Simmons and Hanson, 1978). The trends of the Khamal anorthosite-
gabbro complex (Fig. 13A and B) are very similar and coincide with the
evolution trends of the Red River anorthosite suite (Miller and Barr,
2000).

The AFM diagrams (Fig. 14A & B) show significant variation
among the four units of the Khamal anorthosite-gabbro complex. It is
evident that both the marginal gabbro unit (KU1) and anorthosite unit
(KU2) have a calc alkaline differentiation trend while those of the central
gabbro unit (KU3) and the northern gabbronorite (KU4) show a distinct
and different trend parallel to the FeO*-MgO side line and belong to the
tholeiitic differentiation (Fig. 14B).



Geology and Lithostratigraphy of the Ultramafic-Mafic Rocks ... 147

According to the classification of Le Maitre (1989), both calc alka-
line and tholeiitic rocks belong to the low-K series. On the classification
K,0-Si0O, diagram, all the investigated rocks of the Khamal anorthosite-
gabbro complex plot in the low K-field (Fig. 15). However, the presence
of both calc-alkaline and tholeiitic rocks in the same complex was de-
scribed in Laouri area, Algeria (Cottin ef al., 1998).
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Fig. 13. Plots of (A) FeO* against Al,O;, and (B) MgO against Al,O; illustrating the differ-
ing evolutionary trends for samples from the Khamal anorthosite-gabbro complex.
Symbols as in Fig. 12. The stippled field is the evolutionary trend of the Red River
anorthosite suite and Charnockite unit (Miller and Barr, 2000).
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Fig. 14. AFM diagram (A) for the different rocks in the Khamal anorthosite-gabbro com-
plex and (B) the chemographic trends of Khamal anorthosite-gabbro complex
compared with anorthosite from other localities. AMT (star in black circle) is an
average for massif-type anorthosite, ALC (Star with black dot) for layered igneous
complexes, both calculated from average values for individual complexes given by
Ashwal (1993). Light stippled field is field of Laramie Anorthosite complex
(Mitchell et al., 1995). Diagonally lined fields represent the Qasad anorthosite, A-
Jibub area, Arabian Shield (French and Sindi, 1983). Horizontal lined field is the
Khamal anorthosite, KU2; Vertically lined field is the northern gabbro unite
(KU4); heavy stippled field is the central gabbro unit (KU3).
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Fig. 15. K,O versus SiO, discrimination diagram for the Khamal anorthosite gabbro com-
plex. The high-, medium- and low-K fields are from Gill (1981). Other symbols as
in Fig. 12.

Summary and Conclusions

Field, petrography and major elements geochemistry of the ultrama-
fic -mafic rocks of Wadi Khamal area led to the recognition of the fol-
lowing rock groups, namely: 1) ophiolitic suite, melagabbronorite and
cumulate gabbronorite to the south of Wadi Mahalah (southern ultrama-
fic-mafic rocks) and 2) Wadi Khamal anorthosite-gabbro complex to the
north.

The geochemical investigation is adopted first to verify the petro-
logic subdivision of both the KAGC and the southern ultramafic-mafic
rocks and clarify the geochemical characteristics of the rocks of each
rock unit. The second approach is the attempt to determine whether these
rock units are genetically-related and derived from the same magma
source or they are evolved from more than one source.

A general inspection of the compositional variation of the major
elements in the different rocks confirms the existence of four magmatic
units in KAGC (KU1, KU2, KU3 and KU4) distinct from the ophiolitic
ultramafic (serpentinite, peridotites and pyroxenites) and mafic (mela-
gabbronorite and cumulate gabbronorite) rocks exposed in the southern
area.
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Unlike the Khamal complex, the southern ultramafic-mafic rocks are
not genetically related. The serpentinites, peridotites, pyroxenites and
cumulate gabbronorite show peculiar major elements composition and
variation which indicate that they were derived from Mg-rich (komatiitic)
basaltic source. However, field study has revealed that the cumulate gab-
bronorite intruded the ultramafic rocks in the southern area. The mela-
gabbronorite is likely to be derived from calc alkaline magma.

The different rock types in the four units of the KAGC (KU1 to
KU4) have major elements characteristics suggesting that these rocks
were derived from three different magma sources.

The marginal gabbros and anorthosites units (KU1 and KU2, respec-
tively) constitute a compositional continuum with a wide range in most
of their major elements composition which indicate the co-magmatic re-
lationship and suggest they were derived from the same source.

Khamal anorthosite shows an overall chemical abundance and dis-
tinct trend on most of the variation diagrams. They show marked deple-
tion in major elements compositions which are indicative to their calc-
alkaline affinity. These chemical features are indicators of high degrees
of plagioclase accumulation and common characteristics of massif-type
anorthosite (Ashwal, 1993; Gerninger et al., 1998).

The central gabbronorite unit (KU3) is markedly enriched in TiO;
(0.4 — 4.96 wt%), Fe,O3 (9.7 — 21 wt%), P,Os (0.04 — 2.09 wt%) and
CaO (8.55 — 13.7 wt%) suggesting an Fe-rich tholeiitic magma.

The rocks of the northern gabbronorite unit (KU4) have the highest
Mg number (Mg* = 56 — 75 with an average value = 67), and therefore
are considered as the least evolved rocks within the Khamal anorthosite-
gabbro complex.

Concerning the Fe-Ti oxide mineralizations, two main types were
recognized and are associated with the Wadi Khamal central Fe-Ti ox-
ides-apatite gabbronorite unit (KU3):

1) Massive nelsonite bands consisting of magnetite-ilmenite and apatite
in different proportions with minor interstitial silicates.

2) Massive magnetite-ilmenite ore which is present either as bands inter-
calated with nelsonite or as dike-like bodies hosted by the anorthosite
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in contact with Fe-Ti oxides-apatite gabbronorite with nelsonite enve-
lopes of variable thicknesses.

The Fe-Ti oxide + apatite deposits are known to be associated with
Proterozoic massif anorthosites and related rocks (Kolker, 1982; Epler et
al., 1986; Force and Carter, 1986; Areback and Stigh, 2000; Dymek, and
Owens, 2001), and tholeiitic layered intrusions (Reynolds, 1985a and b;
Von Gruenewaldt et al., 1985; Klemm et al., 1985; McCann et al., 1998;
Ripley et al., 1998).

Different hypotheses have been proposed for the origin of oxides-
apatite rocks associated with massif anorthosites and include; hydrother-
mal replacement of preexisting rocks (Ross, 1941); immiscibility of ox-
ide-apatite melt with oxides: apatite ratio = 2:1 (Philpotts, 1967); accu-
mulation of apatite and oxide minerals by crystal settling (Emslie, 1975);
fractional crystallization prior to melt immiscibility for Fe-Ti oxide de-
posits with widely variable apatite and silicates contents (McLelland et
al., 1994); extreme crystal fractionation, unless partial melting of Ti and
P rich crustal rocks has occurred (Naslund et al., 2002 and Nabil et al.,
2003); products of cumulus development and subsequent mobilization
through filter pressing for ore with variable apatite content (Dymek and
Owens, 2001).

Reynolds (1985a) divided the ores associated with the upper zone of
Bushveld Complex into three groups; 1) apatite poor high Ti-magnetite
association, 2) apatite poor low Ti-magnetite association, and 3) apatite
rich high Ti magnetite association. Apatite poor high Ti-magnetite and
apatite-poor low Ti-magnetite associations are present both as dissemina-
tions and ore-rich layers. These associations were formed in response to
normal fractional crystallization processes, the formation of ore-rich lay-
ers being triggered by episodic increase in fO,. The formation of apatite
rich-high Ti magnetite association which is present both as dissemina-
tions and ore-rich layers is attributed to the separation of immiscible Fe-
Ti-P enriched liquids from late stage dioritic residual melt.

Bergstol (1972) described an association of magnetite, ilmenite and
apatite ore in the form of a dike, referred to as jacupirangite, cutting
through larvikite and nordmarkite. The jacupirangite shows oxides: apa-
tite ratio of 2:1 and attributed its formation to an immiscible oxide-apatite
melt during the fractionation of a monzonitic magma and the melt accu-
mulated at the lower part of the magma chamber as magmatic segrega-
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tions. Under favorable tectonic conditions, the segregated melt was in-
jected into the surrounding rocks.

Previous studies by Chevremont and Johan (1981) identified two
types of Fe-Ti oxide mineralization. The first type is located at the base
of the anorthosite unit, originating from an iron-rich residual liquid ex-
pelled downwards as a result of plagioclase flotation. The second type
occurs as lenses of disseminated to massive magnetite-ilmenite in a me-
lagabbro intrusion (oxides-apatite gabbronorite of the present study)
close to the anorthosite. This implies that the anorthosites and the Fe-Ti
oxides-apatite gabbronorite were crystallized from one and the same
magma.

Any model proposed for Wadi Khamal Fe-Ti oxide and apatite min-
eralization should explain the following field, petrographic and geo-
chemical features:

1- The close spatial association of the massive ores with Fe-Ti oxides
-apatite gabbronorite. The contact between the massive ore and the Fe-Ti
oxides-apatite gabbronorite host is gradational. Also the contact between
the nelsonite and the massive magnetite-ilmenite ore bands is gradational.

2- The similarity of the ore minerals in types 1 and 2 and in the Fe-Ti
oxides-apatite gabbronorite.

3- The nelsonites do not have a 2:1 oxides/apatite ratios where the
apatite contents range between 15- 40% with an average of about 25%.

4- Type 2 is devoid of apatite and is composed essentially of magnet-
ite and ilmenite and its presence as dike-like bodies with nelsonite sel-
vages in anorthosites adjacent to the Fe-T1 oxide-apatite gabbronorite.

5- The occurrence of large anorthosite blocks within the melagab-
bronorite (which is enriched both in sulfides and Fe-Ti oxides associated
with the cumulus pyroxene bands) and the Fe-Ti oxides-apatite gabbro-
norite.

6- The presence of apatite as cumulus crystals with early formed py-
roxenes and plagioclases.

7- Late crystallization of the Fe-Ti oxides interstitial to silicates.

8- The presence of ovoid inclusions from gabbronorite in the massive
nelsonite ore.
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9- The geochemical studies indicate that the marginal gabbro unit
(KU1) and the anorthosites (KU2) were crystallized from the same
magma and was intruded later by a tholeiitic magma which upon frac-
tional crystallization gave the different rocks of the central gabbroic unit
(olivine gabbro, melagabbronorite and Fe-Ti oxides-apatite gabbronorite
with the associated Fe-Ti oxides and apatite ores).

The above mentioned features lead to the suggestion of the following
stages for the origin of the Wadi Khamal Fe-Ti oxides * apatite minerali-
zations;

1- The anorthosite was intruded by a magma which upon fractiona-
tion gave rise to an early differentiates (olivine gabbro and melagabbro-
norite) and a residual liquid enriched in Fe-Ti-P.

2- Apatite was separated as a cumulus phase with plagioclases and
pyroxenes.

3- With progressive fractional crystallization, the interstitial melt was
more enriched in Fe, Ti and P from which Fe-Ti oxides and apatite were
crystallized and segregated by gravitational settling, thus leading to the
formation of the massive ores. The mineralogical differences observed
among the different types of the ores can be explained in terms of crystal-
lization at different fO, and temperatures.

4- Due to tectonic deformation, the segregated melt was injected via
filter pressing into the surrounding anorthosite.
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