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Abstract Nuwaifa Formation is a part of sequence stratigra-
phy that belongs to the Jurassic system exposed in the western
desert of Iraq. The Jurassic system consists of Ubaid,
Hussainiyat, Amij, Muhaiwir, and Najmah formations. Each
formation is composed of basal clastic unit overlain by upper
carbonate unit. Nuwaifa karst bauxite was developed in fossil
karsts within the Ubaid Formation in areas where maximum
intersection of fractures and faults exist. This bauxitization
process affected the upper surface of the Ubaid limestone
formation, which directly underlies the Nuwaifa bauxite
Formation. Nuwaifa Formation represents karst-filling deposit
that consists of a mixture of allochthonous (sandstone,
claystone, and mudstone) and autochthonous lithofacies
(bauxite kaolinite, kaolinitic bauxite, iron-rich bauxite, and
flint clay). Most bauxite bodies occur within the autochtho-
nous lithofacies and are lenticular in shape with maximum
thickness ranges from few meters to 35 m and in some place
up to 100 m. Petrographically, the bauxite deposit exhibits
collomorphic-fluidal, pisolitic, oolitic, nodular, brecciated,
and skeletal textures indicative of authigenic origin.
Mineralogy boehmite and gibbsite are the only bauxite min-
erals; the former is dominant in the upper parts of the bauxite
profiles, whereas the latter is dominant throughout the lower
and middle part of the bauxite. Kaolinite, hematite, goethite,
calcite, and anatase occur to a lesser extent. The study bauxites
are mainly composed of Al,O3 (33-69.6 wt.%), SiO, (8.4—
42 wt.%), Fe;,053 (0.5-15.9 wt.%), and TiO, (0.7-6.1 wt.%)
with LOI ranging from 13.5 to 19.1 wt.%. Geochemical in-
vestigations indicate that the immobile elements like Al,O3,
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TiO,, Cr, Zr, and Ni were obviously enriched, while SiO,,
Fe,03, CaO, MgO, Zn, Co, Ba, Mn, Cu, and Sr were depleted
during bauxitization process. The results of this study strongly
suggest that the bauxite deposits of the Nuwaifa Formation are
derived from the kaolinite of the Lower Hussainiyat
Formation.

Keywords Karst bauxite - Allochthonous and autochthonous
lithofacies - Hussainiyat region - Iraq

Introduction

The studied area is located west of Central Iraq, at about
65 km Northeast of Rutba City. Geographically, the area
covers 700 km?® with 40° 59" to 41° 27 east longitude and from
33° 22" to 33° 37" north latitude (Fig. 1). The presence of the
Nuwaifa bauxite Formation in the Iraqi Western Desert was
reported for the first time by GEOSURYV geologists (Mustafa
1991). The age of the Nuwaifa bauxites Formation was sug-
gested as Early Eocene age on the basis of pollen analysis of
the underlying and overlying rock units (Al-Rawi et al. 1997).
The Nuwaifa karst bauxite was developed in fossil karsts, tens
of meters deep and hundreds of meters wide, within the Ubaid
Formation carbonates (Early Jurassic) in areas where maxi-
mum intersection of fractures and faults exist. Ghar Formation
lies uncomfortably overlies of Nuwaifa bauxite Formation,
composed mainly of sand and gravels of Pliocene age. Both
contacts are unconformable, and thus, the age of Nuwaifa
Formation is difficult to determine purely on the basis of stra-
tigraphy as the time span between the underlying and overly-
ing formations is very wide (Jurassic-Pliocene) (see Fig. 2).
Most bauxite bodies are lenticular in shape with maximum
thickness ranges from few meters to 35 m and in some place
reach up to 100 m.
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Fig. 1 Simplified geological map of the area including the limits of the
geological formations, structural features, Nuwaifa karsts, and sample
locations

Karst bauxite is generally produced by in situ alteration and
accumulation of residual components from the leaching of
either the karst-host limestone and/or the sediments filling the
karst especially in case of deep sinkholes where the resulted
bauxite material may remain in place after the leaching of the
source rocks (Bardossy 1982; Valeton et al. 1987; Bogatyrev
et al. 2009). Although most of the known bauxite deposits are
lateritic type, the geochemistry mineralogy and genetic impli-
cations of many karstic bauxite deposits in the world have been
well studied and examined (e.g., Liaghat et al. 2003; Mameli
et al. 2007; Esmaeily et al. 2010; Liu et al. 2010a; Liu et al.
2013; Zarasvandi et al. 2008, 2010, 2012; Gu et al. 2013;
Hanilci 2013; Mongelli 2002; Zamaniana et al. 2016).

In this paper, the Nuwaifa bauxite deposits of the western
desert of Iraq are examined in terms of field relations, litho-
logic associations, petrography, mineralogy, and geochemis-
try. The objectives were to reveal the depositional environ-
ment and conditions of bauxite mineralization as well as to
identify the immobile elements and apply their variation to
trace the bauxite precursor and to follow mineralogical and
geochemical evolution with increasing grade of bauxitization

@ Springer

Geological setting and bauxite occurrence

The studied area is part of Rutba subzone located in the Stable
Shelf of the Arabian Platform (Buday and Jassim 1987). The
activity of the Rutba uplift and graben during the Early
Jurassic greatly affected the paleogeography and sedimentary
cover of the basin in the study area.

The Nuwaifa formation is divided into two (Lower and
Upper) members. The Lower Member (Lower Eocene-
Upper Paleocene) is composed of bauxitic and flint clay de-
posits (Fig. 3a). The bauxite deposits of Nuwaifa Formation
are associated with kaolinite and appear as pockets and lenses
scattered throughout the karst depressions. The bauxite de-
posits are rather small in size, ranging from 1 to 6 m thickness.
They are predominantly irregular tabular deposits surrounded
by massive kaolinite (Fig. 3b). The depositional environment
of bauxitic deposits is considered as karstic swamp sedimen-
tation, while the clastic materials associated with bauxite con-
sist of fluvial deposits. The Upper Member (Upper Eocene) is
up to 85 m thick and represents the upper unit of the karst
depression. The Lower part of this member composed mainly
of quartoze sandstone, followed by dark red oolitic-kaolinitic
sandy clay with thin horizons of ferruginous breccias. The
upper part of this member consists of ferruginous multicolored
sandstone, topped by red kaolinitc claystone.

Regional aspects of the lithofacies

The Nuwaifa bauxite Formation is divided into two major
groups of lithofacies according to lithology. The first group
is the allochthonous lithofacies (Table 1), formed mainly from
clastic sediments transported during several sedimentary cy-
cles; three lithofacies have been identified as sandstone
(Chanel fill), sandy or silty claystone (flood plain), and
claystone (basin of karst) lithofacies. These lithofacies are
dominated by multiple sequences of fining upward sandstone
with thickness between 35 and 70 m.

The second group of lithofacies in Nuwaifa bauxite
Formation is the autochthonous lithofacies (Table 2). These
facies are diagenetic overprints of the former grouping and
reflect the varying condition of post-depositional chemical
weathering. Detailed reviews of these facies were first de-
scribed in detail by Al-Ani (1996) as shown in Fig. 4, and
the most interesting bauxite facies were ordered as follows:

I. Kaolinitic bauxite and bauxite: characterized by pisoidal-
ooidal texture; with some other colloformic textures relat-
ed to bauxitization processes as well as to some diagenetic
and epigenetic modifications. The facies consist mainly of
boehmite and gibbsite (>10%) with some kaolinite, non-
plastic, very hard with high oolitic/matrix ratios. This rock
type is formed by intensive leaching within karst
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Fig. 2 Schematic diagram
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depression removing most of iron, silica, and other trace
elements from the alluvial sediments to form low-Fe
bauxite.

II. Bauxitic kaolinite: consist of kaolinite with boehmite
(>10%), non-plastic, soft, white to gray in color, and with
low oolitic/matrix ratios. The facies formed by chemical
weathering and leaching related to strong drainage con-
dition within the buried alluvial sediments.

II. TIron-rich bauxite: consists of boehmite, gibbsite, and dis-
ordered kaolinite with iron oxide and hydroxide min-
erals. Tron-rich bauxite facies is red to yellowish brown
in color, soft, well segregate of iron oolites and pisolites
in a matrix of high oolitic/matrix ratios.

IV. Flint clay: composed predominantly of well-crystallized
kaolinite, mostly white in color, very fine grained, and
hard with conchoidal fractures.

[ ]Limestone
[v v 1] Sinkholes

[ ] Oolitic limestone

[ ] Pisolitic ironstone
[ ] Brecciated limestone
[ ] Limestone and evaporites

Sampling and methods

A total of about 110 rock samples were collected from trench-
es, sections, and boreholes from 20 different karst bauxite
depressions (Fig. 1). The samples have been chosen on the
basis of differences in bauxite facies (pisolitic, oolitic, brecci-
ated, etc.) and position in the deposit. One hundred samples
were selected for detailed mineralogical studies using optical
microscopy. Ordinary thin sections (~30 pum thick) were ob-
served under a petrographic microscope (LEICA IM 1000)
equipped with a LEICA DFC 420 cameras for photomicro-
graphs at the Department of Geology, University of Baghdad.

One hundred ninety (190) representative samples were
characterized by XRD (powder method) using a Philips PW
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Fig. 3 a An exposed quarry face
at Nuwaifa Formation showing
bauxite and flint clay deposits of
Lower Member Nuwaifa (light
color) and clastic sediments of
Upper Member Nuwaifa (dark
color). b Cross-sections of karst
bauxite deposits in Nuwaifa
Formation

1410 X-ray diffractometer using Cu-K« radiation at 1600 W,
40 kV, and 20 mA on powder of bulk samples and separated
minerals. The clay fraction (<2 pm) was extracted by centri-
fuge sedimentation, and oriented aggregates (glass slide

Table 1 Characteristic properties
of allochthonous facies within
Nuwaifa Formation
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method) were prepared (Hinckley 1963) for the determination
of kaolinite crystallinity index. Oriented aggregates were sub-
jected to drying at room temperature, ethylene glycol, and
heating to 550 °C and then subjected to X-ray analysis. The

Rock type  Color Texture Sedimentary structure Mineralogy
Sandstone  Whitish-reddish ~ Mature, poorly to Poorly defined planner Quartz, calcite
moderately sorted, fining bedding, expressed by kaolinite
upward, friable and hard channel forms and with gypsum
at upper Part cemented erosion basal contact calcite as
by calcite or kaolinite accessories
and interbedded with
laminated Fe oxides
Siltstone Reddish-brown  Moderately sorted, mature Planner bedding more Kaolinite,
fining upward massive common defined by thin quartz,
pisolitic hematite and lamination of hematitic hematite,
veins filling by kaolinite and siltstone with gypsum
secondary calcite and calcite as
gypsum accessories
Claystone  Grayish black Mature, massive hard, Planner bedding and Kaolinite,
reddish plastic, highly fractured, laminated very well hematite,
brown at contains some pisolitic defined (zonation) by goethite,
upper part hematite, brecciated alternation oh hematite, anatase with
textures with veins filling goethite and kaolinite secondary
by calcite or quartz gypsum
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Table 2 Characteristic properties of autochthonous facies within Nuwaifa Formation

Texture

Texture

Rock type Color
Bauxitic White-gray
kaolinite

Bauxite and/or White-gray with
kaolinitic white pisolites
bauxite

Red-brownish
pink with
whitish
pisolites

Iron-rich
bauxite

Flint clay White-gray or
pink with white

pisolites

Oolitic-pisolitic, nodular, clayey, massive, poorly sorted with low
ooids/matrix ratio, rounded and angular fragments of kaolinitic
clay are scattered throughout the bauxitic-kaolin, brecciated
frequently imparts a pseudo arenaceous texture, Pisolites are
found randomly distributed

Oolitic-pisolitic, nodular, massive, very hard, good sorted high
ooids/matrix ratio with an politic matrix, pisolites distributed
randomly with size range from several mm to several cm (>2 cm),
pisolitic bauxite show irregular networks of vein lets and cracks
filled by neoformed kaolinite or calcite

Oolitic- pisolitic, iron nodular, clayey, massive, poorly sorted with
variable density of packing and usually have randomly
distributed. Pisolites, showing development of pisolites due to
alteration zones of boehmite, kaolinite and hematite. The outer
shell of pisolites are enriched in iron oxide materials.

Homogenous, dense, non-plastic, hard, and lustrous, breaking with
pronounced conchoidal fracture. Flint clay occupies the basal part

of'the karst, and grades down sandy claystone containing irregular

forms of vug-like cavities filled by kaolinite and iron oxides to

Well-ordered kaolinite, boechmite gibbsite
and accessories of hematite, calcite and
anatase

Boehmite, gibbsite and well-ordered
kaolinite, accessories as anatase,
hematite and calcite

Boehmite, gibbsite, disorder kaolinite
hematite, goethite with accessories of
anatase and calcite

Well-ordered kaolinite, gibbsite, anatase
with accessories of hematite and calcite

form brecciated textures.

Age

Formation
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Stratigraphic
columns
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bauxite textures (Fig. 5).
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developed under subaerial oxidizing conditiong
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Fig. 4 Sketch map of a stratigraphic column of the Nuwaifa bauxite horizons with the main bauxitic lithofacies
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iron coatings and iron mineral particles were removed from
the iron-rich sample material by the technique of dithionite
citrate-bicarbonate-sodium dithionite (CBD) method, in ac-
cordance with Mehra and Jackson (1960). The estimation of
the iron minerals (hematite and goethite) removed can be
readily determined by comparison of the X-ray diffraction
patterns of the untreated sample with that of the treated
samples.

Approximate mineral proportions were estimated from
chemical analysis and X-ray diffractometry of bulk samples
since the major and minor elements are controlled by their
mineral affinities. These constituents are summarized in
Table 3. The results of XRD analysis suggest that there are
different mineralogical compositions or different types of in-
vestigated bauxites (Fig. 6).

Chemical analyses of major and trace elements were deter-
mined by plasma spectrometry (polyvac E 970), model Hilgar.
Loss on ignition at ~1000 °C was measured gravimetrically.
Analytical uncertainty, as indicated by replicated analysis, is
0.25%. The molecular ratio Ki = SiO,/Al,05 in the studied
bauxite samples was used for the classification of different
types of bauxites, and the ratio rw = SiO,/Al,O3 + Fe,03
was used to suggest the degree of weathering, which is called
the weathering quotient (Schellmann 1986).

Petrography and mineralogy

The parent rocks of the studied bauxite are kaolinite-rich clas-
tics, which are mainly composed of kaolinite (unaltered kao-
linite), iron oxide minerals (goethite and hematite), and quartz
with traces of illite and montmorillonite. The presence of low
amount of secondary calcite filling inside the pores and frac-
tures can be considered as related to the epigenetic process.
Kaolinite, from the parent rocks, occurring as clastic particles,
cementing material, and infilling of pore space or micro-veins
within the bauxitic facies (Fig. 5a—d).

The petrographic studies show that the texture of the stud-
ied bauxite deposits is mainly oolitic to pisolitic, but can also
change from purely oolitic to arenitic-brecciated, suggesting
the reworking of evolved lateritic soils. The ooids are com-
posed of concentric shells embedded in the matrix of

recrystallized kaolinite and bauxite with traces of iron oxides
(Fig. 5a). The cores of the ooids generally consist of older,
detrital bauxite grains (bauxite pebbles), or of hematite-
goethite fragments. The number of shells within oolites and
pisolites is between 4 and 7 and the diameter range from 3 to
20 mm (Fig. 5b). Some cortices of pisolites and oolites have
fractures due to synersis cracks or developed during slight
compaction of the matrix. The fractures are filled by micrite
and kaolinite (Fig. 5d). Composite ooids can also be noticed in
the studied bauxite. They consist of several small ooids
enveloped by concentric lamellae (Fig. 5c), which may be
the product of syndepositional deformation and a discontinu-
ity during the growing process of the ooids. Boehmite and
hematite are more abundant in the ooids, whereas kaolinite
is found at higher levels in the groundmass. However, in the
structure of most ooids, boehmite and kaolinite are concentri-
cally zoned, following a well-known diagenetic pattern
(Bardossy 1982).

Colloform texture is especially common in the iron-rich baux-
ite facies, originated from precipitation and aging of mixed col-
loidal Al- and Fe-rich solution migrated in the bauxite horizons
and coexists with bauxitization processes at different stages of
dehydration, recrystallization, and segregation (Fig. Se).

In addition, various colloform textures of irregular shape
are common such as flow-like and stratified textures (Fig. 5f).
These types of textures observed mainly in bauxite samples
contain gibbsite as the dominant mineral. Intensive solution
within the karst may breccias-like texture of overlying strata to
collapse, which is represented by pseudomorphous textures
consisting of poorly rounded and angular fragments of kao-
linite, calcite, and bauxite (Fig. 5g). Brecciated textures
representing the stage of mechanical disintegration immedi-
ately preceding chemical weathering are also common. The
brecciated fragments embedded in the studied bauxites are
optically being as isotropic crystals (Fig. Sh).

Bauxite minerals

Boehmite is the dominant bauxite mineral in the Nuwaifa
Formation (Fig. 6). It was found in all of the studied bauxite
samples, while gibbsite is found only in 35%. The vertical

Table 3  Mineralogical compositions of the autochthonous facies in Nuwaifa Formation

Rock type/facies Ki = SiOy/Al,04 Mineralogy wt%

Range Average Boehmite Kaolinite Quartz Calcite Fe oxides Anatase
Low Fe-bauxite 0.2-0.7 0.5 25.1-78.2 16.0-65.1 0.0 0.5-3.0 0.8-3.5 3.0-59
High Fe-bauxite 0.5-0.6 0.6 23.5-45.8 21.5-56.5 0.0 0.9-12.1 12.2-25.5 1.5-2.5
Bauxitic kaolinite 0.7-1.0 0.9 8.5-24.5 65.0-86.5 0.0 0.7-4.8 1.5-17.5 1.0-2.1
Flint clay 1.1-1.2 1.1 0.0-5.5 90.0-95.0 0.0-2.8 1.2-2.7 0.5-2.8 0.9-3.0
Weathered clay 1.0-1.5 1.2 0.0 92.1-94.1 0.0-04 0.5-1.3 4.5-9.6 22-32
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Fig.5 Petrography of the studied
bauxite using LEICA IM 1000
microscope. a, b Pisolitic bauxite
embedded in a matrix made of
kaolinite and iron oxides ((PPL).
¢ Development of composite
pisolites embedded in a matrix
made of kaolinite and iron oxides
(PPL). d Coarse pisolite shows
fractures filled by micrite and
kaolinite. e, f Colloform goethite
with the development of syneresis
cracks (XPL). g, h Brittle

deformation results in brecciated
bauxite texture (XPL)

distribution of boehmite and gibbsite in the studied bauxite
profile of the Nuwaifa Formation does not follow a specific
pattern (Fig. 7). Boehmite content increases in the upper parts
of the bauxite profiles, whereas gibbsite is dominant through-
out the lower and middle part of the bauxite profiles (Al-Ani
1996). According to Bardossy (1982), boehmite formed in the
zone of leaching (above the water table) and gibbsite in the
zone of saturation (below the water table). Kittrick (1969)
conclude that amorphous aluminum hydroxide or gibbsite
(primary bauxite) was formed directly from kaolinite after

removing of silica. Kaolinite dissolves incongruently to give
gibbsite (as residue material) and amorphous silica (as aque-
ous) in solution; boehmite product is probably due to the de-
hydration of gibbsite.

According to the following chemical equation (modified
from Bardossy 1982), the desilication of parent rocks
(kaolinite) is usually a two process in which hydrous alumi-
num oxides are formed first and then silica is removed from
them to form gibbsite, and continued loss of silica from kao-
linite produced boehmite, and diaspore.

@ Springer
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Fig. 6 XRD patterns of three
bauxite samples. Boeh. boehmite,
Gibb. gibbsite, Kaol. kaolinite,
Hem. hematite, Gth. goethite,
Calc. calcite, Ana. anatase

.Boeh.

Sample A9

Sample A13

Sample D1

Boeh.

Gibb.

Calc.
Boeh.

Kaol.

Ana.
Gibb.

2% 24

20

28

Kaolinite — gibbsite + amorphous silica — boehmite —
diaspore

Al,S1,05(0OH)4 AI(OH)3 + H4Si04 (aqueous) Al,O3:3H,0
A1203'H20

The abundance of bauxite minerals (boechmite and gibbsite)
within the studied lithofacies varies over a wide range: low Fe-
bauxite 25-78 wt.%, high Fe-bauxite 23.5-45.8 wt.%,

bauxitic kaolinite 8.5-24.5 wt.%, and flint clay 0.8—
5.5 wt.% (Table 3). Low iron bauxite of the studied karst
depressions may have been formed under reducing conditions
which caused Al enrichment and the removal of Fe from ka-
olinitic sediments to form the white colored bauxite with
boehmite is the principal component (Kloprogge et al.
2002). The Fe-rich bauxite of some studied profiles indicates

Borehole A
v B
_g_ 2 = Ki Sio, ALO, Tio
Q = = n mll . age
S g 2 (KCI) ! ALO, TiO, 2 Mineral composition
A27 Ll Soil
r4 m
A184 ;I_IIIIII A
05 1.0 15 05 1.0 120 135 240 gg 50 100%
0
Kaolinity Quart Fe-mineral
KCI = kaolinite crystallinity index E aolinte l:l varz - -minerals
[ |Bawite [ ]cacite [l Anatase

Fig. 7 Vertical profiles of crystallinity index of kaolinite (KCI), SiO,/Al,03, Al,O3/TiO; ratios, TiO, value, and mineral composition in the Nuwaifa

Formation
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under oxidizing conditions in temporary fresh water basins
and derived from Fe-rich source materials of Hussainiyat iron-
stone Formation. Similar conclusions were arrived by Schorin
and Puchelt (1987), which mentioned that the ferruginous
bauxite from southeast Venezuela was deposited on land, un-
der oxidizing conditions in temporary fresh water basins.

Kaolinite:

Kaolinite is almost the only clay mineral found in the studied
rocks, with traces of mixed layer of illite-smectite. Kaolinite
occurs as clastic particles in allochthonous and autochthonous
lithofacies, as reworked fragments, as in situ (new formed)
oolites and as late diagenetic infilling of pore spaces and
microveins. The percentage of kaolinite within studied
lithofacies are 16—-65 wt.% in low Fe-bauxite, 21.5—
56.5 wt.% in high Fe-bauxite, 65-86.5 wt.% in bauxitic kao-
linite, and 90-95 wt.% in flint clay (Table 3).

Crystallinity index of kaolinite (KCI) determination was
measured using the method described by Hinckley (1963).
This index is the ratio of the sum of the heights of the reflec-
tions (110) and (111) measured from the inter-peak back-
ground, and the height of the (1i0) peak measured from the
general background (Fig. 8).

The entire spectrum of crystallinity values from poorly
crystallized kaolinite (disordered) to well crystallize kaolinite
(very well ordered) was encountered within the karst bauxite
profiles as follows:

(a) Kaolinite is poorly too moderately and poorly crystal-
lized in clays of allochthonous facies. Reported values
range from 0.3 (disordered) to 0.8 (ordered).

(b) Kaolinite is very well crystallized in bauxitic kaolinite,
bauxite, and flint clay. Crystallinity values range from
0.6 (ordered) to 1.4 (very well ordered). These facies
were generated by the most intensive chemical
weathering, and well-crystallized kaolinite was formed
by the removal of alkalis and silica to produce authigenic
kaolinite as suggested by Bardossy (1989) elsewhere.

(c) Kaolinite is poorly crystallized in iron-rich bauxite fa-
cies. Reported values range from 0.3 to 0.6 with an av-
erage around 0.45. These facies were generated by most
intensive diagenetic reorganization under oxidizing con-
dition. The presence of iron oxides associated with clay
particles affected the crystallinity of kaolinite, which are
generally more disordered than in the low-iron bauxite
facies.

Iron oxide minerals

Hematite and goethite are common authigenic minerals in the
studied rocks. Hematite is the main Fe-mineral in the studied

stratiform and karst bauxites, present in the pisoids, ooids, and
matrix. In the studied bauxite profiles, hematite content de-
creases as bauxite minerals increase. Source rocks contain
about 3.5% hematite, depleted to 1.1% in the low Fe-bauxite.
This trend of continuous Fe-leaching during bauxitization
suggests reducing conditions during the process. Hematite
content is higher in the pisoidal-ooidal bauxites than in the
massive varieties. Abundant angular fragments of hematite
and goethite occur as millimeter-sized clasts in the studied
bauxite and also detrital hematite-goethite fragments in the
ooids.

Iron-rich bauxite facies contain hematite which has some
aluminum as an isomorphic substituent. This variety is called
alumohematite (Bardossy 1982). The XRD analyses of select-
ed iron-rich samples (PH 19/8 and PH 2/1) revealed that he-
matite and goethite are the major Fe-mineral components in
the studied bauxite deposit (Fig. 9). A shift of all peak posi-
tions to larger 20 values is observed with increasing Al sub-
stitution due to the difference in the ionic radii of the Fe and Al
cations, indicating that Al is incorporated into the structure of
hematite to produce alumohematite. The XRD reflections of
alumohematite represent higher 820 values depending on the
degree of aluminum substitution (Fig. 9a).

Goethite is the second most frequent iron mineral of karst
bauxite next to hematite. The bulk of goethite (both syn- and
diagenetic) is the result of pyrite oxidation. Also, Fe is re-
placed by Al to produce alumogoethite especially in iron-
rich bauxite facies (Fig. 9b). The color of Fe-rich bauxite,
which is red or violet in some of the studied bauxite samples,
may thus be a function of the degree of aluminum substitution
(Meyer et al. 2002).

Titanium minerals

Anatase is the only titanium mineral detected in the studied
samples. The Nuwaifa karst bauxites are strikingly rich in
anatase (3.0-5.9). Most of anatase in the studied bauxite is
syngenetic in origin, finely dispersed in the matrix, with a
particle size of 0.1-1.0 pum. The abundance of anatase is
somewhat more common in the matrix materials than in the
concentric particles (oolites, pisolites).

Quartz

Quartz occurs as fine (<0.01 mm) clastic grains and usually
subrounded to subangular, acicular rutile, or tourmaline im-
bedded inclusion within coarse-grained quartz. The contact
between the quartz grains is mostly straight, although some
contacts show either concave or convex pattern in the
alllochthonous facies. Quartz was absent in most of the baux-
ite facies due to its stronger corrosion and partial replacement
by gibbsite and boehmite.
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Fig. 8 XRD patterns of kaolinite
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Calcite in Nuwaifa Formation. Each one has high aluminum

As mentioned above, the bauxitization in the study area is
developed within the Ubaid Formation carbonates (Early
Jurassic) in areas where maximum intersection of fractures
and faults exist. Most of the calcite in Nuwaifa karst bauxite
is of diagenetic and epigenetic origin, formed out of ground
water seeping down from a carbonate cover, and precipitated
as secondary calcite filling the fissures and cracks in the kao-
linitic and bauxite facies.

Geochemistry

Ninety-two rock samples are chemically analyzed for ma-
jor oxides (Al,O3, SiO,, Fe,03, TiO,, CaO, MgO, SOs,
K50, and L.O. I) and trace elements (Zn, Co, Ni, Ba, Mn,
Cr, Sr, and Zr) on studied bauxite deposits to shade some
light into the environment of deposition as well as on the
origin of the deposits. Four bauxitic facies were identified

@ Springer

(53.1 wt.% Al,O3) and low silica contents (22.7% of
Si0,) as in kaolinitic bauxite facies. Analytical data rela-
tive to the various autochthonous bauxite facies are listed
in Table 4. In the present study, average chemical compo-
sition of unaltered kaolinite within Nuwaifa Formation
was used to represent source rocks for low Fe-bauxites,
and average chemical composition of samples collected
from the iron-rich kaolinitic rocks of the neighboring
Hussainiyat Formation was used to represent source rocks
for the high Fe-bauxites.

Using ternary plots of Al,Os—Fe,03-SiO, (Aleva 1994)
unveils some important points concerning the chemical char-
acteristics of the bauxite ores. The Nuwaifa bauxite data
points on these plots show that the ores have bauxite to kao-
linitic bauxite compositions with few samples in buaxitic ka-
olinite field (Fig. 10a). Plots of the Nuwaifa bauxite data on
the of Al,O3—Fe,0;-Si0, triangular diagram (Fig. 10b) illus-
trated different degrees of the lateritization (Schellmann



Arab J Geosci (2017) 10: 72 Page 11 of 15 72
Fig. 9 X—ra}/ povs./der diffraction a om ple E
patterns for iron-rich samples a PH 19/8 z £ £
PH 19/8 and b PH 2/1. Red / - T ? -
vertical lines show the XRD & £ § 5
pattern from the standard hematite T
and goethite
el [ £
£ £
b sample ¥ £ e ©
pH2/1 | ’\ U\
v
I I 1 || 2l 1 I 1

1982). In this diagram, Al,O3-rich samples experienced of
higher degrees of lateritization, while SiO,-rich samples are
indicative of a weaker degree of lateritization (Meyer et al.
2002). In addition, the samples show that the Nuwaifa bauxite
deposit was the product of moderate to strong lateritization.
Moreover, MacLean et al. (1997) proposed that the immobile
elements can even be used to trace the source of aluminum to a
particular rock type or unit. In the Ni—Cr diagram (Fig. 11),
pisolitic-rich bauxite samples of Nuwaifa Formation are
through karst bauxite field or close to the karst bauxite field
with a shale and/or slate that might be the possible parent
rocks.

35
26 (%)

The concentration ratios of chemical changes during
bauxitization were assessed using enrichment factors (C,/
Cy), which the ratio between the content of an element in
any is given bauxitic facies Cb and that of the parent rock Ck.

The average concentration and depletion ratios with respect
to the proposed kaolinite (within karst depressions) as source
rock for the various autochthonous bauxite facies (C,/Cy) are
presented in Table 5. Values >1 represent enriched elements
whereas values <1 represent leached out ones. The most stud-
ied bauxite samples are enriched in the immobile elements
(Al, Zr, Ti, Ni, Cr, and H,O) and depletion of mobile elements
Fe, Ca, Mg, Si, Cu, Zn, Co, Sr, Ba, and Mn. The results show

Table 4 Major and minor

elements in bauxite facies and in Oxides/ Kaolinitic Separated Bauxitic Iron-rich Flintclay  Source rock

the source rock of Nuwaifa elements bauxite pisolites kaolinite bauxite

Formation Low Fe- High Fe-

bauxite bauxite

wt%
SiO, 14.0-32.0 10.2 32.0-41.0 9.8-264  41.3-44.0 44.4 38.6
ALOs 46.1-62.2 623 39.1-450  37.0-51.5  36.0-39.5 34.4 32.7
Fe,05 0.3-2.5 1.6 0.3-5.6 11.2-23.0 0.4-3.5 35 9.3
TiO, 2.0-6.0 2.3 1.5-44 1.6-3.5 1.5-3.9 25 1.8
CaO 0.1-3.6 04 0.2-1.1 0.5-6.5 0.1-0.9 0.5 1.2
MgO 0.1-0.2 0.2 0.1-0.2 0.1-0.2 0.1-0.3 0.3 0.2
LO.1 14.0-22.3 20.2 11.5-19.1 12.6-21.0  13.1-15.0 133 135
Ppm
Zn 25-100 89 34-170 33-40 31-213 93 155
Co 12-68 23 25-68 19-38 25-125 51 40
Ni 20-80 27 41-108 42-63 28-180 50 61
Ba 2-95 16 2-155 39-95 15-144 82 83
Mn 3-34 15 11-45 20-28 9-60 53 59
Cr 130-335 296 142-254 225-330 140275 190 235
Cu 6-30 7 2-46 46-110 2-44 22 78
Sr 6-99 64 36212 26-80 19-145 125 67
Zr 80-337 66 30-183 208-272 50-220 61 98
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Fig. 10 The Fe,03—Al,05-Si0, triangular diagrams showing a the
mineralogical classification of the bauxite ores (after Aleva 1994), b
degree of lateritization (after Schellmann 1982) in the Nuwaifa bauxite
Formation

that Zr was enriched more than Al in all bauxite facies. The
enrichment values of Zr of the kaolinitic bauxite and iron-rich
bauxite (Cp/Cy = 2.93 and 2.44, respectively) are higher than
those of the bauxitic kaolinite and flint clay facies (Cy/
Cy = 1.88 and 1.74, respectively). Ni is more enriched than
Al in bauxitic kaolinite and flint clay facies (C,/Cy = 1.26 and
1.38, respectively), whereas in kaolinitic bauxite and iron-rich
bauxite facies, Ni is less enriched than Al (C,/C, = 1.1 and
0.85, respectively). Although alumina is the main chemical
component of bauxite, its enrichment relative to the parent
rock is more restricted than that of Zr and Ni (Table 5, such
as in bauxitic kaolinite and flint clay facies). Some trace ele-
ments were depleted during the bauxitization process. This
represents a little leaching of the initial silica content
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Fig. 11 Plot of Ni versus Cr concentration values for various types of

bauxites in relation to various precursor rocks (after Schroll and Sauer 1968)

especially in bauxitic kaolinite (C,/Cy = 0.84) and flint clay
facies (Cy/Cy = 0.93) and leaching of significant amount of
silica from the kaolinitic bauxite (C/Cy = 0. 53) and iron-rich
bauxite (C/Cy = 0.23).

The values for the molecular ratio Ki approaches 2.0 for
pure kaolinite and zero for pure alumina (diaspore).
Comparing the variation in molecular ratios of selected baux-
ite facies with the source materials (kaolinite of the neighbor-
ing Hussainiyat Formation and weathered clay within the
Nuwaifa Formation (Table 6 and Fig. 7) show decline in their
averages in the average values of Ki and rw from flint clay
(1.14 and 1.06, respectively) to bauxitic kaolinite (0.91 and
0.87, respectively) to kaolinitic bauxite (0. 55 and 0.43, re-
spectively). These changes result from the breaking up of the
aluminosilicate constituents of the unaltered clays within the
Nuwaifa Formation during its weathering under tropical con-
ditions to form the bauxite ore.

Mineral genesis and ore-forming environment

The mineralogical and geochemical data obtained in this study
suggest that Nuwaifa bauxite Formation in the Western Desert
of Iraq is similar to other mineable bauxite deposits in the
world, such as in Zagros Mountain Belt, southern Iran as the
bauxitic—lateritic deposits (Zarasvandi et al. 2008), Mombi
bauxite deposit, Zagros Mountains, Iran as typical of the karst
type (Zamaniana et al. 2016), Caribbean bauxite ore province,
Jamaica Island (Bardossy 1982), southern Spain (Molina et al.
1991), Weipa bauxite, northern Australia (Taylor et al. 2008a,
b), Sardinia (MacLean 1990; MacLean et al. 1997), and south-
ern Italy (Mongelli 2002). The mainly oolitic—pisolitic tex-
tures of the studied bauxite, their lack of graded- or cross-
bedding, plus the presence of boehmite, a common Al-rich
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Table 5 Average concentration

ratios (Cy/Cy) of major and minor Elements Kaolinitic bauxite Iron-rich bauxite Bauxitic kaolinite Flint clay

elements in autochthonous facies

as compared with kaolinite source ~ Enriched Zr 293 244 1.88 1.74

rocks enriched elements (Cy/ Al 1.54 1.32 1.21 1.10

Cy > 1), depleted elements (Cy/ Ni 1.10 0.85 126 138

Ge<D )
Ti 1.31 1.3 1.05 1.04
Cr 1.07 1.32 1.03 1.02
H,O 1.30 1.05 1.13 1.05
Fe 1.30 1.80 0.40 0.43

Depleted Ca 0.81 0.80 0.66 0.63

Mg 0.60 0.64 0.60 0.60
Si 0.53 0.23 0.84 0.93
Cu 0.63 0.92 0.77 0.86
Zn 0.56 0.25 0.73 0.86
Co 0.54 0.70 0.74 0.94
Sr 0.40 0.65 0.27 0.71
Ba 0.28 0.78 0.40 0.87
Mn 0.22 0.40 0.26 0.50

mineral in karst depression, indicate an authigenic origin for
the Nuwaifa bauxite deposits.

On the basis of mineralogy, texture, chemical compo-
sition, and physical properties, the bauxite deposits of
Nuwaifa Formation contain many of the attributes, which
also indicate that weathered clastic rocks of the lower
Hussainiyat Formation are the original source rock from
which the bauxites were derived. A few extraclasts of
kaolinite and oolitic kaolinite were found scattered within
the flit clay and bauxitic kaolinite deposits of the karst
profiles. These extraclasts are believed to have been de-
rived from the lower Hussainiyat Formation because of
the short transport and consequent rapid deposition.
Another evidence of Hussainiyat source is that the unal-
tered clays within Nuwaifa Formation and clays of the
lower Hussainiyat show similar average values of the mo-
lecular ratios of (SiO,/Al,05 and SiO,/Al,05; + Fe,03 ).

This suggests that the clays of the lower Hussainyat
Formation and the Nuwaifa Formation are genetically
related.

According to the ternary plots of Al,O3-Fe,03;-Si0,,
Schellmann (1982) and Aleva (1994) unveil some important
points concerning the chemical characteristics of the bauxite ores.
The Nuwaifa bauxite data points on these plots show that the ores
have bauxite to kaolinitic bauxite compositions and formed dur-
ing moderate to strong lateritization processes. During this stage,
large amounts of alkalies and silica were leached out from the
system, while less mobile or immobile elements such as AP+,
Ti*+, Cr'+, Niz+, and Zr*+ were retained in the different layers of
the lateritic profiles. The main aluminum minerals of the bauxite
ores formed at this stage are mainly boehmite and less gibbsite.
Two phases of bauxitization can be deduced in the study area,
namely reduction phase processing of low-iron bauxite and ox-
idizing phase processing of high-iron bauxite.

Table 6 Summary of chemical
ratios within bauxitic facies and
source rocks

Facies Ki = Si0y/AL O3 ™w = AlLO3/AL O3 + Fe,03
Range Average Range Average
Source rocks
Kaolinite of the neighboring Hussainiyat Fn. 1.16-1.96 1.44 1.04-1.45 1.22
Weathered clay within Nuwaifa Fn. 1.00-1.51 1.23 0.6-1.25 1.03
Bauxitic facies
Flint clay 1.11-1.21 1.14 1.05-1.16 1.06
Fe-rich bauxite 1.06-1.32 1.24 0.7-1.02 0.86
Bauxitic kaolinite 0.72-1.01 091 0.71-1.0 0.87
Fe-rich kaolintic bauxite 0.56-0.61 0.55 0.37-0.38 043
Kaolinitic bauxite 0.22-0.69 0.45 0.21-0.68 0.44
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Conclusions

1. Nuwaifa bauxite Formation of Early Eocene age is devel-
oped in the deep sinkholes and depressions (up to 70 m
deep) in the carbonate rock zones of the Ubaid Formation
(Early Jurassic) in the Western Desert. The karst-fill de-
posits consist of several fining upward cycles of quartzose
sandstone and kaolinitic claystone (allochthonous
lithofacies) with (or without) bauxite and bauxitic flint-
clay lenses in the middle of the karst sinkholes.

2. Petrographic and mineralogical investigation reveals that
kaolinite is the dominant clay mineral in the studied area
and the boehmite is the dominant bauxite mineral with
minor amount of gibbsite in the studied karst bauxites.
These minerals show diagenetic textures formed by chem-
ical and mechanical rearrangement of materials. These
include the following: angular intraclasts (bauxite frag-
ments); oolitic-pisolitic, colloform, flow-like, and brecci-
ated textures.

3. Ferruginous bauxites in the Nuwaifa stratiform deposits
were developed under subaerial oxidizing conditions and
were derived from relatively Fe-rich source rocks as
Hussainiyat ironstone deposits.

4. The principal chemical constituents of the bauxite are the
Al,O5, Fe,03, and SiO, mineralogically representing ka-
olinite and hydrated gibbsite and boehmite in this study.
These oxides account for 80% of the bauxite of the
Nuwaifa Formation. Enrichment and depletion of major
and trace elements during the bauxitization process may
be attributed to changes in pH and/or Eh values as well as
the mobility of these elements. The following ions were
enriched in bauxite A+, Ti*+, Cr’+, Ni*+, and Zr*+. By
comparison, the ions Si*+, Fe’+, Zn’+, Co*+, Ba’+,
Mn2+, Cu2+, and Sr’+ were leached out.
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