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The present study concerns Oligo–Miocene oolitic ironstones of the Ashumaysi Formation between
Jeddah and Makkah in the western part of the Arabian Shield, western Saudi Arabia. The Ashumaysi
Formation contains oolitic iron ore as 2–3 m thick beds. The formation is exposed along the western mar-
gin of Wadi Ashumaysi. It dips toward the east and unconformably overlies Precambrian rock and con-
formably underlies a Miocene basalt flow of the Sita Formation.
The Ashumaysi ironstones are mainly hematitic sandstone and oolitic ironstone. The oolitic ironstones

vary in color (reddish, brownish, yellowish, or violet). Petrographic analysis indicated that the ironstones
are composed of different shapes of ooids (ooliths), pelloids, and rarely pisoids (pisoliths) within ferrug-
inous cement and matrix, which consists of clay minerals with fine to medium grained quartz XRD with
EDX analysis of representative samples indicated that hematite, goethite, chamosite, and quartz are the
main components of the oolitic ironstone.
The main processes responsible for the formation of these oolitic ironstones are progressive diagenetic

dehydration and recrystallization of the amorphous ferrous hydroxides and the formation of oolitic and
pisolitic goethite and hematite within different fabrics.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Phanerozoic sedimentary ironstones generally occur as thin
sequences with oolitic textures deposited in shallow marine or
nonmarine environments (Young et al., 1989; Taylor, 1992). It is
widely believed that the concentric rings that are characteristic
of oolites are formed primarily by chemical precipitation
(Yoshida et al., 1998). The occurrence of oolitic ironstones com-
monly corresponds to times of relatively high sea level, when
warm and humid climate enabled chemical weathering (Blatt
et al., 1980; Gilbert and Park, 1986). However, the process by
which oolitic textures form and the timing of hematite crystalliza-
tion in these rocks is still a matter of conjecture (Maynard, 1983;
Young et al., 1989; Kimberley, 1994).

Since the discovery of oolitic hematite beds in the Fatima and
Ashumaysi areas, the Ashumaysi Formation, of probable Oligocene
age (Cox, 1964), has become the most important sedimentary
sequence between Makkah and Jeddah in Saudi Arabia. The Ashu-
maysi Formation contains two main oolitic iron ore beds varying in
thickness from 2 to 3 m thick. The total ore reserves in the district
are considered to be ~70 million tons, averaging ~45–48% iron con-
tent. Extraction of this iron ore will help diversify the economy of
the country, which for the last 20 years has depended on oil as its
main source of revenue. The government of Saudi Arabia is plan-
ning to build a steel plant in Jeddah and to mine the iron ore in
the Ashumaysi Formation. The origin and environment of iron
ooids have long been subject to assumptions and conjecture. These
are thought to be deposited at a very slow rate as condensate
sequences in moderately to very shallow water conditions
(Burkhalter, 1995).

The study area (Fig. 1) is a part of the Makkah topographic
quadrangle sheet (Moore and Al-Rehaili, 1989), and it is in the
southern part of the Hijaz geographic province. A flat, low- lying
coastal plain (Tiharnat Al Hijaz) is followed eastward by the rugged
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Fig. 1. Location and geologic map of study area, modified after Al-Shanti (1966) and Moore and Al-Rehaili (1989).
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Sarawat Mountains, which culminate in a major erosional escarp-
ment that resulted from uplift of the Arabian Shield in association
with Red Sea rifting (Moore and Al-Rehaili, 1989). A moderately
dissected plateau slopes gently eastward from the edge of the
escarpment, which is portrayed toward the east side of the quad-
rangle. The flat Cenozoic Harrat Rahat lava field (extrusion began
at about 10 Ma, Camp and Roobol, 1987) and its erosional rem-
nants occur in the northern part of the area represented by the
quadrangle.

The eastward-dipping Ashumaysi Formation, which occupies
the Ashumaysi trough, is exposed along the western margin of
Wadi Ashumaysi. These exposures tilt toward the northeast with
an angle in the range 15�–35�. The formation unconformably over-
lies Precambrian basement and conformably underlies a basalt
flow of the Miocene Sita Formation. Although the basal unconfor-
2

mity is not exposed in this area, the contact with the overlying
basalt at the base of the Sita Formation is exposed for a short dis-
tance at one locality.

Although the thickness of the Ashumaysi Formation varies in
the range ~74–183 m, the section as measured by Al-Shanti
(1966) at Wadi Ashumaysi is ~141 m thick. He subdivided it into
three parts: a 64 m-thick basal part, a 13.4 m-thick middle part,
and a ~64 m-thick upper part. On the basis of fossils from different
outcrops of the Ashumaysi Formation in the map area, Cox (1964)
concluded that the age of the formation is Oligocene, which is
younger than earlier thought (Eocene).

However, Al-Shanti (1966) concluded that the deposition of
Ashumaysi Formation occurred under a shallow-water environ-
ment with marked transgression and regression of the sea during
the deposition of the three different parts. The presence of oolitic
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iron-ore beds in the middle part suggests strong wave action. Also,
Al-Shanti (1966) concluded that, turbidity and agitation caused
alumina-gel and hydrohematite colloids in the water; to attach
themselves to nuclei of either silica (in the form of angular quartz
grains) or of hematite grains. The stratigraphic setting of the actual
oolitic ironstones and their composition, textural maturity, inter-
nal sedimentary structures, and lateral facies changes intensified
the concentration of their ferruginous ooids. The short-lived,
small-scale prograding regimes were terminated during the highly
agitated conditions along bar flanks and bar crests during the
regressive events (Taj, 2011).

2. Materials and methods

During our field study, we measured and sampled the lithos-
tratigraphic sections. For microscopic examination, we collected
a representative set of 70 samples from different lithologies, partic-
ularly the oolitic iron ore. We then took corresponding photomi-
Fig. 2. Lithostratigraphic columnar sections of Ashu
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crographs and prepared careful descriptions of the minerals,
grains, intergranular relationships and aggregates, and matrix or
cements for each sample. We also used X- Ray Diffraction (XRD)
analysis to examine 15 samples representing the main lithologies
and the oolitic iron ore of the Ashumaysi Formation in the study
area. To facilitate accurate mineral identification, the XRD analysis
was conducted on powdered bulk samples from various rock types.

We used a high-performance Scanning Electron Microscope
(JSM-6380 LA) with a Kevex-Ray unit to reveal textural relation-
ships among the minerals. Running at 0.3–30 kv, the resolution
of the unit was 3.0 nm and the magnification was 18–300,000X.
Maximum specimen size was 203.2 mm. By also enabling morpho-
logical identification of the minerals, this SEM analytical technique
afforded accurate mineral identification and was particularly use-
ful for determining the minerals of the oolitic iron ore minerals
and the matrix or cement. We prepared 12 representative samples
for SEM study; after initial ultrasonic cleaning of the specimens, we
coated the fresh surfaces with a gold–palladium alloy. For qualita-
maysi Formation at field locations C, D, and E.
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tive chemical analysis, we ran EDX analyses. By linking the EDX
unit to a data-processing computer (Welton, 1984), we were able
to gather all 12 signals simultaneously with error as low as 1%.
The obtained spectra were processed by using a Link Analytical
Systems AN1000 computer, which interactively corrected for the
effects of atomic number and for absorbance and fluorescence
factors.
Fig. 3. Field photographs of studied outcrop sections C (a–d) and D (e–h): (a) Oolitic iro
ironstone bed (arrow). (d) Thin, reddish-to-violet oolitic ironstone bed at the upper part
Alternating sequences of hematitic ironstone, fine-grained sandstone, and white mudsto
sequences composed of ferruginous medium- to coarse-grained sandstone (in upper pa
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3. Results

3.1. Lithostratigraphy

Generally, the Ashumaysi Formation in the study area is a clas-
tic sedimentary succession that includes intermittent hills rising
gently from the valleys along the western banks and rests noncon-
nstone(arrow). (b) Reddish oolitic ironstone beds (arrow). (c) Reddish-violet oolitic
of section (arrow). (e) Reddish medium- to coarse-grained sandstone beds (Ss). (f)
ne beds. (g) Two oolitic ironstone beds (in middle part of section). (h) Alternating

rt of section).
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formably on crystalline basement rock (Fig. 1). These small, dark-
brown to black isolated hills that expose the formation are con-
trolled mainly by northwest-oriented faults flanking Wadi Ashu-
maysi. We measured six stratigraphic sections (A–F in Fig. 1),
varying in thickness (height) within ~20–65 m. The lowermost sec-
tions of the studied succession are not completely exposed but are
represented by the appearance of pebbles and cobbles of quartz
grains. This represents a very proximal facies in the lowermost part
of the sequence as a result of the high magnitude of the northwest-
trending faults alongside the wadi. The following paragraphs
describe three sections that are representative of the main
outcropping lithostratigraphic units.

In studied section C, the Ashumaysi Formation is ~60 m thick
and is nonconformable with the underlying basement rock
(Fig. 2). The lower part of the formation is covered mostly by
a ~10-m-thick of fragmented slumped rocks. Bedded and alternat-
ing conglomerate and medium- to fine-grained sandstone noncon-
formably overlie the erosional surface of the crystalline basement
rock. Ferruginous sandstone beds top the conglomerate-and-
sandstone layers. These are overlain by a deep-red 1.5-m-thick
oolitic ironstone beds (Fig. 3a), which gradually change from red-
dish to reddish violet (Fig. 3b–3d) and in some places midsection
occur as reddish to yellowish sandy oolitic ironstone. The upper
part of the section is composed of rhythmically alternating red to
yellowish bedded mudstone. At the top of the section, siltstone
and red to yellowish medium- to fine-grained sandstone alternate
with mudstone. The studied section is capped with a thin, reddish
oolitic ironstone bed.

In studied section D, the Ashumaysi Formation is also ~60 m
thick and is nonconformable with the underlying basement rock
(Fig. 2). The section begins at the base with several depositional
cycles composed of coarse- to fine-grained sandstone with some
conglomeratic layers. Thin, ferruginous sandstone layers and very
fine-grained reddish sandstone with some white, fine-grained
sandstone alternate to form distinct depositional cycles (Fig. 3e
Fig. 4. Field photographs of studied outcrop section E: (a) Two ~0.5-m-thick oolitic iron
sandstone bed (RhSs). (d) Reddish hematitic sandstone bed (in upper part of section).
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and 3f). Two oolitic ironstone beds with different thicknesses over-
lie these cycles in the middle part (Fig. 3g). Another oolitic iron-
stone bed is in the upper part of the studied section (Fig. 3h).

The third studied section, E, is ~25 m thick and is in the north-
ern part of the study area (Fig. 2). A 0.5-m-thick oolitic ironstone
bed is the lowest exposed unit in the section (Fig. 4a). Hard reddish
mudstone layers overlie this oolitic ironstone bed (Fig. 4b). The
massive mudstone is overlain by medium- to coarse-grained sand-
stone exhibiting graded bedding. The oolitic ironstone varies in but
is mostly ~40 cm thick. The upper part of the section is composed
of thin, successive, multicolored reddish fine-grained sandstone
beds (Fig. 4c) overlain by red ~15-cm-thick oolitic ironstone. A red-
dish fine- to medium-grained hematitic sandstone bed in the
upper part of the section (Fig. 4d) is overlain by upward-thinning
cyclic beds, in which each cycle begins with a lower silty mudstone
or siltstone that grades upward into a ferruginous muddy and silty
massive ironstone (oolitic ironstone) bed.
3.2. Petrography

The Ashumaysi ironstones are mainly hematitic sandstone and
oolitic ironstone. The oolitic ironstone rock samples are vary in
color, reddish, brownish, yellowish, and violet colors. They are
composed of ooids (ooliths), pelloids, and rarely pisoids (pisoliths)
within ferruginous cement and matrix. The matrix consists of clay
minerals and fine- to medium-grained quartz.

The ooids vary in shape from rounded (spheroidal) to elliptical.
Each consists of concentric layers of varying composition around a
core. These layers consist mainly of hematite, goethite, and chamo-
site. The cores are mainly massive hematite and goethite, quartz
grains, and broken ooids, or they may be empty (or undefined).
The studied oolitic sandstone of the Ashumaysi Formation consists
of fine- to medium-grained, angular to subrounded quartz sand
cemented by hematitic materials. Ultimately, the embayed quartz
is the result of the corrosion of the quartz grains by the hematitic
stone beds. (b) Hard (massive) reddish mudstone layer (Ms). (c) Reddish hematitic
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domains that gradually formed (Fig. 5a). The studied oolitic iron-
stone in some thin sections have well-laminated grains (Fig. 5b).

Most of the studied ironstone oolites are spheroidal (well
rounded) with minor or subordinate elliptical types (Fig. 5a). The
ooids are composed of outer or concentric layers of hematite and
Fig. 5. Photomicrographs of oolitic ironstone of Ashumaysi Formation: (a) Oolitic sandst
domains (PPL, 10x). (b) Well-laminated, rounded oolitic ironstone (PPL, 10x). (c) Compos
hematitic matrix (PPL, 10x). (e) Ooid grain with eccentric core (PPL, 10x). (f) Fusiform oo
Well-rounded ooids with well-defined cortex (XPL, 10x).
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goethite, which are poorly distinguished in some ooids. Most of
the oolites are of single type grain with some showing composite
grains (Fig. 5c). Some elliptical or ovoidal ooids may not have cores
or may have concentric layers lacking cortices (Fig. 5d). The spher-
oidal or elliptical ooids of the Ashumaysi ironstone have different
one showing ultimate stages of corrosion of quartz grains with advancing hematitic
ite grains consisting of several ooids (PPL, 10x). (d) Ovoidal ooid (lacking cortex) in
id grain (PPL, 10x). (g) Fragmented ooid grain with incomplete cortex (PPL, 10x). (h)
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shapes and compositions. Some have well-defined cortices and dif-
ferent core compositions and shapes. Eccentric cores and thick cor-
tices are seen in some thin sections (Fig. 5e). Other ooids show
fusiform shape due to different pressures and winnowing effects;
others have complete or incomplete cortices around fragmented
ooids (Fig. 5f).

Some spheroidal or egg-shaped ooids were subjected to defor-
mation and show radial shrinkage fractures and empty cores
(Fig. 5g). Well-rounded ooids and well-defined cortices of different
ooid sizes and various core compositions have been observed
within matrices composed of fine- to medium-grained quartz
and hematite–goethite cement (Fig. 5h). Some of these ooids, par-
ticularly the elliptical ones, have asymmetric cortices.

Well-defined cortices with thick laminae including white cha-
mositic layers were observed in some samples of well-rounded
ooids; some show fragmented hematitic cores and others have
empty cores and hematite–goethite cement (Fig. 6a and 6b). Some
of the ooids are broken owing to compaction. In some of the ellip-
tical ooids, the cores are composed of quartz grains (Fig. 6c) with
Fig. 6. Photomicrographs of oolitic ironstone of Ashumaysi Formation: (a) Well-rounde
with well-defined cortex without core (PPL, 25x). (c) Elliptical or ovoidal oolitic iron grain
(PPL, 25x). (e) Progress of hematitization and corrosion that led to transformation of oolit
10x). (f) Ooid remnant from transformation and dissolution processes (PPL, 10x).
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hematite iron cores; others have undefined or empty cores
(Fig. 6d).

The ooids of the Ashumaysi ironstone were subjected to late
diagenesis represented by fragmentation and dissolution. In many
samples, we found evidence of dissolved ooids, which were proba-
bly due to physicochemical conditions that led to the etching and
digestion or dissolution of the ooids into the matrix (Fig. 6e). The
progress of hematitization and corrosion led to the transformation
of the ironstone oolite grains in the matrix, resulting in extensive
areas of hematite cement. Some ooids are completely dissolved
and have become cementing materials, whereas others are found
as relics or remnants (Fig. 6f).

Diagenetic processes played important roles in the evolution of
the oolitic ironstone. The diagenetic recrystallization and dehydra-
tion of the precursor amorphous iron-bearing clays are closely
associated with the progressive formation of ferrous hydroxides,
goethite, and hematite in successive stages of water loss. These
processes began with the formation of honey-colored clays stained
by ferrous hydroxides.
d ooid with well-defined cortex, showing slight fragmentation (PPL, 25x). (b) Ooid
with core composed of quartz grains (Qz) (XPL, 10x). (d) Elliptical ooid without core
ic iron grains into matrix as a result of widespread hematite-cement formation (PPL,
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3.3. Mineralogy

XRD analysis of representative samples indicated that the main
compositions of the oolitic ironstone are hematite, goethite, cha-
mosite, and quartz (Fig. 7). We obtained SEM images and EDX
spectra of the hematite and chamosite in the studied oolitic iron
ore (Fig. 8), which together indicated that the bright parts in the
SEM images are hematite, clearly the main mineral in the Ashu-
maysi oolitic iron ore. The hematite exists in two forms: as very
fine grains in concentric oolitic layers (Fig. 8a–8d) and as larger
grains in the spaces between the aggregated ooids.
Fig. 7. XRD pattern for representative oolitic ir
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Goethite we found to occur in various forms-as concentric
monomineralic layers in some ooliths or alternating with hema-
tite in other samples; in massive form and disseminated in the
matrix; in ooid cores, with a spongy appearance; and/or as col-
loidal traces. The goethite was readily distinguished by XRD
analysis (Fig. 7). Chamosite, a ferrous aluminous silicate (Chem-
ically, it resembles the iron-rich chlorite), contains regularly
alternating layers with tetrahedral and tri-octahedral
components. (Its 2:1 layer structure is similar to that of mica,
with a basal spacing of 14 Å.) Its general composition is
(Mg,Fe,Al)6(Al,Si)4O10(OH)8, where iron is the main component,
onstone samples of Ashumaysi Formation.



Fig. 8. SEM and EDX analytical results. (a) Ovoidal iron ooid. (b) Ooid microtextures showing concentric layers. (c) Hematitic composition of cortex. (d) Results of EDX
analysis representing hematitic composition of cortex. (e) Iron ooids and cementing materials. (f) Microtextures of cortex and cementing materials. (g) Chamositic flecks of
ooid and cementing materials. (h) Results of EDX analysis.
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Fig. 9. PPL, SEM, and EDX analytical results. (a) Rounded and empty ooids with pelloids within hematitic sandstone (PPL, 25x). (b) Hematitic fine-grained sandstone and
pelletal grains within highly angular and embayed quartz (PPL, 10x). (c) SEM image of detrital quartz grain in groundmass (matrix). (d) EDX analysis of matrix and spot
analysis of quartz grain.
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aluminum is in lower proportion, and magnesium and silica are
slightly higher in proportion than the aluminum.

The chamosite ooids commonly contain concentric layers of
oxidized materials representing interludes of higher redox poten-
tial in the bottom environment during accumulation. As expected,
the Al2O3 content is higher than in most other types of ironstones,
and thus the chamosite can be considered as largely a product of
sea-bottom reactions between ferrous iron in solution and detrital
clay particles (James, 1966; Bhattacharyya, 1980; Bhattacharyya
and Kakimoto, 1982; Bhattacharyya, 1983, 1989; Rude and Aller,
1989). However, the replacement of clastic material by chamosite
indicates that the formation process was not simply clay diagene-
sis. The SEM images and EDX spectra for representative samples
(Fig. 8e–h) show chamosite flecks with the hematite–goethite min-
erals in both the concentric layers and the groundmass.

Quartz in the Ashumaysi oolitic iron ore is granular (detrital) in
form and is found inside the ooids and in the spaces between the
aggregated ooids (Fig. 9a–d). Although its particle size ranges from
medium-grained to very fine sand, the majority of particles are
commonly of fine sand. The granular quartz exists (Fig. 9c and d).
Because the quartz does not appear as oolitic layers but instead
as nuclei associated with the iron oxides, the quartz in the Ashu-
maysi oolitic iron ore apparently is easily liberated from the hema-
tite to separate out the iron minerals.
4. Discussion

Ferretti (2005) considered that the origin and formation of the
oolitic ironstones were still under discussion but were agreed to
10
be within the context of low-energy (e.g., Gygi, 1981) or turbulent
(e.g., Hallam, 1975) hydrodynamic systems. These have been
thought to have been related (e.g., Hallam and Bradshaw, 1979;
Van Houten and Purucker, 1984; Bayer et al., 1985; McGhee and
Bayer, 1985; Teyssen, 1989; Young, 1989a) or unrelated (e.g.,
James and Van Houten, 1979) to sea-level fluctuations. Where
sea-level changes have been considered to play a role, iron ooids
have been variously interpreted as having formed at sea-level low-
stands (e.g., Dreesen, 1989; Madon, 1992), during transgressions
(e.g., Young, 1989b; Chan, 1992; Burkhalter, 1995; Taylor et al.,
2002), or at maximum-flooding surfaces (e.g., Young, 1992).
Heikoop et al. (1996) reported modern primary iron ooids in reef
areas characterized by hydrothermal-water venting.

The studied oolitic ironstones were initially formed of fine-
grained hematite, which is commonly distributed in the cortices
of the ooids. The ooids rolled over in agitated waters and acquired
successive concentric layers by the enveloping precipitation of col-
loidal hydrohematite and alumina gel. The red ferruginous beds of
the Precambrian Fatima Series in the area are considered to have
been the main source of hematite forming the oolites (Al-Shanti,
1966). Conversion of Fe-rich materials that were initially contained
in unconsolidated ooids, the hematite (Fe2O3) likely formed by sec-
ondary diagenetic processes. The hydrated ferric oxide precursor,
such as an amorphous FeO–OH or goethite, was considered to have
been the main source of hematite in sedimentary rocks that diage-
netically formed by an aging process that involved dehydration
(Tucker, 1991).

After the formation and consolidation of the initial ooids, the
material was converted to hematite–chamosite ooids during diage-
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nesis. Although the formation process of chamosite [(Mg,Fe)3Fe3(-
Si3Al)O10(OH)8] is poorly understood, it is assumed to precipitate in
environments that fluctuate from oxic to anoxic conditions with-
out sulfide activity (Kimberley, 1979; Tucker, 1991).

The color conversion of in-situ peloids from reddish-brown to
black reflects the final stages of dehydration and recrystallization
of the ferrous hydroxides, during which oolitization occurred (by
the tangential growth of the ferrous hydroxides) and pseudo-
ooids formed.

5. Conclusions

On the basis of data obtained from field observations and petro-
graphic and mineralogical studies of the Ashumaysi Formation, we
concluded the following:

� The oolitic ironstones of the Ashumaysi Formation between Jed-
dah and Makkah are enclosed mainly within the middle part of
the Oligo–Miocene siliciclastic succession of the western part of
the Arabian Shield, western Saudi Arabia.

� The complete hematitization of the formed ferrous hydroxides
laminae and the formation of black peloids with very faint ooli-
tic structure occurred during the final stages of dehydration and
recrystallization.

� The amorphous ferrous hydroxides were diagenetically recrys-
tallized into goethite and hematite during prolonged stages of
advanced hematitization.

� The enveloping chamosite and hematite layers show that the
two minerals are of contemporaneous origin, although the
hematite also has replaced chamosite.

� The ooids were transformed and dissolved and the hematitic–
goethitic cement formed by late diagenetic processes.

� Replacements occurred diagenetically while the sediments
were still unconsolidated, and apparently no significant
amounts of iron have been added since sedimentation ceased.
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