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ABSTRACT

The basal section of the Wajid Sandstone, exposed in Abha and Khamis Mushayt area of Asir Province,
southwest Saudi Arabia, is represented by several small outliers on a Precambrian basement complex
comprising different metamorphic and igneous rocks including schist, amphobolite, granite, diorite, and
gabbro. The Wajid Sandstone in the study area is up to 300 m thick and consists dominantly of coarse- to
medium-grained cross-bedded sandstone. Based on color and lithologic characteristics, this Sandstone is
divided into two informal units: (/) Red Unit (basal unit); and (i7) Grey Unit. The Red Unit is
characterized by an abundance of iron-rich horizons (referred to as ironstone in this paper), while Grey
Unit is significantly poorer in iron-rich horizons. The ironstone outcrops as fracture-fills, portions of
sandstone beds, encrustrations on foresets of cross-bedded sandstone units, and as concretions and
nodules.

Geochemical investigations show that the Fe concentrations of the ironstone range from 9% to over
15%. Petrography shows that the ironstone is an iron-cemented/coated medium- to coarse-grained quartz
arenite. Hematite and goethite, which represent the dominant iron minerals, typically occur either as pore-
fills or as grain-coating cements. A late diagenetic origin of the iron is indicated by the partial
replacement of early calcite cement by iron oxides. Preservation of delicate morphologies of the iron
minerals, as shown in scanning electron microscopy (SEM), also favors a late-diagenetic origin of the iron
minerals in the ironstone. A negative correlation between Ca and Fe as determined by geochemical
studies adds further to this conclusion. Petrographic and geochemical evidence also suggest that the iron
in ironstone intervals in the Wajid Sandstone was derived from a number of sources including:
(¢) dissolution of the labile, ferromagnesian minerals in the Sandstone itself; and (ii) weathering of the
basement complex in the area. The presence of numerous pegmatite veins in the underlying basement
complex, clasts of jasper in the ironstone, and the sporadic occurrences of kaolin horizons atop of the
basement complex indicate extensive weathering and/or hydrothermal activity in the area. It has been
suggested that hydrothermal circulation was active during and immediately after the deposition of the Red
Unit. Based on the mode of occurrence of the iron-rich horizons, and paucity of ferromagnesian minerals
in the sandstone, it is likely that hot hydrothermal fluids not only helped dissolution of the labile
ferromagnesian minerals in the Wajid Sandstone, but also drove the circulation of the iron-bearing fluids
responsible for the formation of the ironstone.

Key Words: Wajid; Ironstone; Origin; Petrography; Geochemistry.
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ORIGIN OF IRON-RICH BEDS IN THE BASAL WAJID SANDSTONE,
ABHA-KHAMIS MUSHAYT AREA, SOUTHWEST SAUDI ARABIA

1. INTRODUCTION

The Wajid Sandstone (Ordovician—Permian) on the Arabian Shield is a medium- to coarse-grained siliciclastic unit
forming as outliers on the peneplained surface of a dominantly Precambrian basement complex [1-3]. The abundance of
iron (in the form of iron-rich horizons) in the Wajid Sandstone has been reported by a number of workers including
Grenwood [4], Babalola [5], and Hussain et al. [6]. Hussain et al. [6] observed iron-rich horizons (ironstone as defined
by James [7]) in the basal section of the Wajid Sandstone in the Abha—Khamis Mushayt area, Asir Province (longitudes
42° and 42° 53'E and latitudes 17° 50" and 18° 15'N). Until now, there has been no detailed study of the origin of this
ironstone. Based on detailed fieldwork, and petrographic and geochemical data, the present study explains the origin of
this ironstone in Abha and Khamis Mushayt area (Figure 1).

2. METHOD OF STUDY

A total of twenty-nine (29) iron-rich samples were collected from different outcrops of the Wajid Sandstone in the
study area. Samples were processed for thin-section petrographic and geochemical analyses. Thin section petrography,
X-ray diffraction (XRD), and scanning electron microscopy (SEM) were used in identifying the mineralogy of the
ironstones. Geochemical analysis, which involved inductive coupled plasma (ICP) and X-ray fluorescence (XRF),
determined the major, minor, and trace element chemistry of the samples.

3. GEOLOGICAL SETTING OF THE STUDY AREA

The Abha and Khamis Mushayt area constitutes part of the Asir terrane, an oceanic terrane that occupies southwestern
part of the Arabian Shield in Saudi Arabia [8, 9]. During the Precambrian to Early Cambrian the basement complex was
subjected to compressional stress and subsequent peneplanation associated with the Idas Orogeny [10]. The Wajid
Sandstone nonconformably overlies the deeply weathered, peneplaned surface of the Proterozoic basement complex [3,
11, 12]. Uplift and erosion, related to the Hercynian Orogeny, have also affected the early Paleozoic sequences in the
area, as indicated by the presence of incised valleys [5].

Tertiary laterite, columnar basalt, sparse Quaternary basalt, and surficial materials overlie the Wajid Sandstone in the
southeastern and west central parts of the Abha quadrangle. Intense weathering of the basalt is indicated by well-
developed laterite horizons. Farther to the east, in Wadi Ad Dwasir area, the Wajid Sandstone is overlain by the Permian
Khuff Formation.

3.1. Basement Complex

The basement complex in the area is part of the Asir terrane, an arc-derived terrane with rocks ranging in age from 850
to about 638 Ma [8]. In Abha—Khamis Mushayt area the basement complex made up of metamorphosed volcanic and
sedimentary rocks of the Baish, Bahah, Jeddah, and Halaban Groups, as well as upper Proterozoic plutonic rocks ranging
from gabbro to granite [1, 4, 8]. A recent study by Johnson et al. [13] suggests that volcanic/plutonic activity continued
until 606 £2 Ma in the Asir terrane. Based on field evidence, especially the presence of pegmatite dykes in the basal
part of the Wajid Sandstone and patchy kaolin horizons (of possible hydrothermal origin) in the interval between the
basement and the Wajid Sandstone, Hussain ef al. [14], argued for the continuation of plutonic/hydrothermal into the
early Paleozoic.

3.2. Wajid Sandstone

The Abha—Khamis Mushayt area of Asir province is located near the southeastern margin of the Arabian Shield.
Several outliers in the vicinity of the Al Souda National Park (42° 50" 22" E; 18° 09’ 47" N), Al Habalah National Park
(42° 44' 42" E; 17° 59’ 15" N), and Ahd Rufaidah (42° 50" 25" E; 18° 09" 32" N) localities, represent the Wajid
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Sandstone in this area. Kellog ef al. [15] divided the Wajid Sandstone into four members: Dibsiyah, Sanamah,
Khusayyayn, and Juwayl, separated by distinct unconformities. The effects of the Taconic, Acadian, and Hercynian

orogenic events in the area is indicated by pronounced unconformity at the base of Sanamah, Khusayyan, and Juwayl
Members [11].
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Figure 1. Location map of the study area. The outcrops studied represent several isolated hills or outliers of the Wajid Sandstone on
the Arabian Shield in the vicinity of Abha and Khamis Mushayt, southwestern Saudi Arabia.
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Stump and van der Eem [3] investigated the tectonic and sedimentation history of the Wajid Sandstone outcrop belt in
the southwestern Saudi Arabia. According to them, the Wajid Sandstone in the area is represented by a variety of facies
including shallow-marine, lagoon, braided river, fluviatile deltaic, and eolian. Greenwood [4], described a 235 m thick,
tabular to wedge shaped, cross-bedded light brown to reddish—brown quartz-rich sandstone, characterized by iron-oxide
concretions and layers.

The Wajid Sandstone in the study area is represented by an approximately 300 m thick sequence of dominantly coarse-
to medium-grained massive to cross-bedded sandstone and kaolinite-rich silty claystone. Based mainly on the color and
distribution of iron-rich horizons, the succession is informally divided into two units; a Red Unit (basal) and a Grey Unit,
Figure 2 [5, 6]. The Red Unit composed of alternating successions of dominantly red—pink, occasionally brick red, grey
to white, massive to cross-bedded sandstone with ironstone and kaolinite-rich claystone horizons. The Red Unit is
separated from the overlying Grey Unit by an approximately 50 cm to 1 m thick conglomerate bed, comprising quartz
and claystone clasts ranging in size from few mm to up to 10 cm. The Grey Unit is composed of a monotonous sequence
of white—greyish, pebbly, coarse to medium, occasionally fine-grained, massive to cross-bedded sandstone. This unit is
rich in white, friable kaolinite lenses and intraformational claystone clasts. Iron-rich beds observed are not common in
the Grey Unit.
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Figure 2. Stratigraphic column showing the lithology of the Wajid Sandstone. In the study area, the Wajid Sandstone non-conformably
overlies the Precambrian basement complex.
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4. IRONSTONE: FIELD OCCURRENCE

In outcrops, the iron-rich beds in the Wajid Sandstone show four distinct modes of occurrence: (i) thin beds ranging
from a few centimeters to ~2 m thick, (ii) parts of the foresets of cross-bedded units, (iif) fracture infills, and
(iv) concretions and nodules (Figure 3a—3d) reflecting differential cementation and matrix strength. Clasts of ironstones
ranging in size from few mm to up to 10 cm are also common in recent (?) caliche that forms small patches atop
mountain outcrops. Differential weathering of the ironstone and kaolinite-rich claystone occasionally forms caves with
the more resistant, protruding ironstone intervals forming the roof of the caves. Well-rounded clasts (up to 8 cm in
diameter) of vein quartz and jasper are common in ironstone horizons at Al Souda National Park area.

ko mch oross heds
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Figure 3. Modes of occurrence of iron rich horizons in the outcrops of the Wajid Sandstone: (a) thin iron-rich bed; (b) part of a cross-
bedded unit; () fracture infills; and (d) concretions and nodules.
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5. PETROGRAPHY

Thin-section petrography shows that, in general, the Wajid Sandstone is composed of angular to subrounded, poor to
moderately well sorted, coarse- to medium-grained pebbly quartz-rich (>95% quartz) sandstone (Figure 4). Minor
constituents include feldspars and rock fragments (mainly chert). A few highly degraded grains of feldspar and
hornblende were also observed (Figure Sa—d). Silt-sized quartz grains and clay dominate the matrix.

Calcite is the dominant, and most likely the primary, cement in the Wajid Sandstone (Figure 6a). Iron oxides are the
dominant cements in the ironstone samples. Samples with abundant iron are characterized by floating-grain textures
(Figure 6¢). Calcite is either absent or poorly developed in the iron-rich samples. This inverse relationship between
calcite and iron-cements, coupled with the presence of traces of calcite in iron-cemented sandstones (ironstones),
suggests replacement of earlier calcite cement by iron-rich cement. SEM investigations show that the iron minerals in
the samples occur either as pore-filling cements or as grain coats (Figure 7a). Some delicate spherular iron minerals,
mostly hematite in composition, were also observed (Figure 7b). Preservation of such delicate morphological and
textural features would not be likely if the iron minerals were transported from a distant source. Based on the mode of
occurrence (pore-filling and grain-lining cement) and preservation of delicate textural and morphological features, the
iron minerals forming the ironstone are thought to be diagenetic, and formed in part by an in-situ replacement of an
earlier calcite cement. The XRD data defined hematite, goethite, and chamosite as the main iron minerals in the
ironstone cement (Table 1).

Figure 4. Photomicrograph showing typical mineralogical composition of iron-rich sample in the Wajid Sandstone (x125).
The Wajid Sandstone is composed of angular to subrounded, pebbly coarse- to medium-grained, poor to moderately well sorted,
quartz-rich sandstones.

The Arabian Journal for Science and Engineering, Volume 28, Number 14. January 2003
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Figures 5. Photomicrographs showing degraded (corroded) minerals in the Wajid Sandstone: (a) and (b) corroded hornblende (CH)
grains embedded in calcite (CC) cement (x40). Note the presence of a zircon (ZR) grain as inclusion in a quartz grain in Figure (a),
(c), and (d). Corroded microcline feldspar (CMF) grains (x40 and x125 in (c) and (d) respectively). The degraded nature of these
grains (hornblende and feldspar) suggests part of the iron in the Wajid Sandstone derived from dissolution of labile minerals in the

sandstone. FC and Qtz represent ferruginous cement and quartz grains respectively.

Table 1. Relative Distribution of Minerals in the Iron-Rich Samples in the Wajid Sandstone,
Determined by X-ray Diffraction Analysis.

Note the dominance of quartz and significant presence of hematite, goethite, and kaolinite in the analyzed samples.

Sample Quartz Goethite Hematite Kaolinite Calcite Chamosite
%) (%) (%) (%) (%) (%)
ARI15 97 3
AR19 93 5 ,
AR21 89 5 5 5
AR22 96 2 1
HA24 95 5 5
HA27 96 ) 5
OUT5I2 94 3 3
ouT6l 80 9 0
S2 96 ) 2
S20 95 5
$28 98 5
$39 95 5
January 2003 The Arabian Journal for Science and Engineering, Volume 28, Number 14,
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Ferruginy
~ Cement
" =

Figure 6. Photomicrographs showing different types of cements in the Wajid Sandstone: (a) typical primary calcareous cement
(calcite) in the Wajid Sandstone; (b) coexisting calcite and hematite cements. Note the replacement of early calcite cement by
hematite in the Red Unit; (c) abundant iron cement (mainly hematite and goethite) impacts a floating grain texture in part of the
Wajid Sandstone (x40).
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Figure 7. Scanning electron (SEM) photomicrographs showing morphological details of the ferruginous cement in the Wajid
Sandstone: (a) fan-shaped; and (b) spherular hematite in the Wajid Sandstone. The delicate nature of these textural morphologies
suggests authigenic origin of these iron minerals.
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Figure 8. Relative distribution of different elements in the iron-rich samples in the Wajid Sandstone: (a) major elements; (b) trace
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6. GEOCHEMISTRY

Except for Fe, the concentrations of major elements in the analyzed iron-rich samples are low (Table 2 and Figure 8).
The concentrations of iron in the samples mostly range between ~9 and >15% (Fe,O; is up to 29%). The concentrations
of Al and Ca are low, ranging between 0.08 and 2.09% while Mg, K, Ti, and Na vary from <0.01 to 0.06. Except for a
few samples, the concentration of Al,O3; and CaO are low, ranging from 0.34 to 6.32% and 0.04 to 2.83%, respectively.
K,0O, TiO,, and MnO values range from 0.01 and 2.03%. The concentrations of MgO, Na,O, and P,Os range from
<0.01 to 0.09%. A variety of trace elements including Cr, Co, Ni, Cu, and V, common in mafic rocks are present
(Figure 8).

The analytical data for Fe concentrations in the samples are consistent with the abundance of ironstone horizons in the
Red Unit in the field. The low concentration of Ca in most of the samples (Table 2 and Figures 8 and 9) is also
consistent with the replacement of calcite by hematite and goethite, as observed in thin section. The apparent high
concentrations of Mn, as indicated by geochemical data (Table 2), may be due to the secondary co-enrichment of this
element with Fe [16].
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Figure 9. Bivariate plots of different elements in the Wajid Sandstone: (a) Fe and Ca and (b) Fe and Al.
The trend of negative correlation between Ca and Fe is consistent with the petrographic observation of replacement of calcite cement
by hematite and goethite.

In addition to the ironstone samples, some samples (mainly felsic to intermediate plutonic rocks) from the underlying
basement complex were analyzed (Table 3). The concentrations of Fe, Al, and Ca range from 0.49 to 5.42%, 0.23 to
2.75%, and 0.07 to 1.95%, respectively. Other major elements including Mg, K, Ti, and Na are generally very low,
ranging between <0.01 and 2.62%. The concentration of Fe,O; ranges from 0.85 to 14.05% while the values of CaO,
and MgO, range from 0.2 to 21.5% and 0.11 to 13.73%, respectively. The trace elements Cr, Ni, Co, V, and Sr range
from 26 to 387 ppm, 2 to 287 ppm, 1 to 105 ppm, and 2 to 95 ppm, respectively.

The relative concentrations of selected elements in the ironstone were compared with those of the local basement rocks
in study area, and hydrothermal fluids [17; Figure 10] to determine the possible source of iron in the Wajid Sandstone.
As shown in Figure 10, the distribution of Fe in the ironstone appears to be similar to that of the basement rocks
especially the gabbroic rocks. The enrichment of iron in both the ironstone and gabbroic rocks may indicate that the iron
in the ironstone was sourced by the alteration of ferromagnesian minerals in the gabbroic and other basic and ultrabasic
rocks. On the other hand, the concentrations of Mg in the gabbroic rocks are significantly higher indicating some other
likely sources such as hydrothermal fluids.
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The distribution of As and Ba in the ironstone was also compared (Figure 11) with that of the basement rocks, and also
the hydrothermal fluids to ascertain possible contribution of hydrothermal solutions in enrichment of iron in the Wajid
Sandstone. These elements show relatively high concentrations in the ironstone, the gneiss and schist samples analyzed
(Figure 11). The distribution of these elements in the ironstone appears comparable to that of the modern hydrothermal
solutions than that in the basement rocks suggesting part of the iron in the Wajid Sandstone have derived from
hydrothermal fluids.
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Figure 10. Distribution of some major elements in the basement rock types and ironstone samples in the study area: (a) distribution of
Al, Ca, and Fe in different rock types in the basement complex and ironstone samples; and (b) distribution of K, Mg, and Na in the
different rock types in the basement complex and ironstone samples. The concentrations of Fe in the ironstone and gabbroic rocks in
the study area are comparable suggesting ferromagnesian minerals in the mafic rocks, as a source of iron in the iron-rich samples in
the Wajid Sandstone.
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The absence of labile minerals such as pyroxene and olivine indicates the role of intrastratal alteration and weathering
processes in modifying the mineralogical composition of the Wajid Sandstone. The replacement of early calcite cement
by iron minerals, as observed in thin-section petrographic study suggests a diagenetic origin of the iron in the ironstone
in the Wajid Sandstone. The preservation of delicate textural and morphological features in iron minerals like hematite
and goethite in the ironstone also favors an in-situ, diagenetic origin for the iron.

The basement complex in the study area comprises a variety of mafic rocks including gabbro, basalt, and amphibolite.
In addition, the shield area to the south also contains abundant outcrops of mafic rocks [1]. Igarashi [42] reported the
occurrence of iron ore from the Jabal Al-Soudah, one of the localities investigated in this study. Thus, the mafic and
ultramafic rocks of the Arabian Shield are a likely source of iron in the Wajid Sandstone. The observed high
concentrations of Fe, in the ironstone and local gabbroic rocks analyzed, favors likely derivation of Fe from
ferromagnesian minerals in the gabbroic and other mafic rocks in the study area. Textural and petrographic study shows
that part of the Wajid Sandstone is poorly-sorted and is composed of abundant angular, coarse sand to pebble-size
particles, indicating a nearby source [5]. Although the source area in the vicinity contains abundant mafic and
intermediate igneous rocks, the sandstone is almost free of any ferromagnesian minerals. The maturity of the framework
minerals and high chemical index of alteration (CIA) recorded in the Wajid Sandstone [6] suggest intense chemical
weathering of the Wajid Sandstone. This intensive weathering is likely to have degraded the labile, ferromagnesian,
minerals in the Sandstone and released the iron that now forms the iron-rich horizons.

Numerous plutons and hydrothermal veins characterize the basement complex at the study area. Several authors
including Gross and Zajac [43], Peter and Goodfellow [44], and Peter [45] discussed the role of hydrothermal activity in
ironstone formation. Peter [45] suggested that buoyant plumes, formed by hydrothermal fluids, can create banded
sulfide ores and associated ferrugineous cherts, jaspers, jasperoids, cherty tuffs, tuffites, tuffaceous exhalites, chloritic
iron formations, or sulfide iron formations may also form via hydrothermal activity.

According to Johnson et al. [13], volcanic/plutonic activity in the Asir terrain continued until 606+2 Ma. The
presence of pegmatite veins in the basal part of the Wajid Sandstone and the occurrence of kaolinite horizons in the
transition zone between the Wajid and basement complex, as reported in the present study indicate that volcanic activity
in the area continued even after the deposition of the basal units of the Wajid Sandstone. The level in the concentrations
of As and Ba in the ironstone and those of modern hydrothermal solutions may also indicate that of the Fe in the Wajid
Sandstone was partly derived from hydrothermal activity. Hydrothermal activity in the area is also indicated by the
presence of jasper clasts in the ironstone intervals within the Sandstone. Thus, part of the Fe in the ironstone might have
derived from the Proterozoic basement rocks via hydrothermal circulation or volcanic exhalation [46; personal
communication]. In addition, hot hydrothermal fluids not only aided dissolution of the labile ferromagnesian minerals in
the Wajid Sandstone, but also helped in mobilizing the iron-bearing fluids and formation of the ironstone. The fact that
the distribution of ironstone is largely confined to the Red Unit implies that hydrothermal activities associated with the
basement complex were either not active or less active during/after the deposition of the overlying Grey Unit.
Alternatively, a change to an iron-poor provenance may also explain the lesser volume of iron in the Grey Unit.
Considering the stratigraphic position of the Wajid Sandstone and the regional orogenic events in the region, the
hydrothermal activity responsible for the mobilization and emplacement of iron may be related to the InfraCambrian
Najd Rifting event in the area [47].

CONCLUSIONS

The iron-rich horizons in the Wajid Sandstone consist of quartz sandstone cemented and coated with iron. The
concentration of iron (Fe) in the Sandstone varies from ~9% to over 15%. Based on the petrographic evidence,
including near to complete absence of labile and ferromagnesian minerals, the presence of degraded ferromagnesian
minerals like hornblende and feldspar, and the abundance of monomineralic (kaolinite) clay with well-preserved textural
and morphological features all suggest [48] that labile, ferromagnesian minerals in the sandstone acted as the main
source for iron in the Sandstone. Replacement of calcite cement by ferruginous cement and the negative correlation
between Fe and Ca ions both indicate a diagenetic origin of the iron. Additional sources of iron include weathering of
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the mafic and intermediate rocks of the basement complex. Geochemical evidence mainly the association of trace
elements such as Cr, Co, Ni, Cu, and V, also favor a mafic source.

The basement complex in the area, as well as the basal section of the Red Unit of the Wajid Sandstone are
characterized by the presence of pegmatite veins suggesting the continuation of hydrothermal activity into the early part
of the Paleozoic. Abundant iron-rich horizons in the Red Unit, coupled with presence of jasper clasts in the ironstone,
and patches of kaolin atop of the basement complex all suggest the role of hydrothermal fluids in mobilizing and
emplacing the iron. Based on the regional tectonic history of the region, the hydrothermal activity responsible for the
formation of the ironstone appears to be associated with the InfraCambrian to Cambrian Najd Rifting event.
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