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ABSTRACT

The Khabour Formation, the oldest exposed rock unit in Iraq (Ordovician), was sampled in two
exposed sections at Ora and Khabour localities. It is comprised of about 800 m thick sandstone-shale
cyclic alternations. Petrographic study showed that quartz arenite and phyllarenite are the main
textural varieties of the sandstone with mica and silt-size quartz dominating the shale. The sandstones
are texturally mature and mineralogically mature to submature. The mineralogy includes: quartz
(dominant), muscovite, illite, glauconite, chlorite/serpentine (mixed layer), francolite (conodont) and
heavy minerals (opaques and ZTR). Silica cementation is the main diagenetic process, resulted from
pressure solution of silica and lead to an interlocking quartz mosaic texture. Alteration is of minor
intensity.

The chemical composition is characterized by high SiO,/Al,0; and K,0/Na,O ratios. The
geochemical associations are controlled by the mineralogy and three groups were recognized by factor
analysis, namely the sheet alumino-silicates, phosphate and heavy minerals (ZTR). All of which are
diluents to the major mineral constituent: quartz.

Mineralogical analysis of the studied samples suggests recycled granitic plutonic rocks and more
proximal low-grade metamorphic rocks as source of the clastics. The whole sequence of the Khabour
Formation seems to have deposited in marine environment extending from shallow intertidal to deep
outer shelf, under variable conditions of sea-level fluctuation, subsidence rate, and detritus supply. The
whole sequence may have resulted from deposition from turbidity currents; the proximal part is rich in
coarse clastics and the distal part is rich in micaceous shale. Complete Bouma sequence was not
recognized, but the sedimentary facies of the Khabour Formation may be considered as an example of
a passive plate margin turbidities.
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INTRODUCTION

The Khabour Formation, about 800 m exposed thickness of sandstone-shale association in the type
section, is the oldest rock unit exposed in Iraq dated as Ordovician. It was first described by Wetzel
(1950) in the area North of Zakho, in the valley of the Khabour River, where the formation got its
name and where the type section is located. Later it was encountered in subsurface sections in
Khleisia-1 well in the Al-Jazira area (Gaddo and Parker, 1959 and Ditmar et al., 1971) and in
Akkass-1 well in the Western Desert (Habba et al., 1994 and Aqrawi, 1998).

The Khabour Formation was encountered and compared, on the basis of age and lithology, to
several rock units in SE Turkey, E Jordan, Syria and Saudi Arabia (Buday, 1980; Aqrawi, 1998;
Sharland et al., 2001 and Jassim and Goff, 2006). Due to the remoteness and difficult accessibility of
the area, the exposed sections of the Khabour Formation in Iraq were not studied in detail. All the
previous work dealt with field examination of outcrops, except where paleontological studies, for age
determination, were carried out in the early works.

The purpose of this work is to study the petrology, mineralogy and chemical composition of the
Khabour Formation in two sections exposed in Ora and Khabour localities, N Iraq and to synthesis the
results to have an updated view on the depositional environment.
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PREVIOUS WORK

— Wetzel (1950) was the first who mapped and described the Khabour Formation in N Iraq and
suggested the age Cambro — Ordovician for the exposed parts. He presented a detailed description of
the lithology of the formation and its contacts.

— Gaddo and Parker (1959) studied the formation in subsurface section of Khleisia-1 oil well in
Al-Jazira area and compared the encountered sequence with the Khabour Formation exposed in
north Iraq. They reconsidered the age and established Middle to Late Ordovician (Llandeilo) age for
the formation.

— Seilacher (1963) restudied the formation in N Iraq exposures and confirmed the age as Ordovician.
He suggested deeper marine environment for the upper parts where he recognized a turbidite-
affected deeper facies.

— Al-Hadithi (1972) presented the mapping results of GEOSURYV team in the area. The information
included field description of the exposed sections in N Iraq and considered the sequence flysh-like
sediments. The results suggested Ordovician (Llandeilo?) for the upper parts.

—1Isa’ac (1975) continued GEOSURV work in N Iraq and described the Khabour Formation in
exposed sections. The results showed a thin hematitic — miacaceous quartzite horizon at the top of
the formation and confirmed the Ordovician (Llandeilo) age.

— Buday (1980) critically studied the available information on the Khabour Formation and compared it
with equivalent rock units in neighboring countries.

— Habba et al. (1994) studied the Paleozoic sequences in subsurface sections drilled in the Western
Desert and identified age-and lithological-equivalent to the Khabour Formation in Akkas oil well-1.
— Agrawi (1998) studied the Paleozoic stratigraphy in Western and Southwestern deserts of Iraq

including the Khabour Formation in Akkas oil well-1.

— Sharland et al. (2001) studied the sequence stratigraphy of the Arabian Plate and came to mention
the Khabour Formation in several occasions and considered it to mark the last sedimentary stage of
a transgressive — regressive cycle.

— Jassim and Goff (2006) in a comprehensive compilation of the geology of Iraq, they considered the
Khabour Formation as the Mid-Late Ordovician sequence of the Late Cambrian — Early Ashgill
Megasequence.

— Tamar-Agha (2009) published the only detailed petrographic and mineralogical study of the Risha
Sandstone Member (Late Ordovician) in subsurface sections of the Risha Gas Field of Jordan, which
is considered equivalent to the Khabour Formation in Iraq. He studied the influence of cementation
on reservoir quality and classified the rocks as sub arkoses and quartz arenites and texturally mature
to supermature. He provided a generalized model of digenetic paragenesis with special emphasis on
cementation.

GEOLOGICAL SETTING

The Khabour Formation is about 800 m thick in exposed section of the type area. It is
unconformably overlain by the Pirispiki Formation (Wetzel, 1950). The unconformity is believed
erosional and marked in Iraq by the Chalki Volcanics (Sharland et al., 2001).

The lithology, as described by Wetzel (1950), consists of alternation of thin-bedded, fine grained
sandstones, quartzites and silty micaceous shales, olive green to brown in color. The quartzites are
generally cross bedded and the bedding planes are well surfaced with smooth films of greenish
micaceous shales. The quartzite beds are occasionally truncated by overlying beds. The sedimentary
structures observed in the Khabour Formation at the exposed sections include laminations, ripple
marks, load casts, slump structures, trace fossils, cross bedding, fucoid markings, infilled trails,
burrows and pitted surfaces (Wetzel, 1950; Al-Hadithi, 1972 and Isa'ac, 1975). Based on Cruziana sp.
tracks throughout the section, the age was given by Wetzel (1950) as Cambro — Ordovician. However,
in later works, the age was determined as Middle to Late Ordovician (Llandeilo) (Seilacher, 1963).
More recent works (Sharland et al., 2001 and Jassim and Goff, 2006) accepted the age of the Khabour
Formation as Caradoc to Ashgill.

The Khabour formation is believed to have deposited in a tide- and storm-dominated shallow
marine intertidal environment of mud- and silt-flats with occasional emergence (Wetzel, 1950).
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Deeper environment was suggested for the upper parts of the formation in the type section, where
turbidite-affected deeper facies were recognized by Seilacher (1963). According to Jassim and Goff
(2006), the formation, in outcrop sections, passes from littoral facies in the “Ora anticline” into
a deeper marine turbidite facies in “Kaista anticline” (Khabour area).

Based on the observation made by the present author the Khabour Formation consists of cyclic
alternations of fining upward sequences of sandstone-siltstone and silty micaceous shale with well-
defined upper surfaces of individual cycles. Thicker bedding of sandstone dominates the lower part
which becomes thinner and grades into silty shale in the upper part. (Figs.1 and 2).

In the lower part of the formation, thick quartzite beds alternates with thin silty shale horizons.
The upper contact of the shale horizons is sharply terminated and bioturbated. Micaceous minerals
form smooth surfaces with metallic luster marking the upper contact of each cycle. The quartzite is
generally fine grained, often laminated and occasionally bioturbated. The silty shale is ferruginous,
slope-forming, ranging in thickness from few centimeters (in the lower part) to few meters (in the
upper part). Nodules of Fe-oxyhydroxides are occasionally found in the silty shale. The sedimentary
structures observed in the present study are cross bedding (Fig.3), infilled trails and borings (Fig.4),
burrowings (Fig.5), slump structures (Fig.6), dark laminations (Fig.7) and Cruziana burrowings and
imprints (Fig.8).

Sharland et al. (2001) studied the sequence stratigraphy of Arabia and they considered the
Khabour Formation (and other equivalent rock units in the region) to represent the concluding stage of
the 75 m.y. long tectonostratigraphic megasequence (AP2). The lithological character of alternating
shale-sand was suggested by these authors to indicate significant changes in relative sea-level,
accommodation space and sediment supply. They considered the Khabour Formation to mark the last
sedimentary stage of a transgressive-regressive cycle. The top of the (AP2) megasequence is marked
by a strongly erosional unconformity, evident by the Chalki Volcanics in Iraq, and marking the onset
of a major back-arc rifting and basaltic volcanism at the northern end of Arabia associated with the
beginning of a SW-directed subduction beneath the plate (Beydoun, 1991 and Sharland et al., 2001).

SAMPLING AND METHODS
= Sampling

Two major sections were sampled, namely Khabour and Ora Sections (Fig.9). The former
included four sampling stations as follows from older to younger: Station K/1: one sample,
Station K/2: five samples, Station K/3: three samples and Station K/4: three samples. The
latter included three stations, they are from older to younger: Station O/3: four samples,
Station O/2: six samples and Station O/1: four samples. The total number of samples collected
is 26 samples.

The samples consisted of sandstones and shale. The former were studied in thin sections using
GEOSURYV standard Work Procedures, Part 18 (Tamar-Agha and Mahdi, 1992) as well as textbooks
on sandstone petrology (Folk, 1974 and Pettijohn et al., 1986). The shale samples, together with some
selected sandstone samples, were examined by X-ray diffraction, using Shimadzu XRD 7000
instrument and following GEOSURYV standard Work Procedures, Part 21 (Al-Janabi et al., 1992),
(Figs.10 and 11).

All samples were chemically analyzed in GEOSURV Central Laboratories using
GEOSURYV standard Work Procedures, Part 21 (Al-Janabi et al., 1992). The oxides and
elements analyzed are: SiO,, TiO,, Fe,Os3, AL,O;, CaO, MgO, K,0, NaO, P,Os and ZrO,.
Most of the oxides were analyzed by X-ray fluorescence spectrometry using Shimadzu XRF
1800 instrument. Selected samples were analyzed for F using ion selective electrodes.
Moreover, heavy minerals were examined in selected sandstone samples using heavy liquid
separation as in GEOSURV standard Work Procedures, Part 18 (Tamar-Agha and Mahdi,
1992). Statistical treatment of chemical analysis data included correlation coefficients and
factor analysis using Principle Component Analysis Method.
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Fig.1: Sampling station No.4 in the Khabour locality.
Medium bedded, graded sandstone interbedded with very thin silty shale horizons

Fig.2: Sampling station No.5 in the Khabour locality.
Thin and medium bedded fine grained sandstone
interbedded with silty shale with Cruziana trails
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PETROGRAPHY AND MINERALOGY

* Framework Grains

— Quartz: Is the dominant mineral among the detrital constituents of the sandstone. It forms
more than 95% of the detrital grains in the lower parts of the sampled sections and mostly at
the base of the cycles where the sandstone may be classified as quartz arenite (Folk, 1974 and
Pettijohn et al., 1986). The quartz is fine grained, moderately well sorted, subangular to
subrounded and monocrystalline (Figs.12, 13 and 14). Interlocking compound quartz grains
with sinuous outlines are common, (Fig.13) especially at the base of the cycles, where it is
matrix-free and quartz may form more than 90% of the sandstone constituents. The quartz
grains approach silt-size in the upper parts of the cycle and its content is reduced to less than
50% of the constituents with an open framework texture, filled with sheet silicate matrix
(Fig.14).

— Feldspars: Are present in very minor proportion. They are composed mostly of
plagioclase, showing polysynthetic twining (Fig.15), and to a lesser extent microcline
(Fig.16). They are fine to very fine grained, generally fresh, but occasional diagenetic
alteration of plagioclase to smectite (?) can be noticed (Fig.17). It usually shows a presence in
XRD patterns (as albite) (Figs.10 and 11).

— Muscovite: Is a dominant detrital framework constituent in the Khabour Formation, present
as elongated flakes deformed and bended, occasionally buckled (Fig.14), and forms the major
detrital constituent at the top of the cycles commonly as bed-surface lining. In XRD patterns,
the 001 reflection of muscovite is usually accompanied by major reflections of other mica
minerals (such as illite and glauconite) (Fig.11b), but occasionally it is sharp and indicates
high crystallinity (Fig.11a).

— Francolite: Is a rare framework constituent in the studied samples. It was recognized by
XRD in one sample only (Fig.10c) as conodont (?) remains (Fig.19), bioclasts (Fig.20) and
cortoids (Fig.21). The francolite grains are of larger size than the quartz, and appear to have
formed authigenically. The skeletal phosphatic elements may be related to conodonts remains,
which thrived in the Ordovician (Muller, 1978 and Cooper, 1981). However, this assumption
requires detailed paleontological work to be verified.

— Heavy minerals: They are present in the studied samples in considerable amounts; ranging
from (7 — 19) % of the (63 — 250) um size fractions. The opaques make most of the heavies
(27 — 74 %). Zircon, tourmaline and rutile (ZTR) form the major transparent heavies
(18 — 70 %). Occasionally, chlorite is present in significant amounts reaching up to 30% of
the transparent heavies. (Sample 0/3/4) (Table 1 and Fig.22). Anatase and ulvospinel
(Fe;TiO4) are among the opaque heavy minerals and were identified in the XRD scans of the
heavy fraction in considerable concentrations (Fig.29).

= Matrix

Crushed muscovite and illite are the main matrix minerals in the Khabour sandstone.
Matrix constituents increase upward in each cycle and appear as crushed fragments filling
space between quartz grains. Basal parts of the cycles contain less matrix constituents.
Interstratified chlorite/serpentine rarely forms some of the matrix and/or cement's
constituents, present as elongate fibers, isolated or buckled (Fig.23) and confirmed by X-ray
diffraction (Fig.11) (Reynolds et al., 1999). It was recognized in a few samples only with an
outstanding presence in sample (0/3/1), forming shiny surface lining of sandstone beds.
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Fig.5 Fig.6

Fig.7

Fig.3: Cross lamination in sandstone (Ora)

Fig.4: Infilled trails and borings parallel to bedding (Ora)
Fig.5: Vertical burrowing in sandstone (Ora)

Fig.6: Slump structure (Ora)

Fig.7: Heavy minerals laminations in sandstone (Ora)
Fig.8: Cruziana imprints in shale (Ora)

77



Petrology, Geochemistry and Depositional Environment of the Khabour Formation
Khaldoun S. Al-Bassam

43907°30° 43°15° 43°22°30° 43°30°
T

37°30°

M Kaista

37°28°30°

Chalki

Hdienn

KOMARK Mnt.

@1 Location and station number

4 [3 & Km

Bamimi

7S

1

43°07°30° 43°15°

L
43°22°30° 43°30°

Fig.9: Location map of the studied samples

= Cement

Quartz overgrowths in the quartz arenites are the main cementing material in the Khabour
sandstones. The quartz cement in this case produces a mosaic of interlocking grains (Fig.13).
The original outlines of the detrital quartz grains are diffused and the “secondary” quartz
cement resulted in interlocking and suturing of grain boundaries and producing a “false”
angular outer shape. The dust line usually appears in such sandstones but it was difficult to
see in the studied samples, which may indicate successive and intense pressure solution and
silica precipitation after deep burial. Silica, as coarse crystals, cement fracture-openings in the
sandstone (Fig.24). Clay minerals, including smectite, and illite are occasionally observed
filling intergranular space and identified by XRD (Fig.10). Authigenic interstratified chlorite/
serpentine was occasionally observed in thin sections around some quartz grains (Fig.25) or
associated with stylolites (Fig.26). Authigenic chlorites of this type are common in sandstones
and may form within 1.8 Km of burial (Grigsby, 2001). Glauconite is a common authigenic
constituent, present as rounded to subrounded grains, larger in size than the quartz, green in
color and appear superimposed on the groundmass (Fig.27). It also fills intergranular space
between quartz grains (Fig.28).

78



Iragi Bulletin of Geology and Mining Vol.6, No.2, 2010 p71-94

“ Sample No.k/2/5- : : : - - 4a
7101 :

quartz .

quartz
feldspar

cps

1

t i 1
0 10 15 20 25 30

35 40
Theta-2Theta (deg)

“Sample No.0/1/3 -
1 T AR D 4b

quartz

30 35 40
Theta-2Theta (deg)
'S K473 '
10000 .. .., - Seempe Mo Ki4/ - .. R : 3 (R - DETOURA 4c

cps
quartz

5000 - -+ =

francolite -
francolite

30 35 40
Theta-2Theta (deg)
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a: Shale, showing well-crystalline muscovite and traces of feldspar

b: Shale, showing several peaks at about 10A indicating presence of more than one mineral of

the mica group. It also shows minor presence of chlorite/serpentine.

c: Phyllarenite, showing major presence of chlorite/serpentine and single peak of mica
(probably illite) and a rare presence of smectite. Feldspar is present, as minor mineral, in

all samples of the clay fraction.
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Fig.16, sample O/2/2 Fig.17, sample O/2/6

(Bar=0.1 mm)

Fig.12: General texture of the Khabour Formation sandstone

Fig.13: Quartz arenite, showing interlocking crystals and “T” and “Y” junctions
Fig.14: Phyllarenite, showing micaceous matrix squeezed between quartz grains
Fig.15: Fresh plagioclase feldspar showing albite twining

Fig.16: Fresh microcline feldspar

Fig.17: Plagioclase feldspar showing diagenetic alteration to sheet silicates
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N

Fig.21, sample K/4/3 Fig.22, sample K/3/1

(Bar =0.1 mm)

Fig.18a: Abraded detrital muscovite showing cleavage

Fig.18b: Authigenic mica

Fig.19: Conodont (?) skeletal remains composed of francolite, in quartz arenite

Fig.20: Phosphate (francolite) bioclasts in quartz arenite

Fig.21: Phosphate (francolite) cortoid in quartz arenite

Fig.22: Rounded zircon and elongated tourmaline (grains with high relief) in quartz arenite
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Fig.25a, sample Oyl

(Bar = 0.1mm)

Fig.23a: Phyllarenite with abundant mixed-layer chlorite/serpentine (elongated fibers)
Fig.23b: An enlargement of chlorite/serpentine fibers

Fig.24: Coarse crystalline quartz cement, filling fracture in quartz arenite

Fig 25a: Authigenic interstratified chlorite/serpentine coating quartz grains in phyllarenite
Fig.25b: Same as above under XN

Fig.26: Diagenetic chlorite/serpentine mixed layer filling stylolite space

Fig.27: Diagenetic glauconite grain in quartz arenite

Fig.28: Diagenetic glauconite matrix in phyllarenite
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Fig.29: X-ray diffractograms and chemical analysis of the heavy fraction

(The sample contains impurities of quartz and mica)
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CHEMICAL COMPOSITION AND GEOCHEMISTRY

The results of chemical analysis are presented in Table (2). The samples were separated
into three groups according to their chemical, mineralogical and textural criteria, and the
mean chemical composition was derived for each group (Table 3). Group 1 represents quartz
arenite (more than 90% Si0,), Group 2 represents phyllarenite (sandstones with less than 90%
Si0;) and Group 3 represents the shale.

The chemical composition is directly related to mineral composition and controlled
by the relative proportions of quartz, muscovite-illite, glauconite and occasionally
chlorite/serpentine. Francolite (in one sample) show some influence on chemical composition
as well as the minor amounts of the heavy minerals (zircon, tourmaline, ulvospinel, anatase
and rutile).

Silica is shared with almost all minerals; alumina is mainly related to sheet silicates
(mainly muscovite-illite), feldspar and some heavy minerals like tourmaline. Potassium is
mainly hosted by muscovite-illite and glauconite, iron oxide is mainly hosted by ulvospinel,
tourmaline, illite, glauconite and chlorite (with some possible free Fe oxyhydroxide cement)
whereas magnesia is related to chlorite/serpentine. Calcium, phosphorus and fluoride are
strictly restricted to francolite. Titanium is related to rutile, ulvospinel and anatase, whereas
zirconium is related to zircon. Some titanium, however, may be incorporated in the sheet
silicates. Sodium may be related to tourmaline and feldspar.

The Khabour Formation consists of various proportions of these minerals; dominated by
quartz in the quartz arenite with minor amounts of sheet silicate minerals and feldspar. SiO,
content in this rock type is more than 90% and is characterized by a low ALO;, K,O, MgO
and generally less than 1% H,O" (L.O.I). The SiO,/Al,O; ratio is 28.6 and the K,O/Na,O
ratio is 2.4. The quartz content decreases to a mean of about 50% in the phyllarenite with
increasing proportions of the sheet silicates especially muscovite-illite (about 35%) and to
a lesser extent (<10%) glauconite and minor chlorite, leading to higher concentrations of
AL O3, Fe,03, K,0O and MgO related to these minerals, accompanied by a consequent increase
of H,O" (L.O.I) content to about 2%. The Si10,/Al,0O3 ratio decreases here to 9.3, whereas the
K,0/ Na,O ratio is 2.2, which is close to that of the quartz arenite.

Shale samples consist of similar mineral assemblage, but with quartz (silt-size) content
decreasing to about 25% and mica — illite content increasing to about 60%. Glauconite
represents about 10% of the mineral composition of these shales.

This change in mineral proportions is reflected in lower SiO, and higher Al,Os;, K,O,
MgO and Fe;0;. The L.O.1. (H,0)" content increases to about 4% (mean value), released
from hydrous sheet silicates. The SiO,/Al,Oj3 ratio in these samples is 4.0 and the K,O/Na,O
ratio is 5.9. Potter (1978) related high Si0,/Al,O3 and high K;0O/Na,O ratios to Atlantic-type
passive margin big-river sands and distinguished them from collision-type coasts that have
lowered such ratios.

Statistical analysis of the analytical data is in agreement with geochemical association of
elements to the minerals identified in these samples (Table 4). Quartz, being almost free of
ionic substitution and a major constituent of these rocks dominating the silica content, shows
(as Si0,) strong negative correlation with diluent's sheet silicate mineral constituents (such as
Fe, Al, Mg, K and L. O. I). It shows insignificant correlation with Zr, P and Ca.

On the other hand, alumina, the representative oxide of the sheet silicate minerals and
feldspars, is positively correlated with Fe, Mg, K and L.O.I. Titanium correlation is shared
positively between the sheet-silicate constituents, as a substituent ion in the octahedral layer,
evidenced by the positive correlation with Al, Mg, K and L.O.I. and with Zr as a member of
the stable heavy mineral assemblage.
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Table 4: Correlations coefficients

SiOz Fe,O3 A|203 TiOz CaO MgO L.O.1 Na,O K>0O P,Osg

Fe,O3 | -0.822

Al,O3 | -0.948 | 0.746

TiO; | -0.613 | 0.481 | 0.608

CaO | -0.155] 0.043 [-0.144 |-0.032

MgO | -0.894 | 0.666 | 0.914 | 0.582 |-0.029

L.O.1 | -0.965 | 0.856 | 0.937 | 0.593 | 0.044 | 0.861

Na,O | -0.329 | 0.204 | 0.398 | 0.226 |-0.165 | 0.498 | 0.221

KO |-0.900 | 0.728 | 0.954 | 0.518 |-0.176 | 0.796 | 0.889 | 0.269

P,Os | -0.119 | 0.022 [-0.182 |-0.058 | 0.995 [-0.067 | 0.009 [-0.202 | -0.201

ZrQ; | 0.036-0.034 |-0.076 | 0.658 | 0.049 |-0.036 [-0.069 | 0.116 | -0.138 | 0.054

Table 3: Mean chemical composition of main rock types (in wt%)
Quartz arenite Phyllarenite* Shale

SiO, 92.66 80.15 66.31
TiO; 0.48 0.90 1.17
Fe,O3 1.49 3.68 5.43
Al,O3 3.24 8.59 16.54
CaO 0.27 0.39 0.40
MgO 0.29 0.78 1.33
K,0 0.67 1.98 4.32
Na,O 0.28 0.89 0.73
P,0s 0.08 0.12 0.19
ZrO, (ppm) 251 427 323
LOI 0.81 2.02 4.08
Number of samples 5 13 7

*Mean, excluding sample K/4/3 (phosphate-bearing)

Quartz arenite: Samples K/1/1, O/3/4, O/2/1, O/2/6 and O/3/3

Phyllarenite: Samples K/2/2, K/2/3, K/2/4, K/3/1, K/3/2, K/4/1, K/4/3, O/3/1, O/1/4, O/2/2,
0/2/3, 0/2/5, O/1/1 and O/1/2

Silty shale: Samples K/2/1, K/2/5, K/3/3, K/4/2, O/3/2, O/2/4 and O/1/3

The TiO, content of the heavy fraction is shared between rutile, ulvospinel and anatase.
Together they make about one third of the heavy fraction constituents. The chemical analysis
of a composite sample of heavy fractions, separated by bromoform from sandstone samples of
Table (1), showed about 26% TiO, and 3% ZrO,. These results suggest that the Khabour
Formation may be looked at as a potential Ti and Zr resource and deserves further
investigation.

Francolite emphasizes its presence by strong positive correlation between P,Os and CaO
approaching almost unity (Table 4). Sodium has no decisive correlation with any of the
elements analyzed. It shows weak, but significant positive correlation with Mg and Al It is
shared between the feldspars and sheet silicates.
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Factor analysis revealed three major factors that explain about 86% of variance (Table 5).
Factor 1, explains about 53% of variance and positively dominates the behavior of the
chemical constituents of the sheet silicate minerals (Al, Fe, Mg and K) and has negative
correlation with the silica. This factor may be related to energy of the depositional
environment. A quiet environment permits settling of these micaceous minerals whereas
agitated and stormy environment, where the quartz arenite was deposited, hinder any
settlement of these minerals. This factor may be an indicator of depth and energy also.

Factor 2, explains about 19% of variance, and is controlling phosphate formation and
precipitation of francolite in these sandstones. In view of the limited occurrence of francolite
in the studied samples and authigenic nature (cortoids) or detrital nature (scales and
intraclasts), this factor may be related to limited episode of phosphogenesis that can be related
to the onset of a transgressive cycle with P-rich deeper waters welling up to shallow parts of
the basin in one of the multiple (MFS) events accompanied the (AP,) megacycle.

Factor 3 controls Zr and Ti and explains about 14% of variance. Both elements are mainly
found in the heavy minerals (zircon, rutile, anatase and ulvospinel) and the factor may express
maturity of the detrital components as well as provenance.

Table 5: Factor analysis

Component

1 2 3
SiO, -0.972 -0.209 0.082
Fe,03 0.831 0.131 -0.110
Al,O3 0.980 -0.097 -0.088
TiO; 0.677 0.050 0.674
CaO -0.059 0.986 -0.029
MgO 0.923 -0.003 -0.029
L.O.1 0.961 0.119 -0.123
Na,O 0.408 -0.259 0.198
K,0O 0.924 -0.119 -0.176
P2,0s -0.095 0.986 -0.031
ZrO, 0.025 0.096 0.977
% of variance 53.3 19.3 13.8

Significant value = 0.4

DISCUSSION
= Source Rocks

The petrology of the studied samples suggests two types of source rocks; a granitic
plutonic rocks, reworked and recycled several times, suggested by the fine grained, well-
sorted quartz arenite, monocrystalline quartz and dominant (ZTR) minerals in the heavy
fraction. The apparent angularity of the quartz grains is caused by late digenetic interlock of
more rounded quartz grains and cementation by silica under burial compaction causing
pressure solution. First cycle sands are apt to be less rounded and to contain a greater
proportion of polycrystalline and undulatory quartz and contain a great diversity of heavy
minerals (Folk, 1974).

A second source of the clastics and more proximal one appears to have been a low-grade
metamorphic rock, rich in micaceous minerals such as slates, phyllites and green schists. The
clasts of these rocks seem to have suffered less reworking in view of the fresh appearance of
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the micaceous minerals and their larger size compared to quartz. Because of the softness of
the slate and phyllite fragments, they are abraded away producing great volumes of clay-mica
mush which are winnowed out of the sands to produce thick shale horizons (Folk, 1974). This
is supported by the presence of mixed-layer chlorite/serpentine and some diagnostic heavy
minerals (Table 1).

= Maturity

Textural maturity is represented by the relative abundance of matrix and degree of
rounding and sorting of framework grains (Boggs, 2006). In this sense, the basal parts of the
sedimentary cycles of the Khabour Formation may be considered mature to supermature,
grading upward to submature with the introduction of the micaceous matrix.

On the other hand, compositional (mineralogical) maturity is estimated by the relative
abundance of stable and unstable grains (Boggs, 2006) and may be represented by the ratio of
quartz (stable) to feldspar or rock fragments (unstable or less stable). Mica (as muscovite) is
considered as a mechanically stable mineral and, under cold climate and/ or arid conditions,
a chemically stable mineral (Krumbein and Sloss, 1963). In this sense the studied sandstones
can be considered fairly mature.

= Paleogeography and Paleoclimate

The low rate of alteration found in the feldspar and mica suggests cool and/ or arid
climate. Iraq and the rest of Arabia were located at about 40° latitude south of the equator
during the Ordovician time (Beydon, 1993). The Saharan glaciation's affected the western
parts of the Arabia, which was at that time at its lowest southerly latitude (Sharland et al.,
2001, Jassim and Goff, 2006). This palacogeographic position induced cool climate and lower
sea-level. The cool climate is supported by the fresh feldspar grains (Figs.15 and 16) and their
persistent presence in the fine fraction (Fig.11).

= Depositional Environment

The Khabour Formation in the studied sections comprises a sequence of graded beddings
of quartz sand, silt and micaceous shale. All of which appear to have been deposited in marine
environment ranging from intertidal to outer shelf realms. The marine fauna and Cruziana
trails as well as the common presence of glauconite and occasional francolite (with conodont
remains) are evidence of the marine environment.

Wetzel (1950) suggested deposition in a tide-and storm-dominated shallow marine
intertidal environment of mud-and silt-flats. The results of the present study can not verify
storm-dominated mud or silt-flat environment for these clastics. The storm-dominated shelf
deposits are usually quite complex and show thin layers consisting of concentrations of
coarser grains interlayered or embedded in finer-grained mud (Krumbein and Sloss, 1963 and
Boggs, 2006). Moreover, tidal flat deposits are usually rich in marine life and highly
oxygenated, because of intermittent exposure. Seilacher (1963), on the other hand, suggested
turbidite facies for the upper part of the sequence, which seems an acceptable model.

Graded bedding may form by sedimentation from suspension clouds or last phases of
heavy floods, but most of these graded beds of marine origin in the geologic record have been
attributed to turbidity currents (Boggs, 2006). Most turbidities are composed of sands, silty
sands (or gravelly sands) interbedded with pelagic clays. They are commonly characterized by
normal-size grading and may or may not display complete Bouma sequence (Boggs, 2006). In
the present study a complete Bouma sequence was not observed. A stack of complete Bouma
sequences overlying each other in a cyclic manner assumes no change in sea-level and the
only variable is the successive episodes of density currents supplying clastics to the marine
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environment, and the sediment supply should be almost equal to subsidence rate, allowing for
a constant accommodation space. Such ideal conditions were never the case, as these
variables acted indifferently. This may partly explains the absence of a complete and ideal
Bouma sequences stacked in a cyclic manner in the studied sections.

In the opinion of the author, most of the cyclic succession of the Khabour Formation may
be assigned to deposition from turbidity currents of submarine fan environment under variable
sea-level, subsidence rate and sediment supply. The quartz arenites (basal deposits of the
cycles) represent the proximal parts of the fan, deposited in intertidal, very shallow agitated
environment, gradually passing into deeper subtidal outer shelf facies with a high appearance
of micaceous minerals and Cruziana trails, which represent the distal part of the fan. The
occasional presence of wave ripples (observed by previous workers) in the lower part of the
sequence where medium-and fine grained sandstones dominates the sequence, indicates high
density turbidity currents and suggests that the seabed was often within storm waver-base
(50 — 100) m. (Rieu and Allen, 2008). Their presence indicates shallow turbidite system fed
by rivers rather than a deep-sea turbidite (Plink-BjOrklund and Steel, 2004). On the other
hand, the laminated greenish shale and siltstone in the upper part of the sequence with slump
structures associated with thin graded sandstones indicates a quiet, distal-marine depositional
environment dominated by deep outer shelf hemi pelagic sedimentation. It represents outer
fan facies association and low density turbidity currents (Rieu and Allen, 2008). The whole
sequence may be considered as an example of a passive plate margin turbidities influenced by
variable sea-level and sediment supply. The relatively high SiO,/Al,0O3 and K,O/Na,O ratios
are related to Atlantic-type passive margin sand deposits (Potter, 1978). Pettijohn et al. (1986)
stated that submarine fans on the continental shelf bellow submarine canyons show greater
abundance of micas farther out on the fan, whereas the more proximal parts of the fan are
coarser grained and contain less mica.

The cyclicity of the sequence might have been partly induced by episodes of floods
supplying clastics from source rocks exposed at higher altitudes of the Afro-Arabian craton
and transported to the marine realm via turbidity currents, or by pulses of sea-level
fluctuations. Sea-level fluctuations may be related to tectonic pulses leading to higher
subsidence rate, or eustatic periodical changes related to glaciation's intensity at the poles.

During the Middle and Late Ordovician, a gradual rise in sea level resulted in the
development of an intracratonic marine shelf basin (Jassim and Goff, 2006). The sudden
increase in subsidence was attributed by Oterdoom et al. (1999) to rifting across Arabia, and
thought to have brought the outer-shelf shales to be rapidly deposited above inner-shelf and
continental coarse clastics. The relatively deeper shelf conditions were suddenly terminated
by a drop of sea level triggered by the Saharan glaciations, which resulted in highly incised
land forms and submarine canyons in NW Arabia (Husseini, 1991 and 1992).

Sharland et al. (2001) mentioned that the lithological changes during (AP2), from
relatively undifferentiated coarse clastics to alternating shale-sand associations suggests
significant changes in relative sea-level, accommodation space and sediment supply. AP2
(520 — 445 M.a.) was deposited during passive subsidence (Jassim and Goff, 2006). Within
AP2, several MFS’s were recognized, represented by the shale beds in the sequence, and
indicate transgressive phases. The 040 MFS is Late Ordovician (Late Caradoc) dated as
453 M.a. and is correlatable with the shale in the middle of the Khabour Formation (Aqrawi,
1998).

These successive transgressive — regressive episodes seem to have been more frequent and
short-lived in the early stages, followed by longer transgressive stands in the later stages,
allowing for thicker distal outer shelf shale sediments to dominate the middle and upper parts
of the sequence. The partings (surfaces) between one cycle and the next represents a second
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order (MFS) where deposition may stand still or becomes very slow evidenced by burrowed
and pitted surfaces and common presence of glauconite and occasional francolite; both are
indicators of condensed sections of non-or slow-deposition (Pettijohn et al., 1986). The non-
or slow-deposition may have been caused by decreasing influence of the turbidity currents
which retreated shore-ward due to high sea-level stand and consequent retreat of the feeding
source further insides the continent.

Successive density currents, passing over previous deposits may lay down additional
graded bed without seriously disturbing the relatively fine upper surface of previous cycle,
although surface markings may occur (Krumbein and Sloss, 1963). Many of these surface
markings were noticed by previous authors in the studied sequence (Wetzel, 1950,
Al-Hadithi, 1972 and Isaac, 1975).

The erosional unconformity, marking the uppermost part of the Khabour Formation, may
have removed significant sedimentary record of the retreating glaciation of the Ashgill
(Jassim and Goff, 2006). The missing upper part of the formation was encountered in many
subsurface sections.

= Digenesis

Early diagenetic processes include partial and minor alteration of feldspars, illite
transformation to chlorite, and formation of digenetic muscovite and deposition of glauconite.
Deep burial of the Khabour Formation clastics caused some later diagenetic alterations,
mainly pressure-solution and reprecipitation of silica, probably some smectite transformation
to illite, partial removal of Fe from chlorite, development of chlorite/ serpentine mixed layer
and the break down and squeeze of the detrital mica flakes between the much harder quartz
grains, by compaction pressure, forming the matrix material in the matrix-bearing arenites.
No sign of metamorphic alterations were noticed, except those related to deep burial.

CONCLUSIONS

The clastics of the Khabour Formation were derived from two probable sources: a recycled
granitic plutonic rock and more proximal low-grade (phyllitic) metamorphic rocks.

The sandstones are texturally mature to supermature and mineralogically fairly mature. The
sandstones are of two types: quartz arenite (more than 90% interlocking quartz grains) and
phyllarenite (mostly quartz and mica). The shale consists of silt-size quartz and micaceous
minerals. Feldspar is a minor to trace constituent.

Glauconite and francolite are the main authigenic minerals. The latter may be related to
conodonts, and marks the earliest marine phosphate showing in Irag. A mixed-layer chlorite/
serpentine is an alteration product and marks deep burial. Silica cementation is the main
diagenetic process induced by pressure solution due to burial.

The whole sequence is marine in origin, deposited in environments ranging from agitated
intertidal to calm deep outer shelf environments.

The cyclicity of the sequence may be explained as due to several factors including sea-level
fluctuations (tectonic and eustatic) and supply rate of detritus to the depositional environment.
However, the cyclicity may be interpreted by successive density currents and the whole
sequence may be considered as an example of a passive extensional plate margin turbidities.
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