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ABSTRACT
Detrital zircon (DZ) U-Pb geochronology,petrography and whole-rock
geochemistry were used to characterize Upper Cretaceous and Middle Eocene
clastic rocks from the Tanjero flysch and Gercus molasse, NE Iraq. These data
were also used to constrain provenance of the lithified clasts and to evaluate
the tectonic evolution of the Northern Zagros Orogenic Belt. The petrography
of the sandstone rocks of the Tanjero Formation reveals poor sorting and rapid
deposition. The LILE concentration in the studied samples is lower than the
corresponding values for the upper continental crust (UCC). Post-Archean
Australian Shale (PAAS) indicating the dominant sources have mafic and
ultramafic signatures, with some of the cratonic material. Major and trace
element geochemical data reveal that Tanjero samples show slight chemical
maturity than Gercus samples and both were subjected to moderate weathering.
The youngest zircon age population in Tanjero flysch yields,an age of 93Ma
which coincides closely in age with Albian-Cenomanian arc -dominated
magmatic event (i.e. 106-92 Ma). In addition to later age, however, the detrital
zircon U-Pb data set shows a strong episodic age distribution: 400, 448, 511,
553, 646, 779, 878, 996 and 1121 Ma sggest multicycle derivation from mostly
Neoproterozoic basement of the Arabian-Nubian Shield that were at some point
hosted by Early Pliensbachian - Turonian Qulqula radiolarite basin which was
located along Arabian passive margin. The DZ U-Pb measurements revealed
that the Gercus Molasse fall into several separable age population ranges from
92-102 (Albian-Cenomanian), 221 (Upper Triassic), 395-511 (Cambrian), 570-
645 (Neoproterozoic), 1111 (Mesoprotrozoic), and lesser numbers of
Paleoproterozoic (1622-1991 Ma) ages. The source of Proterozoic detrital
Zircons is enigmatic; the age peaks at 1.1, 1.5, 1.6, and 1.9 Ga (Proterozoic)
which may sugges that these analyses is interpreted as indicating that the
zircons are derived from Arabian crystalline basement. The detrital zircons
I



with age populations at 0.63-0.86 Ga probably originated from the Arabian-
Nubian Shield. The age peak at 0.55 Ga correlates with Cadomian Magmatism
reported from north Gondwana. The age peaks at ~0.4 Ga is interpreted to
represent Gondwana rifting and the opening of Paleotethys. The youngest ages
populations at 93 Ma indicate that fraction of DZ were transported directly from
the contemporaneously active magmatic arc. The DZ U-Pb age spectra from
the Gercus Formation suggess that the foreland sediments either influx from
multiple mixed provenances or the result of recycling from the accretionary

complex terrane (Qulqula Radiolarite 221Ma).
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CHAPTER ONE INTRODUCTION

Chapter One

Introduction

1.1 Preface

Clastic sediment packages are geological archives that record and
preserve signatures of past geological events in source provinces, during
transport, at the depocentre (Dickinson and Suczek, 1979; Bhatia, 1983).
Flysch and molasse facies are well known orogenic sediments and
recognized on the basis of difference of lithology, depositional environment
and time relation tectonics uplift (Karim, 2004). Flysch sediments is
comprised deep marine sediments (mainly turbidites and other gravity flow
sediments) which deposited during syn-tectonic phase of orogeny, while
molasse sediments consist mainly of sandstone and conglomerate with
predominance of red color which deposited in nonmarine or shallow marine
environment during post-tectonic phase of orogeny (Pettijohn, 1975; Potter
and Pettijohn, 1987; Bate and Jackson, 1980; Mial, 1990).
The Upper Cretaceous Tanjero and the Middle Eocene Gercus Formations
are typical flysch and molasse facies. Both flysch and molasse facies were
deposited in the foreland basin of the Zagroside Orogeny (Ditmar et al.,
1972; Buday, 1980; Al-Qayim, 1993 and 1995a; Kamal et al., 2007). The
Foreland basins in Iraq is located between the Arabian craton and the Alpine
orogen which is now commonly called the Zagros Fold Zone. The flysch to
molasse transition in peripheral foreland basins has been interpreted as
recording the passage of the thrust wedge over the passive margin of the
under-thrust plate (Stockmal and Beaumont, 1987). Heavy minerals

typically comprise ~1% of clastic sediments. Each heavy mineral grain is a

1
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unique messenger of coded data, carrying the details of its’ ancestry and the
vicissitudes of its sedimentary history (Mange and Maurer, 1992; Mange and
Wright, 2007). Analysis of heavy minerals in foreland basin sequences may
thus prove valuable in constraining the structural histories of both the basin
and the tectonic hinterlands (Mange and Maurer, 1992).

This study considers the source and petrogenesis of the Sandstone rocks
within both Tanjero and Cercus Formations in the Foreland basin using the
heavy minerals, new detrital zircon U-pb geochronology and whole rock

major, trace and rear earth elements geochemistry.

1.2 Location of the Study Area

The study area is located within Sulaimani and Erbil Governorate in
northeastern Iraq (Fig. 1.1). Two representative sections (Dokan and Mawat-
Chwarta) were sampled for the Tanjero clastic rocks (Table 1). The Dokan
section placed with longitude E 44° 57’ 28" —E 44° 55’ 10" and latitude N 35°
55/ 45"- N 35° 56/ 45"and is situated along Qashqoli river. The Chwarta-
Mawat section placed with longitude (E 45° 26’ 44/- E 44° 52/ 49") and
latitude (N 35° 46/ 33/- N 35° 59/ 19/) and situated within Kuna-Masi and
Tagaran villages. The Gercus sections are situated between longitude (E 44°
39/ 28/- E 44° 54/ 58") and latitude (N 36° 06’ 43/- N 35° 55’ 28/) from Kilka-
Smaq area stretching south to Qaradagh mauntain. The Qaradagh section is
situated between longitude (E 45° 21’ 21/- E 45° 21’ 8) and latitude (N 35
16/ 02- N 35 16/ 33).
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TURKEY — ;
4~ 1 Study Area

N & : . z
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Fig. (1.1) Regional tectonostratigraphic map for the NW Zagros belt
across lIraq shows distribution of the upper Cretaceous, Palogene
succession and the location of the selected sections for Tanjero and
Gercus Formation, After Koshnaw et al., (2017).
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Table (1.1): The latitude, longitude and location of the selected sections of

the Tanjero (T) and the Gercus (G) clastic samples

Sample | Section Locality Latitude longitude
T1-T10 Dokan Sara Anticline N 35° 55/ 45" - | E 44° 57/ 28/ -
(D-D) Qashqoli River N 35° 56/ 45" | E 44° 55/ 10

T11-T20 | Mawat-Chwarta | Kuna Masi-Tagaran | N 35° 46’ 33"- | E 45° 26 44 -

(A-A") villages N 35°59/ 19/~ | E 44° 52" 49"-
G1-G10 Koya-Dokan | Hiabat Sultan N 36° 06’ 43" - | E 44° 39 28"-

H-H’ klka-smagq N 35° 55/ 28/ - | E 44° 54  58-
G11-G20 | Qaradggh Wazyara N 35° 16/ 02" - | E 45° 21/ 217 -

Q-Q' N35°16/ 33" | E 45° 21/ 38/

1.3 Previous studies

The clastic rock parts of both flysch (Tanjero Formation) and molasse
(Gercus Formation) of the Kurdistan foreland basin, NE Irag were limited to
geochemical and geochronological investigations. The Tanjero Formation is
well studied in most aspects of sedimentology and paleontology by many
researchers (Bellen et al., 1959; Kassab, 1972; 1975, Buday, 1980; Al-Rawi,
1981; Buday and Jassim, 1987; Saadallah and Hassan, 1987; Jaza, 1992;
Lawa et al., 1998; Al-Rawi and Al-Rawi, 2002; Karim, 2004; Karim and
Surdashy, 2005; Jassim and Goff, 2006).

A few and limited geochemical studies have been done by Al-Nakib and
Dhannoun (2014) in where they, have studied the impact of sharp changes in
source rocks on the geochemistry of Tanjero formation in Dokan district,
northeast Iragq. They have concluded that a sharp increase in the mafic and

ultramafic source rocks elements (Cr, Ni, Co, Sc and V), and an obvious

4
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decrease in the felsic source rocks elements (Y, Rb, Zr, Hf, Th) changes in
the geochemical characteristics of the formation occur. The changes
involved the emplacement of island arc volcanics and ophiolites onto the
ridge separating the foreland basin to the west and southwest from the Neo-
Tethys to the east and northeast in which the emplacement of these mafic
and ultramafic rocks is undoubtedly related to the different stages of the
collision of the Arabian Plate with Eurasian Plate.

Koshnaw et al (2017), has studied Neogene shortening and exhumation of
the Zagros fold-thrust belt and foreland basin in the Kurdistan region of
northern Irag. The only single grain detrital zircon U-Pb age signature of the
Tanjero Formation shows a unimodal population centered at ~100 Ma,
indicative of ophiolitic derivation. Ali and Mohammed (2018) has studied
the geochemistry and provenance of sandstone unit in Tanjero Formation in
Sulimania and Pira-Magron Area, NE-Iraq. He concluded that Geochemical
classification of the an Upper Cretaceous Tanjero sandstone clastic rocks are
lithic arenites to Fe-Sand and indicates that they were mainly derived from
Albian-Cenomanian Gimo-Qandil sequence ophiolite-bearing terrane and

Hemipelagic sediments (Parautochthonous Qulqula rocks).

Previous investigation of the Middle Eocene Gercus formation included the
study of sedimentology, stratigraphy and palaeontology (Dhannoun et al.,
1988; Ameen, 2006; Karim et al., 2007; Al-Qayimet al., 2007; Sa’ad et al.,
2013; 2014; Hussain & Aghwan, 2015; Karim et al., 2018). there have been

no Whole-rock geochemical and detrital zircon geochronology studies.
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1.4 Aims of the study
The main aim of the present thesis can be summarized in the following
points:
1- Separation and identification of heavy minerals in siliciclastic rocks
within the Tanjero flysch and the Gercus molasse sediments.
2- Petrography and mineralogy of detrital heavy minerals.
3- Whole-rock geochemistry of major, trace and REE elements of both
Tanjero Flysch and Gercus molasse sediments
4- Age determination of detrital zircon by U-Pb dating.
5- Provenance study of flysch and molasse units in the Kurdistan
foreland basin.

6- Tectonic setting of flysch and molasse sediments.

1.5 Tectonic Setting

Jassim and Buday (2006) have divided lIraq into three tectonically
different areas, the Stable Shelf with major buried arches and antiforms but
no surface anticlines; the Unstable Shelf with surface anticlines, and the
Zagros Suture Zone which comprise thrust sheets of radiolarian chert,
igneous and metamorphic rocks (Fig 1.2). These three areas contain tectonic
subdivisions which trend N-E in the Stable Shelf and NE-SW or E-W in the
Unstable Shelf and the Zagros Suture. The N-E trend is due to Palaeozoic
tectonic movements. The E-W and NE-SW trends are due to Cretaceous-
Recent Alpine orogenesis. The Unstable Shelf is subdivided into Foothill
Zone; High folded Zone and Imbricate Zone. The Tanjero Formation crops

out in the high folded and also in the Imbricate Zone (Fig. 1.2).
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The Zagros Suture formed within the Neo-Tethys were thrusted over the
Arabian Plate during two distinct phases of obduction and collision, during
Late Cretaceous and Miocene-Pliocene. Aswad (1999) has presented a new
tectonic subdivision of the Zagros Suture Zone in the Mawat-Chwarta area
based on Allochthony versus Autochthony criteria (plate tectonic and sea
floor spreading theory). He has subdivided the area into five successions
from bottom to the tope:

1- Para autochthon unit (Qulqula Radiolarite).

2
3
4
5

According to Aswads’ subdivision, the Tanjero flysch comprise part of the

Neo-autochthon (Upper Cretaceous Tanjero flysch).

Tertiary Sedimentary Cover (Red bed series).

Nappe Walash-Naopurdan Allochthon

Nappe Mawat Allochthone.

unstable zone (high folded and imbricate Zone), while the Gercus molasse

comprise the Tertiary sedimentary Cover.
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1.6 Geology of the study area:

The flysch and molasse facies are represented by Tanjero (Upper
Cretaceous) Formation, while the Gercus (Middle —Late Eocene) Formation
Is typical molasse facies in the study area (Buday, 1980; Buday and Jassim,
1987).

1.6.1 Tanjero Formation (flysch facies)

Tanjero Formation stretches as narrow northwest-southeast belt near and
parallel to the Iranian border, which developed during the early stage of
collision between the Arabian margin and the Tethyan subduction complex
to the northeast (Buday1980; 1987).

The lower part of the Tanjero was intensively deformed and folded. It
consist of thin beds of brown silty laminated sandstone repeated several
times with dark greenish calcareous gray shale reflected active tectonic
alternation of pebbly sandstone and siltstone. The upper part of the
formation contains reddish pebbly sand interbedded with brown siltstone
with ripple mark structure (Fig 1.3). In the Chwarta-Mawat section, 10
samples were collected in Kuna-Masi and Tagaran localities. The Tanjero

Formation in this area is very close to the contact of the Red Bed Series.
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Fig. (1.3) Lithological section of the Tanjero Formation A: Chwarta
section, B: Dokan section. Fm-formation, Thic-thickness

Bellen et al. (1959) have defined the Tanjero Formation for the first time and
has described it under the name of Tanjero clastic Formation at Sirwan
Valley, 1 km to the south of Kani Karweshkan village, near Halabja Town.
Dunnington (1952 in Bellen et al. 1959) has divided the formation based on
lithology in the type section, into lower and upper parts. The upper part
consists of silty marls, siltstone, sandstone, conglomerate and sandy
biogenic detrital limestone; this part is 1532 meters thick. The lower part is
484 meters thick and composed of pelagic marl with some siltstone and rare
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marly limestone. The forementioned division is based only on the lithologic
variation of the type section in the Sirwan valley and has not taken into
consideration the other areas. This division is later, followed by all other
researchers such as Buday (1980), Al-Rawi (1981), Abdul-Kireem (1986),
Jaza, (1991) Saaddlla and Hassan (1987).

Kassab (1972 and 1975) has studied biostratigraphy of the formation and
gave the age of Late Campanian -Maastrichtian to the formation. Al-Mehaidi
(1975) has discussed briefly the stratigraphy and tectonic of the formation
within the Chuarta area and the occurrence of the Agra Formation in the
upper part of Tanjero Formation as a lentil. Al-Rawi (1981) studied in detail
the sedimentology, and petrology of the formation in selected section
(Sulaimaniya, Dokan and Rawandoz sections). He has mentioned that the
lower part at Sulaimaniya has a shallow environment of deposition and
concluded that the paleocurrent is toward northwest and flow parallel to the
axis of the Tanjero trough. He has studied in detail the clay mineralogy and
sandstone of the formation. He has also classified the sandstones according
to Pettijohn (1975) and plotted them on triangles.

Abdul-Kireem (1986 a) has studied the formation within stratigraphy of
Upper Cretaceous and Lower Tertiary of Sulaimani- Dokan Region. He
suggests that removing the word “clastic” from the name of the formation
and to put the lower part with Shiranish Formation. Abdul-Kireem (1986 b)
studied planktonic forams and stratigraphy of Tanjero Formation. He has
assigned, for the formation, the age of Middle-Late Maastrichtian in Dokan
area.

Saadallah and Hassan (1987) have made sedimentological analysis of the
formation in selected sections from Dokan and Sulaimaniya areas. They

have concluded that the paleocurrent is toward west and southwest. The
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most recent and detailed study is that of Jaza (1992) which is concerned with
sedimentary facies analysis of the formation in the selected sections from
Sulaimaniya district. He has recognized the turbidite and submarine fan (as
depositional feature of the basin) in the formation. He divides the rock body
of the formation into sixteen lithofacies and suggests further detailed study
of the formation to reconstruct depositional model for the whole basin and
its relation to tectonics. Minas (1997) studies sequence stratigraphy of the
formation and puts Tanjero Formation in deeper environment than Shiranish
Formation.

Al-Rawi and Al-Rawi (2002) have studied the formation as turbidite
example of flysch type in northeast and north of Irag. They concluded that
the formation deposited in deep environment except the limestone beds
which are deposited in shallow one.

Karim (2004) and Karim and Surdashy (2005) have put Tanjero Formation
in Early Zagros Foreland basin for the first time and have concluded that
paleo-current direction was toward south and southwest during
Maastrichtian. They have found a very thick succession of conglomerate
(500m thick) at Chwarta, Mawat and Qandil area and have correlated this
conglomerate with lower part of Tanjero Formation (Fig.1.3). They have
further added that the foreland basin formed by continental colliding of
Arabian and Iranian during Campanian.

Sharbazheri (2008) has studied the upper boundary of the formation with
Kolosh Formation and has proved a gradational (conformable) contact
between the two formations by planktonic foraminifera boizonation.
According to Ali et al., 2014 the Tanjero Formation is equivalent in age to
the Amiran Formation in Iran, and they are considered to represent typical

peripheral foreland deposits.
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1.6.2 Gercus Formation:

The Gercus Formation forms part of the Paleogene successions in northern
Irag, have been represented by a thick section of Middle-Late Eocene clastic
sediments. A complete section of these rocks form an outcrop in the
northeastern side of Jabal Hiabat Sultan in the Unstable Folded Zone (Al-
Rawi, 1980; Ai-Qayim, 1994; Jassim & Goff, 2006). Typical molasse facies
of the Middle Paleocene—Eocene Megasequence (Jassim & Buday, 2006),
are predominantly distinctive Gercus of continental clastic sediments
consisting of conglomerates, sandstones and mudstones with some
carbonates and evaporites (Fig. 1.4).

The name of the Gercus Formation was first introduced by Maxson (1936, in
van Bellen et al., 1959). The type section is approximately 20 km north of
Midayat in southern Turkey. In northeastern lrag, the formation crops
mainly several kilometers north of the boundary between High and Low
Folded Zones. It extends along a relatively narrow belt in the northwest-
southeast direction from eastern to northern Iraq (Buday, 1980; Al-Rawi,
1983; Buday & Jassim, 1987, Jassim & Goff, 2006; Hussain & Aghwan,
2015) and continues northwest into southeast Turkey (Tasman, 1949). To
the southeast, the Kashkan Formation in Iran (James & Wynd, 1965) seems
to be similar, in most aspects, to the Gercus Formation, including its age
(Fig. 1.4). A detailed sedimentological study reveals that this rock
accumulated in three main distinct facies associations: aeolian, fluvial and
lacustrine. Al-Qayim and Al-Shaibani (1991) have suggested that sediments
in the Gercus Formation are deposited in a clastic-dominated tidal flat. On
the basis of main lithological distribution, the formation was divided by
Ameen (1998) into three parts (lower, middle, upper). The Gercus Formation

was deposited in a foreland basin type. This basin (north-northeast Iraq) is a
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peripheral flexural foreland basin bordering the Accretionary Complex
Terrane (ACT). The ACT developed during the protracted plate convergence
between the Arabian and Eurasian Plates due to subduction-collision
episodes is composed of serpentinite matrix-mélange and Qulqula
radiolarites (Aswad et al., 2011).

(m)

70

Pila Spi

150

Eocene
Gercus

Age | Fn. ll‘hlc Lithologic log Lithologic description

INTRODUCTION

Thin bedded of chalky limestone
with dolomitic limestone

Alternation of sandstone, claystone

witha lens of conglomerate

Red claystone and
G9-10
G7-8
Alternation of thick gray
G 4-6 sandstone beds and
Red claystone
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30 B

11 Fossileferous sandy limestone
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300
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Alteration of shale, marl with

thin beds of fine sandstone

Fig. (1.4) Lithological section of Gercus Formation
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1.7 Material and Method

1.7.1 Sampling

Extensive field work has determined the occurrence and spatial
distribution of clastic rocks within the Tanjero and Gercus formation in
different localities Northeastern Iraq (Fig. 1.1). A total of 10 samples were
collected along a vertical section of Tanjero Formation (given the symbol T)
exposed at Dokan district in northeast Iraq at the southwest flank of Sara
anticline and across the Qashqoli river in the High Folded Zone. The
samples are systematically collected near the contact of the Shiranish
Formation trough the appearance of thick beds of sandstone (Fig. 1.5 and
1.6).

Fig. (1.5) a- Field photograph of sandstone beds of Tanjero Formation in
Chwarta section 2 km west of Mokaba village. B- Coarse sandstone
parasequence about 10m thick, 2 km west of Dokan town.

15



CHAPTER ONE INTRODUCTION

Fig. (1.6) Field photograph of sandstone beds of Tanjero Formation in

Chwarta section, near Tagaran village.

A well exposed Gercus clastic section cropping out above Chenarook
village, NE side of Hiabat Sultan Mountain, Erbil district, in NE lIraq
(Fig.1.7 and 1.8). Ten samples of the Gercus clastic rock were collected
from Dokan (klka-smaqg) and Koya (Hiabat Sultan) locality, while in
Qaradggh (Wazyara), and Garmian (Basara) sections, ten samples were
collected (given the symbol G). The latituiude, longitude and location of

samples were given in the (Table 1).
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Fig. (1.7) Field photograph of a- Alternation of red claystone, sandstone and
marl of Gercus Formation along road cut in Jabal Habiat-Sultan. Koya area;
b- Red sandstone layer within Gercus Formation.

Fig. (1.8) Field photograph of a- sandstone layer within Gercus Formation in
Haibat-Sultan area; d- view of Gercus Formation near Wazyara village.
Qaradax Mountain.
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1.7.2 Methodology

In the current study, various conventional analytical techniques were used

for extraction, petrographical, geochemical and chronological studies as

follows:

g_

1- Extraction of the detrital heavy minerals at both geochemical
laboratory, University of Sulaimani and ORIGINANAL YTICAL Ltd.
At Welsh pool city, Great Britain. The procedures for heavy mineral
separation was followed according to Carver (1971), these procedures

to are outlined below:

Concentrated diluted acetic acid (10%) was added to each sample in
order to remove the carbonates, and then, to leave the sample for 24 hrs,
the samples were washed by water.

Concentrated H,O, (20%) was added to each sample in order to remove
the organic materials and for disintegration of the small sandstone chips.
The samples were washed by decantation for several times.

Each sample was washed by water through a 230 mesh sieve (63
microns) in order to remove all the silts and clays.

The 2.5¢0, 3¢, 3.50 and 4@ size graded which were obtained by dry
sieving were mixed together.

5 grams of these sizes were used for heavy / light mineral separation.
Using heavy liquid Bromoform (CHBr3) with a specific gravity of 2.89.
The separation was accelerated by centrifuging for 20 minutes with a
speed of 3000c/s.

After centrifuging sink sample in ice at the time it will be freeze.
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h- The heavy mineral fraction was then washed on filter paper with
acetone, dried out and part of them mounted on glass slides with Canada
balsam for petrographic study.

I- The heavy minerals were identified using a binocular microscope and
polarizing petrographic microscope in the petrography laboratory,

department of geology, University of Sulaimani.

2- ldentification of all detrital heavy minerals use semi-automated SEM-
with backscattered images for each heavy mineral for the Tanjero and
Gercus siliciclastic rocks at the Ltd in Welshpool, United Kingdom .

a- An aliquot of ca. 2000-4000 grains from each sample were mounted into

epoxy resin, polished and carbon coated.

b- Each sample was then analyzed using the Zeiss EVO MA10 SEM,
coupled with an Oxford Instruments 80mm? EDS detector with Aztec

software

c- Heavy mineral identification used the "Feature” module of Aztec.

3- Petrographic point counting:

Twenty thin sections of representative samples (Ten for each Tanjero and
Gercus clastic rocks) were examined to achieve mineralogical classification
of the Tanjero and the Gercus clastic samples at original analytical Ltd in
Welshpool, United Kingdom. Using high resolution petrography approach,
in which all of the particles are carefully and forensically classified. The
analysis includes full descriptions, determination of mineralogical
abundances based on traditional or Gazzi-Dickinson’s point counting

approaches which was described by Ingersoll & Suczek(1979), and involves
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counting of 300 points per slide (300 points at 0.04 mm intervals on each
sample). This method puts fine-grained lithic fragments that do not have

individual crystals larger than 0.0625 mm in the lithic fragment pole.

4- Whole-rock geochemical analysis:

Bulk-rock major, trace and rare earth elements (REEs) for twenty clastic
rocks (10 samples for each Tanjero and Gercus) were determined at the ALS
Laboratory Group SL Seville Spain, using ICP-MS with the Lithium Borate

fusion method as a whole rock package encoding ME-MS 81d.

5- U-PDb geochronology:

Detrital zircon grains in a mixture samples (T1, T5, T10, T12, T16 and
T20) of the Tanjero and (G1, G5, G10, G12 and G15) of the Gercus clastic
rocks were separated using conventional density and magnetic separation
techniques. This was repeated several times due to the low zircon content in
the samples. Zircon U-Pb dating was determined by the use of an Analytik
Jena PQ Elite ICP-MS coupled with an ASI resolution 193-nm excimer laser
ablation system on 30 and 35 zircon grains in the mixture samples of
Tanjero and Gercus , respectively. Analytical parameters and standardization
approach followed by detailed in Papapavlou et al., (2017), Precambrian
Research. Zircon analyses were normalized to the BB9 zircon RM, with
Plesovice and Temora 2 run as secondary standards. All results and

concordia diagrams are presented in tables 4.1 and 4.2.
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CHAPTER TWO

PETROGRAPHY

2.1 Preface

Sandstone petrography is a classical technique for characterizing constitute of
sandstones and describing their porosity and permeability. It also provides valuable
insights into transport history, depositional setting and diagenetic alterations of
sediments and sedimentary rocks. Traditional petrographic studies typically
involve the point counting of quartz, feldspar and lithic fragments together with the
distribution of authigenic phases and diagenetic studies. The varieties of quartz
grains (monocrystalline (undulose, non undulose) and poly-crystaline (2-3 crystal
units per grain, Unstretched >3 crystal units per grain and Stretched >3 crystal
units per grain), feldspar composition, heavy mineral/opaque types and shape, and
specific count of lithic clast varieties are all used to provide invaluable provenance
information and sandstone classification. In the present study, we have used high
resolution petrography approach, in which all of the particles are carefully and
forensically classified and the analysis includes full descriptions, determination of
mineralogical abundances based on traditional or Gazzi-Dickinson’s point
counting approaches which was described by Ingersoll et al. (1984). This method
Is important for deducing the provenance of arenite in relation to tectonic and
magmatism. The results are presented in tables 2.1.
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2.2 Petrography of Tanjero sandstone rocks

The Petrographic study of the Tanjero clastic rocks revealed diverse
mineralogical constitutes based on point- counting results (Table 2.1). The Tanjero
lithic vary from fine to coarse grained (Fig. 2.1 A). The average quartz content was
9.53 % in the 10 Tanjero samples (Table 2.1). Monocrystalline and poly-crystalline
quartz grains were proportionally minor in the samples. The monocrystalline
quartz grains were angular to sub-rounded whereas ploy-crystalline grains were
sub-angular to sub-rounded (Fig. 2.1 B). The rock fragments found in the
sandstones were diverse with some proportional constituent differences. The
common fragments were limestones (typically micritic, very finely peloidal or
foraminiferal; Fig. 2.1 E&F), chert, intermediate volcanic and plutonic rocks (Fig.
2.1 C&D), undifferentiated metamorphic fragments and a few clastic mudstones.
Feldspars were comparatively common and dominantly represented by plagioclase
(including relatively fresh/tabular grains; Fig. 2.1 E). Phyllosilicate grains have
occurred as a common biotite mica with lesser chlorite and rare muscovite mica.
The accessory grains were mostly represented by very common benthic
foraminifera (mostly larger forms that were possibly reworked/recycled; Fig. 2.1
D&F), rare phosphatic grains/fragments, and rare opaque detrital grains and rare
traces of both rutile and hypersthene heavy minerals. Note that the interstitial
detrital clays were locally intermixed with organic and probably at least in part,
represent a pseudomatrix. Metamorphic lithic grains are common and represented
by serpentine minerals. The authigenic cement was dominated by pervasive, pore-
filling, non-ferroan calcite, typically occurring as relatively coarse pore-filling spar
and very rarely as grain-coating isopachous crusts, partially surrounding some
lithic grains/foraminifera. Rare microcrystalline siderite, hematite and pyrite were

also very finely disseminated locally.
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Table (2.1) Modal analyses of the Tanjero and Gercus samples

Samole Quartz% Rock fragment Phyllosilica
IDp Feldspar te & Matrix Cement Clays Porosity
Accessories
Mono | Poly Sed Meta | Ign Chert Tg?'
T2 2.6 3.43 6.19 29.66 2.95 | 6.25 14.7 53.56 4.62 6.29 19.82 0.95 2.54
T3 3 142 10.5 36.4 25 7.3 10.2 56.4 6.08 6.1 13.1 0.9 25
T4 6 2.9 6.5 355 3.3 8.1 9.7 56.6 1.15 55 18.2 0.82 2.33
T6 5 33 9.7 34.9 2.7 9.2 10.2 57 5.28 6.8 10.2 0.31 241
T8 7.9 4 8.4 32.7 24 9.5 11.38 | 55.98 3.59 7.2 10.5 0.43 2
T10 10 4 6.6 305 3.2 7.55 10.8 52.05 7.43 5.5 114 0.93 2.1
T11 7.1 2.2 5.6 35.7 25 74 12.8 58.4 2.26 6.9 13.9 0.64 3
T13 11 5.8 8.7 29.5 4.8 7.1 10.8 52.2 1.87 7.3 10.5 0.51 212
T16 4 1 8.3 37.8 2 6.7 10.3 56.8 4.59 7.4 14.7 0.55 2.66
T19 7.3 33 6.5 37.3 2.6 9.9 9.9 59.7 1.45 6.1 12.6 0.95 2.1
Av. 6.39 3.14 7.699 33.996 33 | 831 | 11.078 4.74 6.75 14.54 0.68 2.54
Sample Quartz% Rock fragment Ph;/tléogllc
D Feldspar Accessorie Matrix Cement Clays Porosity
Total s
Mono | Poly Sed Meta | Ign Chert RE
G2 8.3 2.3 43 35.24 13 9.4 8.2 54.14 2 9.4 18.43 0.8 0.33
G4 11.3 142 51 334 25 8.3 8.5 52.7 2.3 6.1 17.68 0.9 2.5
G6 10.5 2.9 4.2 40.2 33 8.1 10.4 62 1.8 5.5 11.95 0.82 2.33
G5 17.8 4.3 3.8 30.7 2.7 7.2 9.7 50.3 1.12 6.8 13.16 0.31 241
G10 13.9 4 5.6 355 24 7.5 8.38 53.78 2.2 7.2 10.89 0.43 2
G12 9.4 4 3.6 34.9 3.2 5.5 8.6 52.2 33 7.5 15.84 0.93 2.83
G14 10.1 2.2 5.3 41.4 25 7.4 12.6 63.9 1.1 6.9 8.56 0.44 3.5
G16 9.9 5.8 4.9 37.9 4.8 8.5 7.7 58.9 1.9 6.7 9.27 0.51 212
G18 7.9 1 4.5 38.9 2 4.7 9.2 54.8 1.6 74 19.59 0.55 2.66
G19 8.3 33 39 43.4 2.6 9.9 9.5 65.4 24 6.1 7.74 0.96 1.9
Av. 10.74 | 3.122 4.46 37.154 273 | 765 | 9.278 1.972 6.96 13.311 0.665 2.258
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Fig. (2.1) Photomicrographs of Tanjero lithic-arenite; A- Coarse lithic-

arenite; B- mono- and poly-Quartz grains; texture sand with fossil debris;

C-D Lithic arenite with plagioclase and chert rock fragment
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2.3 Petrography of Gercus sandstone rocks

The texture and mineralogy of the Gercus formation were highly variable
between locations due in part to the formation length of more than 1,000 km along
the Zagros and Taurus belts inside Iran, Iraq and Turkey. Due to textural and
mineralogical diversity, the Gercus sandstone had several classifications, including
chert-carbonate and Quartz-chert lithic wacke and, less commonly, chert-carbonate
and Quartz-chert lithic arenite (Ameen, 2006; Al-Mashaikie et al., 2014). (1982)
and as lithic-arenites Pettijohns (1975) classification chart (Fig. 2.4). The lithic-
arenite rocks were poorly sorted and angular to subrounded grain morphology (Fig.
2.2 A) Matrix-supported, which was massive at a thin section scale, demonstrated
possible rare lamellar fenestral voids, suggestive of some degree of lamination.
Compaction was impossible to determine, as the samples were matrix-supported.
Detrital grain mineralogy was characterized primarily as monocrystalline quartz
and rarely as polycrystalline quartz or feldspar (plagioclase coarse deformed
grains; Fig. 2.2 C). Very common lithic rock fragments were predominantly chert
(including silicified limestone clasts (Fig. 2.1 B) and dolostone rock fragments
(DRF — Fig. 2.2 D). Additional lithic grains included rare fragments of limestone,
siliciclastic mudstone, phyllite/schist, and plutonic and volcanic fragments (Fig.
2.1 F). Phyllosilicate grains occurred as rare biotite mica, rare chlorite and rare
muscovite mica (grading to an unresolvable illitic/sericitic matrix). Accessory
grains such as moderately common detrital opaque grains, phosphatic
grains/pellets, rutile and hypersthene/orthopyroxene heavy minerals were
observed.
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Fig. (2.2) Photomicrographs of Gercus lithic-arenite rocks; A- lithic- arenite
rocks were poorly sorted and angular to subrounded grain morphology; B- Chert
fragment; C- deformed plagioclase; D- dolostone RF; E&F- plutonic RF
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2.4 Mineralogy of both Tanjero and Gercus Sandstone rocks

2.4.1 Quartz

Quartz is the less dominant framework grain in the Tanjero sandstones,
constituting an average of 9.53 % of the rock volume, and occurring as
monocrystalline (average 6. %; range 3-11 % Table 2.1). In Tanjero samples
the monocrystalline quartz grains are angular to sbu-rounded, usually has
straight extinction but occasionally shows undulose extinction suggesting a
metamorphic origin (Folk,1980),whereas, polycrystalline quartz grains are
subangular to sbu-rounded, with poor rounding reflecting a short distance of
transportation (Johusson et al., 1988) ( average 3.14 %; range 1-5.8 %)
grains. Generally, in the Gercus sandstones, the quartz grains are of
monocrystalline type (Fig 2.3 A), fairly common (average 12.74 %; range
9.9-19.8 %), and persistent in their distribution.

2.4.2 Calcite

Calcite mineral are dominated by carbonate rock fragment in the
Tanjero sandstones (average 33.9 %; range 29.5-37.8 % table 2.1), typically
micritic (Fig. 2.1F), very finely peloidal or foraminiferal, whereas,The
Gercus formation are characterized by high content of carbonate fragments
(average 37.15 %; range 30.7- 43.4% table 2.1), including dolostone rock

fragments and rare fragments of limestone (Fig. 2.3 C).

2.4.3 Dolomite
The Dolomite mineral are mainly restricted to the Gercus sandstones. The
presence of dolomite may be related to the dolomitization processes and/or a

high content of Mg minerals such as olivine, pyroxene and amphibole, as
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well as the occurrence of dolomite precipitation environments as a result of
presence of hydrothermal fluids and CO; gases in the bottom of sedimentary
basin (Pichler and Humphrey, 2001). The elevation of Mg/Ca ratio and the
PH of the sea water are common as a result of CaSQO, precipitation and iron

oxide dissolution (Pichler and Humphrey, 2001).

2.4.4 Feldspar

The Tanjero sandstones have dominantly feldspathic composition (average
7.7 %; range 5.6-10.5 % table 2.1).The feldspars include K-feldspars and
plagioclase feldspar with deformed polythenthitic twining (Fig. 2.3 D). The
total feldspar minerals in the Gercus samples are lower than the Tanjero
samples (average 4.46%; rang 3.6-5.6 %) which are coarse grained, sub-
angular in shape, and mainly of plagioclase feldspar. The presence of

feldspars indicates igneous or metamorphic source rocks (Pittman, 1970).
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Fig. (2.3) Photomicrographs of A-monoQuartz;B-polyquartz;C-Calcite; D-

Deformed Plagioclase.

2.4.5 Rock fragmets

Dominantly, the rock fragments within Tanjero and Gercus clastic rocks
comprising very common rock fragments that were derived from older
source rocks and survived destruction. They are significantly important in
the study provenance. The amount of total rock fragments in Tanjero clastic
samples ranges between 52.05% to 59.7%, table 2.1, while the total rock
fragments in Gercus clastic samples range between 50.3wt.% to 65.4wt.%.

They consist of the following types.
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2.4.5.1 Sedimentary rock fragments

Sedimentary rock fragments are the most abundant lithics in Tanjero and
Gercus ranging in amount between 29.5- 37.8% with an average of 33.99%
table 2.1 in Tanjero clastic samples. The sedimentary rock fragments in the
Gercus samples range between 30.7-43.4% with an average of 37.15% table
2.1. The sedimentary rock fragments in both Tanjero and Gercus clastics are
of different types including chert, carbonates and clastics. The chert lithics
of Tanjero and Gercus (an average of 11.08% and 9.28% respectively table
2.1) are probably derived from the radiolarian beds of Qulqula radiolarite.
The carbonate lithics in Tanjero are limestones (typically micritic, very
finely peloidal or foraminiferal). The sedimentary lithics in Gercus are
common and dominantly comprise dolostone rock fragments and rock

fragments of limestone.

2.4.5.2 Igneous Rock fragments

The Tanjero and Gercus clastics are characterized by its content of
igneous rock fragments (average of 8.31% and 7.65% table 2.1). Commonly,
the igneous rock fragments in Tanjero are volcanic and plutonic rock
fragments.
The igneous rock fragments in Gercus are rare volcanic fragments. The
existence of igneous lithics is attributed to igneous source rocks present in

igneous and Ophiolite in the Zagros Suture Zone.

2.4.5.3 Metamorphic rock fragments
The metamorphic lithics are present as minor amounts with an average of
3.3% and 2.73% table 2.1 in Tanjero and Gercus samples, respectively.

Metamorphic lithics in Tanjero and Gercus are mostly serpentines derived
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from serpentinites body associated with Qulqula Radiolarite and the

serpentinites part of the Ophiolite in the Zagros Suture Zone.

2.4.6 Matrix

The matrix represents ligament materials that are filling void between
particles which generally consists of formed clay and micritic materials
(Dickinson, 1970). It is produced as a result of disintegration and
decomposition of unstable constituents especially rock fragments and
feldspars. The matrix amount is in the Tanjero samples, ranging between 5.5
% -7.4%, with average 6.75% table 2.1. The Matrix of Tanjero clastic rocks
are interstitial detrital clays is locally intermixed with organic matter and
probably, at least in part, represent pseudomatrix. In the Gercus clastic
samples, the matrix is ubiquitous, and primarily comprises intermixed (and
largely unresolvable) clay/hematite with rare patches of remnant
interspersed organic matter (partially pyritized in places). The clay
component of the matrix appears to be largely Illicit in composition but is

uneasily resolvable in thin section.

2.4.7 Cement

Authigenic cements in the Tanjero clastics are dominated by pervasive
pore-filling non-ferroan calcite, typically occurring as relatively coarse pore-
filling spar and very rarely as grain-coating isopachous crusts partially
surrounding some lithic grains/foraminifera. Rare microcrystalline siderite,
hematite and pyrite are also locally finely disseminated.
In Gercus clastic rocks, Matrix is ubiquitous and primarily comprises
intermixed (and largely unresolvable) clay/hematite with rare patches of

remnant interspersed organic matter (partially pyritized in places). Note that
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the clay component of the matrix appears to be largely Illitic in composition

but is uneasily resolvable in thin section.

2.5 Mineralogical classification of Tanjero Sandstone rocks.

There are number of mineralogical classifications of sandstone and most use
a triangular diagram Q: Total quartz; F: Total Feldspar; RF: Total rock
fragments. According to Pettijohn, (1975) classifications both the Tanjero

and Gercus samples are lithic arenites (Fig.2.4).

Q

0.J00 [l Tanjero

@ Gercus

80

Quartz arenite

Lithic arenite

Arkosic arenite

Fig. (2.4) Mineralogical classification of the clastic rocks in the Tanjero and
Gercus Formation (Pettijohn, 1975); Q: Total quartz; F: Total Feldspar; RF:
Total rock fragments.
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2.6 Heavy Minerals

The importance of heavy minerals in sedimentary studies, despite their
low abundances (<1.0%), is that they allow an assess of the source and
environmental conditions of deposition of the sediment (Pettijohn, et al.,
1987; Garzanti, et al., 2013, Ali et al., 2017). Each heavy mineral grain is a
unigue Recorder of data, carrying the details of its Provenance, destance of
the source rocks and re-sedimentation processes (Mange, & Wright, 2007).
Thus, the analysis of heavy minerals in foreland basin sequences can prove
valuable in constraining the structural histories of both extra-basin and intra-
basin (e.g., hydraulic) processes that influenced the formation of clastic
rocks (Dill, 1998). These minerals are devided into two groups; the first
group is Opaque Heavy Minerals which includes Goethite, Magnetite,
Hematite and Chromite; the second group is Non opaque heavy minerals.
Neumerous reseachers have studied the satability of the heavy mnierals
against weatheing processes. Zircon is stable during chemical and physical
weathering, while Pyroxene and Amphiboles are strongly affected by
weathering (Nickle, 1973; Morton, 1985). Based on the stabilty of heavy
minerals, Folk (1974) has classified heavy minerals into three groups; firstly
Ultra-stable Heavy Minerals, include Zircon, Tourmaline and Rultile;
secondly Meta-stable Heavy Minerals include Garnet, Epidote and Kayanite;
thirdly Unstable Heavy Minerals incude pyroxene, Amphible ans
Serpentine. In the present study, the heavy minerals were separeted from 10
sandstone samples of each Tanjero and Gercus clastic rocks following the
method of Carver (1971) and their identifications was carried out and

confirmed under high resolution microscope copled with semi-automated
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SEM-EDS prope. Backscattered images were prepared for some heavy

mineral grains.
2.6.1 Opaque minerals

2.6.1.1 Cr-Spinel

Chromian spinel occurs as an accessory mineral in sedimentary rocks
in which it preserves its compositional signature after burial in sedimentary
strata which has mechanical stability, and is easy to recognize. It has
immense geodynamic implications and is known to be a provenance marker
of mafic and ultramafic rocks, especially Alpine-type peridotites (Arai and
Okada 1991; Cookenboo et al. 1997; Lee 1999). The chemistry of the spinel
group minerals is expressed by AB2QO,, in which (A) represents divalent
cations(R*?) and (B) trivalent cations(R*). Deer et al (1992) have
subdivided spinel group into three series, namely spinel series (Al) that
includes Spinel, Hercynite, Gahnite and Galaxite. Magnetite series (Fe*3)
includes Magnesioferrite, Magnetite, Franklinite, Jacobsite and Trevorite,
and chromite series (Cr) that includes Magnesiochromite and chromite,

according to whether the trivalent ion is Al, Fe, or Cr.
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Fig. (2.5) Backscattered image of Cr-spinel; a & b Tanjero lith-arenite, ¢ &
d; Gercus lith-arenite

Cr-Spinel shows subhedral to anhedral shapes in the Tanjero Sandstone
samples, usually without traces of abrasion on their surfaces (Figure 2.6 A
and B). Cr-Spinel extracted from the clastic samples of the Gercus exhibit
rounded and corroded surface which indicate sorting due to the distance
from the source rocks (Fig 2.6 C and D). Detrital Cr-spinels have been
recognized in the Upper Cretaceous Tanjero clastics and have been
interpited and derived from Ophiolite. An ophiolite source consists of the
harzburgitic mantle Peridotite developed mainly in a supra-subduction zone

setting.
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2.6.1.2 Magnetite

Sub-rounded to sub-angular opaque magnetites were identified in all the
samples (Fig. 2.5 B). In comparison between the two formations, both seem
to be dominated by the occurrence of opaque minerals. The opaque content
Is forming 79.83-87.04 % of the heavy mineral suite in the Tanjero clastic
samples. Accessory grains of detrital opaque minerals were highly common
in the clastic samples of the Gercus molasse, forming 93.73% of the heavy

mineral suite. These minerals include magnetite, Cr-spinel and ilmenite.

2.6.1.3 llmenite

The mineral llmenite (Titanium magnetite) comprises the opaque group.
The existence of lImenite among the opaque minerals was determined based
on the semi-quantitative estimation of SEM-EDS results. The Tanjero
litharenite samples are characterized by the presence of high content (19.66
wt. %) of ilmenite mineral among the opaque group, while in the Gercus
clastic samples, the ilmenite content range between 5.81-9.52 wt. %. The
high content of ilmenite within Tanjero samples indicates the mafic source

of these rocks.

2.6.2 Non Opaques
The non-opaque heavy minerals are represented in the present study by

three groups; ultrastable, metastable, and unstable (Folk, 1974).
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2.6.2.1 Ultra Stable Heavy Minerals

Ultra Stable Heavy Minerals include zircon, rutile and tourmaline. Their
presence is an evidence of involvement of metamorphic and acidic igneous
rocks (Chaodong et al., 2005; Ruiz et al., 2007).

2.6.2.1.1 Zircon

Zircon is found as fine subhedral to anhedral grains in the Tanjero clastic
samples, Zircon is characterized by its colorless, pale yellow or pale pink
colors and high relief. The zircon content is significantly low in the Tanjero
clastic rocks. It comprises only 0.11 wt. % of the Ultra stable heavy
minerals. Zircon occurs as very finely, rounded grain in the Gercus clastic
rocks (Fig. 2.6 A and B).

e T
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Fig. (2.6) Photomicrographs of Zircon in Tanjero and Gercus (A and B),
Apatite in Tanjero and Gercus (C and D), respectively.
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2.6.2.1.2 Tourmaline

Tourmaline is a group of minerals with complex chemical compositions
and various colors. The variation in colors is due to the complexity of
chemical composition and show paleochroism under ordinary light.
Tourmaline minerals occur only in the Gercus clastic rocks indicating that
the mineral has been derived from the granitic part of the Zagros Ophiolite
(Mohammad et.al.2016). It occurs as fine rounded to sub-rounded grains,

display pale-green to pale yellow color (Fig. 2.7).

Fig. (2.7) Photomicrograph of Tourmaline in Gercus Clastic rocks

2.6.2.1.3 Rutile

Rutile is identified by its high relief, red or brown to yellowish orange
color, display pleochroism from yellow to reddish brown (Kerr, 1959). In
the Tanjero clastic samples, the rutile exhibit different forms, it occurs as
corroded sub-rounded fine grains, angular, or prismatic crystals (Fig. 2.8 A-
D). The rutile mineral in the Tanjero clastic samples comprises 0.3 wt. % of

the heavy mineral contents. In the Gercus samples, rutile grains occur as
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sub-rounded to prismatic fine grains (Fig. 2.8 E and F). The Gercus samples
are characterized by its high content of rutile (3.36 wt. % of the total heavy
minerals). This can be attributed to the corporation of mafic source rock.
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Fig. (2.8) Photomicrographs of selected Rutile minerals in the Tanjero
clastic rocks (A-D) and Gercus clastic rocks (E and F)
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2.6.2.2 Metastable Heavy Minerals

This subgroup includes Garnet, Epidote, Apatite and Kyanite, only Apatite
and Epidote are recognized in the studied clastic rocks. Epidote presents as
Euhedral-Subherdral grains in the Tanjero clastics, while Epidote in Grecus
clastics are present as subrounded grains (Fig. 2.9).

Apatite occurs in Igneous, Metamorphic and Sedimentary rocks. It may
present in veins and pegmatites, and may be with hydrothermal origin
(Hurlbut, 1971). Apatite occursas prismatic grains in the Tanjero clastic
samples in very minor grains. The Apatite grains were found as Euhedral-
subhedral grains in the Gercus clastic samples in greater amount as

compared to Tanjero samples (Fig 2.6 C and D).

2.6.2.3 Unstable Heavy Minerals

The unstable heavy minerals recognized in the studied sandstones are

pyroxene and serpentine.
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2.6.2.3.1 Pyroxene

Pyroxene occurs as colorless or pale green in color. In Tanjero and Gercus
clastics pyroxene is present as Orthopyroxene type (Hypersthene). The
Orthopyroxene occurs as subhedral / subrounded grains in Tanjero samples,
while the Orthopyroxene in Gercus samples exhibit subhedral crystal shapes
(Fig. 2.10).

K T o oy
Mpersthene/onhopyrd(sne;‘
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Fig. (2.10) Photomicrograph of pyroxene in a-Tanjero; B-Gercus
2.6.2.3.2 Serpentine

Serpentine is a common minerals in igneous and metamorphic rocks. It
occurs as a result of serpentinisation process from Olivine, Proxene and
Amphibole minerals. Both Tanjero and Gercus are characterised by its high
content of serprntine minerals (Fig. 2.11). The serpentine minerals are

coorporated to the Tanjero and Gercus from the Igneous rocks in the
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Zagros Ophiolites because the Ophiolite belts contain high amount of

serpentinte rocks.

Fig. (2.11) Photomicrograph of Serpentine minerals in A- Tanjero; B-

Gercus.
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CHAPTER THREE

GEOCHEMISTRY

3.1 Preface:

The geochemical composition of clastic rocks represents their primary
mineralogy and the effect of a complex result of various variables such as source
material (provenance), weathering, transportation, and depositional setting (Nesbitt
and Young, 1982; Bhatia, 1985; McLennan, 1989; McLennan, et al,. 1993; Cox
and Lowe, 1995, Peterson, 2009) Therefore, sandstone geochemistry has a number
of important applications (e.g. Potter 1978; Bhatia 1983, 1985; Roser &
Korsch1988; Floyd et al. 1991; McLennan et al. 1993; Dinelli et al.1999; Getaneh
2002; Lacassie et al. 2004; Rahman & Suzuki2007; Dey et al. 2009). For instance,
major-element chemistry can provide information about the tectonic setting of
sedimentary basins, allowing distinction between sandstones derived from oceanic
island arc, continental island arc, active continental margin, and passive margin
settings (Bhatia 1983; Roser & Korsch 1986; Kroonenberg 1994). Major- and trace
element chemistry have been used to evaluate sedimentation rates and depositional
environments in orogenic belts (Sugisaki1984).

In the present study, geochemical analyses were undertaken on sandstone samples
of Tanjero and Gercus formation. A total of 20 samples 10 samples were selected
from each section and analyzed for whole-rock major, trace and REE elements
using X-ray fluorescence and inductively coupled plasma—mass spectrometer
(ICP—MS) at the ALS Laboratory Group SL Seville, Spain. The individual major
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trace and REE element analyses of the sandstones of the Tanjero and Gercus

clastic rocks are presented in Tables 3.1, 3.2and 3.3.

3.2 Geochemistry of major oxide:

Major-element chemistry has been utilized to infer the original clastic
assemblages in deeply buried and altered sedimentary rocks and to clarify the
processes that produced the sediments (Argast & Donnelly 1987). The Major
element distributions reflect the mineralogy of the studied samples. The major
element composition of both Tanjero and Gercus samples are quite variable. For
reference mean values of the post-Archean Australian shale (PAAS) and the Upper
Continental Crust (UCC) are included in tables and figures (Taylor and McLennan,
1985). Variations in the major element geochemistry of the Tanjero and Gercus
sandstones are shown using Al,O; abundances as normalization factor to make
comparisons among the different lithologies, because of its immobile nature during
weathering, diagenesis, and metamorphism (e.g., Bauluz et al., 2000; Etemad-

Saeed et al., 2011). Major element concentrations are presented in Tables 3.1.

3.2.1SiO2

Generally the clastic rocks are characterised by their high content of detrital
silica transported to the sedimentary basin as free silica (detrital quartz) or as
silicate tetrahedral in the structure of clay minerals and also may precipitate as
colloidal with clay minerals (Goldschmidt. 1962). The Tanjero sandstone sample
shows low content of SiO, (34.5-48.1wt. %; average 41.52 wt. %) as compared to
both PAAS and UCC, while the SiO; content in the Gercus molasse is strongly
variable and higher than the Tanjero samples. It ranges 42.9-58.6 wt. % with an
average of 47.07 wt.%. - 68.7 Wt.%. The SiO, content of silica in the Gercus

samples is also lower as compared to PAAS and UCC. The invariant diagram

44



CHAPTER THREE GEOCHEMISTRY

between Al,O3 and SiO; used to investigate the elemental relationship. In general
Al,O; shows a weak negative correlation within SiO, in the Gercus samples
(R=0.34) while no clear correlation observed in Tanjero samples. This indicates
that the SiO, content concentrated in Quartz and Feldspars (fig.3.1 A and table
3.4A&B).
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Fig. (3.1) Binary relationship diagram SiO,, TiO,, Fe,O3; and MnO Vs. Al,Os.
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3.22TiO;

The TiO occurs in the clay minerals replacing Al and Fe* or it enter the
chemical composition of opaque heavy minerals such as Rutile (TiO2), lImenite
(FeTiO3) and Sphene (CaTiSiOs) (Goldschmidt, 1962). The TiO; content in the
Tanjero samples range between 0.06 wt.% to 0.46 wt% with an average of 0.25
wt.%, while the TiO, content in the Gercus samples range between 0.07 wt.% to
0.49 wt.% with an average of 0.21 wt.% (Table 3.1). The TiO, content is variable
and lower as compared to the PAAS and UCC in both Tanjero and Gercus
samples. The Tanjero samples show strong positive correlation (R=0.99) with
Al;03, k.0, Na,O and P,0s which indicate entering the TiO, in the Clay minerals,
Phylosilicates (Chlorite and Biotite) and Sphene (Fig. 3.1 B and table 3.4A&B).
The Gercus samples show the same strong correlation within the above mentioned

oxides.

3.2.3 Al,O3

The Clay minerals are characterised by its high content of Al,O3as compared to
other minerals and the Al,Os; are concentrate in Feldspar minerals. The Al,O;
content in the Tanjero samples range between 2.3wt.% to 8.78 wt.% with an
average of 5.29 wt.%, while the Al,O3; content in the Gercus samples range
between 4.08 wt.% to 9.67 wt.% with an average of 6.13 wt.%. The Tanjero and
Gercus Al,O; contents are lower as compared to the average PAAS and UCC
content. This attributed to the low content of clays in the Tanjero and Gercus
sandstones. Al,Os is positively correlated with K,O and Na,O in both Tanjero and
Gercus samples (Fig. 3.2 C and D and table 3.4 A & B) indicating Al,O;

concentrations in Clay, Feldspar and Mica minerals (McLennan et al., 1999).
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3.2.4 Fe20O3

The Fe,O5; are present in high quantity in the iron oxide minerals such as
Magnetite, Hematite, Chromite and Ferromagnesian minerals in the mafic and
ultramafic such as pyroxene, amphibole and micas rocks. The Fe,O3 content in the
Tanjero clastics range between 2.49 wt.% to 6.92 wt.% with an average of
4.6wt.%, while the Fe,O3 content in the Gercus clastics range between 3.29 wt.%
to 4.94 wt.% with an average of 3.78 wt.%,. The Fe,O3 concentrations in both
Tanjero and Gercus clastics are low as compared to its content in PAAS. Bivariate
diagram between Fe,O3; and Al,O3 in the Tanjero and Gercus samples, show very
weak correlation (Fig. 3.1 C) probably reflecting the low content of chlorite in the

matrix and rock fragment.

3.2.5 MnO

The MnO enter the structure of ferromagnisum minerals (Olivine, Pyroxene and
Amphiboles) replacing Fe and Mg. It replaces Ca and Mg in Calcite and Dolomite.
The MnO content in the Tanjero samples range between 0.06 to 0.53 wt.% with an
average of 0.13 wt.%, while the MnO content in the Gercus samples range between

0.03 to 0.15 wt.% with an average of 0.09 wt.%. Both Tanjero and Gercus
samples are characterised by its vlow content of MnO if compared to its content in
PSSA (2.19 wt.%) and UCC (2.48 wt.%) in (Fig. 3.1 D). MnO show weak negative

correlation with Al,O3 in both Tanjero and Gercus Formations (Fig.3.1D).

3-2-6 MgO

Generally there is a notable enrichment of MgO in both Tanjero and Gercus
samples. The Tanjero MgO content range between 2.04 wt.% to 9.92 wt.% with an
average of (5.98 wt.% table 3.1). The Gercus samples contain 2.52 wt.% to 13.35
wt.% with an average of 7.85 wt.% (table 3.1). The MgO content in Tanjero and
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Gercus samples are high as compared to its content in PASS and UCC. The
unusual higher content of MgO and MnO are related to the higher content of
ferromagnesian related elements as a reflection of the high contribution of mafic-
ultramafic (pyroxene, Amphibole) weathered clastics during sedimentation. This
probably can be confirmed by the presence of serpentine clastics in the Tanjero
samples. The MgO content in the Tanjero and Gercus samples show negative
correlation within CaO (-0.6) because the MgO concentrate in the ferromagnesian
minerals, while the MgO content in the Gercus samples show moderate negative
correlation within K,O (-0.66) and Na,O (-0.7) indicating concentration of the

MgO in the ferromagnesian minerals rather than the clays (Fig. 3.2 A).

3.2.7 CaO

The CaO is highly distributing in the carbonate sedimentary rocks rich in calcite
and dolomite. The CaO is variable in the Tanjero and Gercus samples. CaO
contents in the Tanjero range between 16.7 wt.% to 27.8 wt.% with an average of
21.6 wt.% and in the Gercus samples the CaO contents range between 7.05 wt.% to
19.8 wt.% with an average of 16.7 wt.% (table 3.1). This indicates by the high
content of rock fragment in the Tanjero and Gercus clastic rocks. CaO also
presents in silicate minerals such as plagioclase and Epidote as carbonate cement.
The CaO content in Gercus clastics shows weak correlation (Fig 3.2 B) within the
Al,O3 indicating concentration of CaO in the carbonate phases rather than the clay
minerals.

3.2.8 KO

The k-feldspar mineral and the micas as well as cay minerals (illite) are rich in
K20. The K;O content in the Tanjero samples range between 0.06 wt.% to 1.24
wt% with an average of 0.5 wt.% (table 3.1). Its content in the Gercus samples
range between 0.12 wt.% to 1.48 wt.% with an average of 0.47wt.%. The K;O
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content of Tanjero and Gercus samples are characterised by its low content as

compared to its average content in UCC (Fig. 3.2 C).K;0 show positive correlation

with  Al,Os, TiO,, and NayO
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3.2.9 Na2.O

The Na,O content in the Tanjero and Gercus clastic rocks can be indicated by
the content of Plagioclase Feldspars (Albite) in the samples. The content of Albite
Is increased with in the increasing of Albitization process. The Na,O content in the
Tanjero samples range between 0.02 to 0.48 wt.% with an average of 0.42 wt.%,
while the Na,O content in the Gercus samples range between 0.3 to 1.86 wt.% with
an average of 0.71 wt.%. The Na,O content in both Tanjero and Gercus samples
indicate the presence of Na-plagioclase. The Na,O content of both Tanjero and
Gercus clastics shows strong positive correlations (0.89 and 0.9) within the Al,Os
content which indicates that the Na,O is present in the Plagioclase mineral (Fig 3.2
D).

3.2.10 P2Os

Phosphor is considered as a secondary lithophile element in the earth crust and it
Is concentrated in the Apatite mineral during meddle and late fractional
crystallization process and the most common phosphor minerals in sedimentary
rocks. It is also present in some other additional minerals such as Monazite and
Xenotime (Degens, 1965). The P,Os content in the Tanjero samples range between
0.01 to 0.11 wt. % with an average of 0.05 wt.%, while its content in the Gercus
samples range between 0.01 to 0.12 wt.%, with an average of 0.046 wt.%. This low
content of P,Os in Tanjero and Gercus samples are related to the low content of
Apatite in the samples as compared to its content in PASS (0.16 wt.%) and UCC
(0.15 wt.%), respectively (fig. 3.3 A). P,Os show positive correlation K;O, TiO,
and Na,O in both Formations (table 3.4 A & B).
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3.2.11 LOI

LOI represents the content of H,O and other gases in the clastic rocks of Tanjero
and Gercus. The Clastic rocks are characterized by its high content of water. The
LOI content in the Tanjero samples range between 11.9 to 24.9 wt.% with an
average of 19.7 wt.% while in the Gercus samples the LOI content range between
13.9 t0 20.3 with an average of 19.3 wt.%. The H,O content concentrates in the
Phyllosilicate and Clay minerals (Fig. 3.3 B).
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Table (3.1) Major oxide (Wt. %) concentrations of the Tanjero and the Gercus

clastic rocks

SAMPLE | SiO; TiO, AlOz | Fe0z | MnO | MgO | CaO K20 Na;O | P20s LOI Total
T1 34.5 0.18 3.6 3.23 0.21 4.58 27.8 0.38 0.3 0.03 249 99.71
T5 37.9 0.33 6.75 3.74 0.11 7.5 21.9 0.22 0.48 0.04 214 99.89
T7 41.9 0.24 4.48 3.75 0.53 4.16 22.9 0.42 0.23 0.06 21.5 | 100.17
T9 44.4 0.16 3.61 2.49 0.15 2.04 24.7 0.3 0.33 0.02 211 99.3
T12 39.5 0.13 3.17 6.92 0.1 7.05 24.2 0.07 0.03 0.01| 18.45( 99.63
T14 42.9 0.06 2.3 5.64 0.06 4.88 25.7 0.06 0.02 0.01 17 [ 98.63
T15 47.9 0.17 4.63 4.18 0.05 8.27 | 14.18 0.53 0.25 0.05 19.8 | 100.01
T17 48.1 0.42 8.05 4.59 0.03 6.62 [ 18.63 1.24 0.36 0.11 11.9 | 100.05
T18 40.1 0.46 8.78 5.82 0.01 3.37 19.3 1.01 0.79 0.09 20.4 | 100.13
T20 38 0.37 7.56 5.68 0.06 9.92 16.7 0.77 0.38 0.08 20.5 | 100.02

Ava. 41.52 0.252 | 5.293 46| 0.131 5.98 | 21.601 0.5 0.42 0.05 19.7 | -
Gl 44.2 0.09 4.74 4.94 0.15 11.8 16.7 0.16 0.3 0.01 18.2 | 101.29
G3 48 0.23 5.61 3.7 0.08 6 17.9 0.3 0.8 0.03 17.5 | 100.15
G5 42.9 0.24 4.76 4.72 0.08 11.8 17.3 0.4 0.3 0.02 18.4 | 100.92
G7 58.6 0.17 6.49 3.76 0.03 5.04 7.05 0.45 0.52 0.02 | 18.75 | 100.88
G9 46.2 0.44 8.87 3.29 0.12 2.52 19.8 1.48 1.81 0.1 17 ] 101.63
G11 49.7 0.49 9.67 4.08 0.09 3.85 14.9 1.43 1.86 0.12 13.9 | 100.09
G13 43.17 0.04 5.58 0.93 0.04 115 19.3 0.1 0.2 0.01 20.3 | 101.17
G15 45.5 0.17 6.64 4.15 0.12 | 13.35 16.4 0.17 0.46 0.04 179 | 104.9
G17 44.6 0.12 4.08 4.46 0.07 7.99 17.8 0.16 0.37 0.03 19.7 | 99.38
G20 47.8 0.07 4.88 3.81 0.08 4.68 19.8 0.12 0.43 0.03 18.4 | 100.1

Ava. 47.067 0.21 | 6.132 3.78 0.09 | 7.853 | 16.695 | 0.477 | 0.705| 0.046 [ 19.21 | -

PAAS 62.4 0.99 | 18.78 7.18 2.19 2.2 1.29 1.19 3.68 0.16 | - -

ucc 66.6 0.64 154 5.04 2.48 0.1 3.59 3.27 2.8 015 | - -
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3.3 Trace elements

Trace elements are usually less affected than major elements during chemical
and/or physical alteration (White, 2005), hence they are very useful tool to provide
a clear picture of the source area (Lopez et al. 2005). In the present study, the
selected samples from all the studied sections from different areas of the Tanjero

and Gercus clastic rocks were analysed and the result are presented in Table (3.2).

3.3.1 High field strength elements (HFSE)

High field strength elements (HFSE) such as Zr, Hf, Ta, Y, and Nb
preferentially partitioned into melts during fractional crystallization of magma
(Feng and Kerrich, 1990) and have high ionic charges. They become insoluble and
immobile during weathering, metamorphism and they are essentially unaffected by
hydrothermal alteration, weathering and low to medium grade metamorphism
(Grosch et al., 2007; Koralay, 2010; White et al., 2002). They tend to concentrate
in felsic rocks more than mafic rocks (Etemad-Saeed et al., 2011). Generally, the
low content of the HFSE in the Tanjero clastics reflect the composition of the
original parent material to be mafic and ultramafic. Zirconium is a high field
strength element that is largely immobile during alteration and metamorphic
processes (Pearce and Cann, 1973). Zr contents in the Tanjero samples range
between 9-61 ppm and Gercus samples range between 12-28 ppm, reflecting its
low concentrations in mafic and ultramafic source rocks (Mason and Moore, 1982;
Wilson, 1989). According to the proposition by Taylor and McLennan (1985), Zr
occurs predominantly in heavy minerals. It shows increase with an increase of La
due to its concentration in the heavy minerals (Fig. 3.4 A and table 3.5A and B).
Yttrium tends to be enriched more in felsic than in mafic rocks. Yttrium values in

the Tanjero clastic is lower than the upper continental crust (3-18 ppm) that
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showed by McLennan (2001); Ranjan and Banerjee (2009). The Y content in the
Gercus samples range between 17-23 ppm (fig. 3.4 B). It shows negative
correlation with Ni, Cr and V in the Tanjero samples while no clear correlation
observed in Gercus samples see table 3.5A and B.

Niobium concentrations are low in the Tanjero samples that range from 1.1 to 8.8
ppm (table 3.2). The Nb content in the Gercus samples range from 3-9 ppm. The
low Nb values reflect little impact from a felsic source to the Tanjero and Gercus
(Andersen, 1995; Krauskof, 1979). The Hf content in the Tanjero range between
0.2-1.6 ppm, while in the Gercus samples, it ranges between 0.2-3.4 ppm. The Hf
content of Tanjero and Gercus is low if compared to PAAS and UCC (fig. 3.4 C).
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3.3.2 Large ion lithophile elements (LILE)

Large ion lithophile elements (LILE) are mainly represented by Rb, Ba, Sr, Th,
U and Pb that are characterized by their high solubility in water. Therefore, they
are considered to be generally mobile elements during metamorphism and
weathering processes (Pearce and Peate 1995; Grosch et al., 2007) . They have the
ability to be absorbed onto clay mineral surfaces. The LILE concentration in the
Tanjero clastics is very low if compared to its content in UCC and PAAS (see table
3.2).
The LILE content in Tanjero and Gercus ranges between; Ba (25-120 ppm; 11-48
ppm), Sr (107-386 ppm) and Rb (3-15 ppm; 4-31 ppm), respectively. Most of Ba
and Sr are present in carbonate. The distribution of Ba in the sedimentary rocks is
different from Sr because of the lower stability of Ba. There is no clear correlation
between Sr with any other trace elements except Ba due to the presence of Sr in
multiple minerals including feldspars, clays and carbonates.
Rb concentrates in the K-feldspars, Mica Phyllosilicates and Clay minerals. The
Ba, Sr, and Rb show high correlations together that indicate its close relations in
their minerals. The Ba and Sr content in the Tanjero and Gercus samples are
depleted if compared to its content in PAAS (650 ppm) and UCC (700 ppm). The
Rb content in the Gercus samples is close and comparable with the average of
Granodiorite. This suggests a greater crustal source for Gercus within the mafic
and ultramafic source. The U content of the Tanjero ranges between 0.4-1.68 ppm
and in the Gercus samples it ranges between 0.23-3.35 ppm. Tanjero samples
contain 0.23-1.9 ppm Th, while in the Gercus samples the Th content is between
0.6-4.42 ppm (table 3.2). The Tanjero and Gercus samples are with low U and Th
content if compared to PAAS and UCC. This indicates that the impact of felsic

component is low.
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The Pb content in Tanjero samples ranges between 1-20 ppm (table3). Its content
in Gercus ranges between 1-6 ppm. The Pb enters the structure of Zircons and
Sulfides minerals, as the presence of these minerals are confirmed by petrological

studies.

3.3.3 Transition trace elements (TTE)

Transition trace elements (TTE) also called ferromagnesian trace elements

include V, Sc, Co, Ni, and Cr. They show convergent behavior during the
evolutionary processes of volcanic rocks which are very important for determining
provenance and tectonic setting (Armstrong-Altrin et al. 2004). It is well known
that these elements concentrate in Olivine, Cr-spinel, Pyroxene and some Clay
minerals such as Chlorite and Simictite.
The V content in the Tanjero samples range between 132-192 ppm, in the Gercus
samples, it ranges between 39-84 ppm. This element occurs in the structure of
pyroxene, amphibole, biotite and oxides that have titanium in their structures
(Mason and Moore, 1982). Therefore, V has high values in samples that are rich in
Pyroxene (Fig. 3.6 A).

Cr occurs in igneous rocks in spinel minerals, such as chromites, and it also
occurs in ferromagnesian minerals such as pyroxene and olivine. In ultramafic
igneous rocks Cr content is more than 2000 ppm in basalt, it ranges between 150
and 200 ppm; it reduces to 25-80 ppm in intermediate rocks and to less than 20
ppm in granitic rocks. The Cr content in the Tanjero samples range between 632-
1790 ppm. In the Gercus samples the Cr content ranges between 800-2410 ppm.
The high values of Cr within the Tanjero and Gercus samples attributed to the
impact of mafic-ultramafic source rocks and indicate the contribution of the
Ophiolites and serpentines association within Qulqula in the source area, as Cr

occurs in chromite and spinel is generally resistant to geochemical weathering
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(Wodepohl, 1978). Therefore, Cr is transported from the source area to the
sedimentary environments in the resistant minerals. Cr show strong positive
correlation with Ni in the Gercus samples while it shows weak correlation with Ni
in the Tanjero samples (Fig. 3.6 B and table 3.5A and B).

Ni and Co concentrate in olivine (Wilson, 1989; Winter 2001). They show weak
negative correlations with Nb, Zr, Ba, Sr and Rb and La in the Tanjero and Gercus
clastic samples. Ni is a lithophilic element but behaves as siderophilic (Miyashiro
and Shido, 1975). Cobalt is less abundant than Ni with a range of 17-69 ppm in
Tanjero and 8-45 ppm in Gercus. An increase of Co and a decrease of other
transition elements do not always reflect a mafic rock origin but could be due to
sedimentary sorting processes (Wani and Mondal , 2010) in (fig. 3.6 C).

The Ni content in Tanjero clastic samples ranges between 112-1450 ppm. The Ni
content in Gercus clastic samples ranges between 310-898 ppm. According to
Garver et al. (1996), if Cr and Ni > 100 ppm, they show a high correlation that
probably indicate derivation from ultramafic components in the source area, Thus
the Tanjero clastic were impacted with more mafic-ultramafic source rocks,
compared to Gercus (Table 3.2).

Scandium occurs in mafic and intermediate igneous rocks. It is mainly present in
Pyroxenes, Amphiboles and Micas (Wodepohl, 1978). The Sc content in the
Tanjero samples ranges between 10-19 ppm, while in the Gercus samples, they
range between 16-28 ppm. The Sc content in the Gercus samples are higher that
their values PSSA and UCC indicating contribution of felsic component associated

within the Ophiolite sequences (fig. 3.6 E).
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Table (3.2) Trace concentration (ppm) of the Tanjero and the Gercus clastic rocks

SAMPLE | T1 T5 T7 T9 T12 T14 T15 T17 T18 T20
Ni 302 192 198 112 260 450 575 416 268 432
Co 26 20 17 19 74 69 40 38 52 39
Cr 1790 | 750 980 670 1210 1680 632 934 1359 1325
Sc 10 15 17 16 14 18 11 13 19 16
\Y 167 184 141 125 189 148 160 192 151 132
Ba 57.9 | 245 119.5 | 159 16.2 40.4 110 67 74 35
Rb 103 |33 15.3 116 3.4 2.5 14 11 12.3 5

Sr 299 153.5 | 328 886 267 178.5 295 310 732 107
Zr 25 45 36 25 12 9 27 61 40 33
Y 10 18 16 10 13.8 3 7 13 11 9
Nb 3.4 1.2 4.6 3 1.6 1.1 3.4 8.8 5.97 4.8
Ga 4.1 5.6 5.9 2.9 2.5 0.7 4.1 5.2 4.6 2.2
Hf 0.6 1.1 0.9 0.6 0.4 0.2 0.5 1.6 1.2 0.8
Cu 53 18 42 22 15 9 50 42 26 10
Zn 72 23 71 71 50 23 63 58 37 42
Pb 20 1 8 13 3 2 18 13 10 5

Li 20 10 20 30 10 10 22 17 15 10
Cs 0.52 | 0.18 0.78 0.73 0.23 0.14 0.5 0.25 0.15 0.24
Th 094 |0.23 1.82 0.92 0.24 0.17 1.9 0.8 1.7 1.5
U 0.4 0.6 0.54 0.75 0.18 1.65 0.6 1.2 0.8 1.3
SAMPLE | G1 G3 G5 G7 G9 Gl1 G13 G15 G17 G20
Ni 896 388 627 204 226 333 177 795 523 412
Co 45 35 44 8 8 8 6 40 32 28
Cr 1660 | 1300 | 1870 | 1250 850 800 1000 2410 990 1340
Sc 21 16 20 19 27 19 30 28 26 24
\Y 39 41 78 84 59 59 44 64 55 77
Ba 106 | 215 20 445 48 35 48 17 22 32
Rb 4 8 9 15 12 24 9 5 31 23
Sr 296 120.5 | 163 460 355 302 317 385 223 323
Zr 12 24 17 28 13 14 14 18 17 15
Y 21 20 23 20 19 18 17 18 23 19
Nb 3 4 3 5 7 7 3 4 9 7
Ga 1.1 1.9 2.5 2.8 9 9.8 0.1 2.2 2.1 5
Hf 0.3 0.5 0.5 0.6 3 3.4 0.2 0.5 0.4 0.7
Cu 4 10 15 14 13 22 7 12 16 21
Zn 24 27 31 27 39 51 50 30 29 32
Pb 2 1 1 4 3 6 4 2 4 5

Li 10 10 10 20 20 30 10 10 15 15
Cs 0.07 |0.31 0.26 0.75 0.8 2.64 0.01 0.23 0.42 0.36
Th 0.9 0.7 0.6 0.9 3.95 4.42 0.8 0.9 0.7 1

U 023 0.9 0.58 0.66 1.18 1.26 3.35 0.44 0.55 0.6
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3.4 Geochemical classification

The clastic rocks of Tanjero and Gercus has been determined by several
petrographical procedures, including quartz, feldspar and rock fragments. They are
classified geochemically as lithic-arenites when plotted on the SiO,/Al,O3; vs
Na,O/K,O diagram (Fig. 3.7) (Pittijohng3, et al., 1987). The low total quartz
content in the Tanjero samples, together with major quantities of chert fragments
and the high proportion of volcanic detritus confirm the principal source of mafic-
ultramafic.

The relative enrichment of plagioclase within Tanjero and Gercus sediments,
shifting towards a higher Na,O/K;O ratio (0.4-0.03) is shown in Fig. 3.7. Hence,
the limited development of mature quartz-rich sediments in Tanjero clastic

sediments attributed to less abundant K-feldspar.
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Fig. (3.7) Geochemical classification of Tanjero and Gercus clastic rocks using
Log (SiO,/Al,03 vs. Log (Na,O/K;0) ratios (Pittijohn, et al., 1987).
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3.5 REE elements

Rare earth element is concise by REE to form those elements that are not
massive with solid which represent a group of elements with atomic number
ranging between 57-71 these are called lanthanides group which have similar
chemical and physical behaviors, but they are different in ionic radius which
decreases regularly from Lanthanum (La) with ionic radius 1.03A’ to Lutetium
(Lu) 0.86A’. REE is classified into light rare earth element (LREE) with lower
atomic number which includes La, Ce, Pr, and Nd elements and a heavy rare earth
element (HREE) with higher atomic number includes Dy, Ho, Er, Tm, Yb, and Lu.
Elements that stand with intermediate atomic number Pm, Sm, Eu, Gd, and Tb
called middle REE (MREE) (Wilson, 1989; and White, 2001). They are also
trivalent under most geological condition, except Europium Eu*® and Cerium Ce*3
that are both possibly gain other valance like Eu*? and Ce** in the case of high
oxidation (Henderson, 1984). LREE enriched samples are referred to by
(La/Sm),>1 and (MREE) enrichment if the (Gd/YD), ratios for all samples are >1.
The enrichment and depletion of REE in any type of rocks are inspected by
normalizing the concentrations of individual REE in a rock to their abundances in
chondrite or primitive mantle.

In the study of clastic rocks, the REE abundance and the distribution pattern of the
analytical data are useful in understanding the petrogenesis of different types of
arenites (Bhatia and Crook 1986; Condie 1991; McLennan and Taylor 1991).
REEs are among the most important group of elements in terms of provenance
indicator. In the present study, the REE concentrations of the Tanjero and Gercus
sandstones were normalized using normalizing values of Sun and McDonough
(1989) and the representative REE analyses are listed in (Table 3.3). The overall
chondrite-normalized REE patterns of the Tanjero samples display one package
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REE variability, may reflect source-rock geochemistry variation (ultramafic and
mafic rocks from Iraqi Zagros Ophiolites and mafic terrains within Qulqula).
Accordingly, the REE pattern displays enrichment in the total REEs of 10X
chondrite (CI) to 30X chondrite (Fig. 3.8). All the distribution patterns of the
Tanjero samples display LREE (light REE) enrichment La,/Sm, range between
6.89-2.97 and flat HREE (heavy REE) Gd,/Yb, with values ranging between 1.88-
1.27. Eu anomaly is apparent in the REE patterns of the Tanjero samples (Eu/Eu*)
varies between 0.65-0.93, similar to the PAAS and UCC Eu anomaly pattern which

are normally interpreted as resulting from removal of plagioclase (Ali et al.,2013).

The rare earth elements (REE) concentrations of the sandstone rocks within the
Gercus Formation are shown as chondrite-normalized patterns in Fig. 3.9. All the
distribution patterns of the Gercus shows light REE enrichment La,/Sm, range
between 3.34 to 5.24 with flat HREE, Gd./Yb, range between 1.23 to 1.99. Eu
anomaly is apparent in the REE patterns of the Gercus samples (Eu/Eu*) varies
between 0.69-1.01, with slight negative Eu anomaly. The Gercus sandstones
shows a variable total REE content (9.4- 82.92) ppm. This ratio is variable as
compared to UCC (143 ppm; Taylor & McLennan 1985) and PAAS (183; Taylor
& McLennan 1985).

The REE pattern displays enrichment in the total REEs of 4X to 20X chondrite.
The distribution pattern partitioned into three groups; the first display REE of 4X
chondrite (sample G15), with low total REE (9.14); second group display REE
variability of 6X-12X chondrite; the third group display high REE variability of
20X chondrite (sample G9 and G11) close to the REE content of PAAS and UCC.
The three group’s package of the Gercus REE pattern with increasing the total
REE contents indicate multiple source-rock geochemistry variation and

exhumation of different source terrains within the uplifting of the source area.
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Fig. (3.8) Chondrite-Normalized REE pattern of the Tanjero (T). Normalizing
values (after sun and McDonugh, 1989). PAAS and UCC normalizing values (after
Taylor and McLennan, 1985)
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Fig.(3.9)  Chondrite-normalized REE pattern of the Gercus (G) clastics.
Normalizing values (after sun and McDonugh, 1989). PAAS and UCC normalizing
values (after Taylor and McLennan, 1985).

3.6 Spider diagrams for Sandstone rocks in both Tanjero and Gercus
Formations

Multi-elements diagrams (Spider diagrams) normalized against N-MORBSs can be
used to constrain the source and melting properties of rocks (Pearce, 1983). In this
kind of diagrams , elements arranged along a horizontal axis on which elements
mobile in aqueous fluids occupy the left hand (as far as Ba) and immobile elements

in aqueous fluids occupy the right hand from Nb (Ali et al.,2012).
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N-MORBs normalized trace elements pattern for both Tanjero and Gercus
Formations show enrichment in the large ion lithophile elements (LILEs e.g. U,Ph
Cs) and depletion in high field strength elements (HFSEs e.g. Nb, Ba, Ti Sun and
McDonough,1989,see Figs 3.10 and 3.11 ). These characteristics are common in
the arc setting and broadly attributed to subduction enrichment and fluid

metasomatism processes in subduction zones (Pearce et al., 1995).

Figure 3.10 NMORB normalized plots for Tanjero clastic samples. Normalizing

values (after sun and McDonugh, 1989).
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Figure 3.11 NMORB normalized plots for Gercus clastic samples. Normalizing

values (after sun and McDonugh, 1989).
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Table (3.3) Concentration (ppm) of REEs in Tanjero and Gercus clastic rocks

Sample T1 T5 T7 T9 T12 | T14 | T15 | T17 | T18 | T20

La 14.4 9.4 20 9.4 8.2 8.3 15.9 7.1 7.7 6.7

Ce 21.9 16 332 | 152 | 113 | 163 | 316 12 159 | 135

Pr 225 | 1.74 | 333 | 1.74 | 1.32 1.8 3.4 1.8 1.8 1.6

Nd 8.6 6.6 12.8 6.6 5.2 7.7 | 146 7.6 7.5 6.2

Sm 131 | 186 | 226 | 1.31 | 098 | 11 2.6 15 1.6 11

Eu 037 | 041 0.5 041 | 025 | 0.3 0.5 0.42 0.4 0.3

Gd 155 | 137 | 218 | 1.37 | 1.02 1.2 2.1 1.9 1.4 1.1

Tb 025 | 024 | 037 | 024 | 017 | 0.2 0.4 0.3 0.2 0.2

Dy 147 | 147 | 253 | 147 | 096 | 1.3 2.4 2.1 1.7 1.3

Ho 031 | 0.33 | 048 | 0.33 0.2 0.3 0.5 04 0.3 0.3

Er 0.9 085 | 1.35 | 085 | 051 | 0.7 1.3 095 | 09 0.7

Tm 0.12 | 0.14 0.2 014 | 008 | 01 0.2 0.14 0.1 0.1

Yb 067 | 081 | 1.21 | 081 | 055 | 0.6 1.2 0.92 0.9 0.7

Lu 012 | 013 | 018 | 0.11 | 0.08 | 0.1 019 | 014 | 013 | 0.11

Lan/Smn | 6.89 | 3.17 | 554 |45 524 | 473 |383 |297 |3.02 |3.82

Gdn/Ybn | 188 | 1.37 | 146 | 1.37 15 162 | 142 | 128 | 2.73 | 1.27

Eu/Eu* | 0.79 | 0.78 | 0.69 | 093 | 0.76 | 0.8 | 0.65 | 0.76 | 0.82 | 0.83

YREE | 5422 | 41.35 | 80.59 | 3998 | 30.82 | 40 | 76.89 | 37.27 | 40.53 | 33.91

Sample | G1 G3 G5 G7 G9 Gll |G13 | G15 | Gl7 | G20

La 4.3 6.4 4.2 5.5 178 172 |49 2.5 4.9 8.2

Ce 7.1 10 5.8 8 311 | 30.7 |6.7 2.8 7.6 11.3
Pr 079 |14 081 |1.09 |383 |39 0.76 |[044 |092 |1.32
Nd 3.1 5.7 3.6 4.5 147 |15 3 1.7 3.8 5.2

Sm 061 |12 071 095 |333 [298 |063 |031 075 |0.98

Eu 014 |033 |022 (027 |[084 |075 |017 |[0.09 |0.22 |0.33

Gd 062 134 |069 (092 |314 |297 [0.62 038 |0.79 |1.02

Th 0.1 0.2 013 |016 |055 |053 |011 |[006 |0.12 |0.17
Dy 052 106 |076 (088 |316 |283 |072 045 |0.62 |0.96
Ho 011 (023 |016 (018 |0.62 |062 [012 009 |013 |0.2
Er 0.3 062 047 (051 [173 |163 [037 |025 |0.38 |0.51
Tm 004 (008 |0.07 (007 |[023 |023 |[0.05 |0.04 |0.05 |0.08
Yb 028 |057 045 (049 165 |153 |037 025 (032 |043
Lu 0.045 1009 |0.07 (007 024 (023 |005 004 |0.05 |0.07
Lan/Smn | 442 | 334 (371 |363 |335 |362 (487 |505 |409 |524

Gdn/Ybn 181 191| 125| 152| 154| 157| 136| 123| 199| 192

Eu/Eu* 069 |079 |09 |08 |079 |077 |083 |08 087 |1.01

>~ REE 18.05 | 29.22 | 18.14 | 23.59 | 82.92 | 81.1 | 1857 |94 20.65 | 30.77
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Table (3.4) A Correlation coefficient matrix and scatter diagram of major elements

in the Tanjero samples
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Table 3.4 B Correlation coefficient matrix and scatter diagram of major elements

in the Gercus samples.
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Table 3.5 A Correlation coefficient matrix and scatter diagram of major elements

in the Tanjero samples.
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Table 3.5 B Correlation coefficient matrix and scatter diagram of major elements

in the Gercus samples.
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CHAPTER FOUR

GEOCHRONOLOGY

4.1 Preface

Geochronological techniques measure radioactive isotope systems in
specific minerals, dating major tectonic events that affect those minerals and
source rocks that feed the sedimentary basin. As a result detrital
geochronology tends to produce several ‘populations’ of similar-aged
minerals and these can be interpreted to provide highly diagnostic
provenance information. Formations containing consistent populations can
be correlated across a basin. Detrital zircon (Dz) U-Pb geochronology was a
popular and powerful technique that has been used in most subsequent
studies (e.g., Fedo et al., 2003) to identify provenance components in a
sedimentary units (e.g., Haas et al., 1999). It has been successfully employed
in siliciclastic sediments for mapping reservoirs in the basins, tracing
sedimentary pathways, recording denudation histories and dating volcano-
magmatic events (e.g., Andersen, 2005). This approach has the advantage to
identify the characteristic detrital zircon age spectra if compared them with
those from other stratigraphic units in the basin and to match them with

potential sediment source areas.

4.2 Detrital Zircon U-Pb geochronology
Zircon is ubiquitous in a wide variety of crustal rocks and sediments. Its
tendency to incorporate radioactive elements U and pb as well as low levels

of Pb which enables determinations of its crystallisation age to use the U-Pb
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radioactive decay systems. As zircon is a resilient mineral that can survive
through prolonged weathering, sedimentary transport, metamorphism, and in
some instances even mantle melting, its crystallisation age can be preserved
through multiple sedimentary cycles, accordingly, single grain U-Pb dating
of detrital zircon has quickly become the most popular technique for
sedimentary provenance studies. Currently by far the most widespread
method for visualising detrital age distributions is called Probability Density
Plot (PDP), which is calculated by summing a number of Gaussian
distributions whose means and standard deviations correspond to the
individual ages and their respective analytical uncertainties (Vermeesch,
2012). In the context of detrital geochronology. Instead, a similar-looking
but fundamentally different tool named ‘Probability Density Plot’ (PDP,
Ludwig, 2003, also called Probability Density Distribution by Sircombe,
(2004), which gained significant popularity. The PDP was first proposed by
Hurford et al. (1984), in an attempt to account for the variable analytical
precision of data. The PDP is also produced by stacking a Normal
distribution on top of each measurement whose bandwidth, however, is not
determined by the density, but by the analytical precision, in order to reduce
the importance of imprecise measurements and to emphasize the precise
measurements. In this study, detrital zircons are extracted from bulk samples
of Tanjero and Gercus sandstones using heavy liquid and Frantz magnetic
separation. U-Pb ages are collected from individual zircon grains, using laser
ablation inductively coupled plasma (LA-ICPMA) samples at original
analytical Ltd in Welshpool, United Kingdom. In order to correct for mass
and instrumental bias, analyses are corrected against Plesovice and Temora 2
standard (Concordia age of the analysed zircons standards were displayed in
(Fig. 4.1). Raw data are reduced using lolite (Paton et al, 2010) software. All
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zircon analyses (30 zircon grains of Tanjero and 35 zircon grains for Gercus)
are displayed on Concordia diagrams. Accepted data from each grain are

then displayed on probability density plots (Fig. 4.2 and 4.3).
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Fig. (4.1) Concordia age of the analyzed zircons standards; A- Plesovice
Reference Age 337Ma and B- Temora 2 Reference Age 416 Ma
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4.3 Data integration and geological implications

Recently, many detrital zircon geochronological studies have been done
of the post-collisional Neogene foreland basin mega-sequences, including
the Injana (Upper Fars), Mukdadiya (Lower Bakhtiari), and Bai-Hasan
(Upper Bakhtiari) Formations in the Kirkuk embayment (Koshnaw et al.,
2017). Few has been made to apply the detrital zircon U-Pb geochronology
to assess the Late Cretaceous - Late Paleogene ages active synorogenic
sedimentation records within foreland basins. As shown in this study, there
are complex U-Pb age spectra (i.e., multiple age components) which are
preserved in the two distinguishable formations (i.e. Tanjero flysch and
Gercus molasse) within foreland basins which can prove a challenge for the
forward reconstructions of the paleogeography and tectonic evolution of the
foreland basin in the northeastern Irag. These complex DZ age spectra are
attributed to tectonically active terranes occurring in the east of the studied
flysch and molasse outcrops. A petrologic characteristic of these terranes,
which are related to passive margin settings, suggests a mixed source,
between Ophiolite and an Arabian craton provenance, at least for early
flysch sedimentary rock (i.e. Tanjero flysch). Noting that the subduction-
related compressional tectonic was initiated during the Albian-Cenomanian
(118-97 Ma; Aswad and Elias, 1988; Aswad, 1999 and 106-92 Ma; Ali et
al., 2012) continued until Miocene time, when full-fledged continental
collision began with final consumption of the oceanic lithosphere (Ali et al.,
2013; Aswad, 1999). Thus, the parautochthonous and autochthonous
terranes of the Arabian passive margin started to deform in the early
Campanian. During this event, the accretion of the Qulqula Accretionary
Wedge was accomplished by tectonic wedging and shortly followed by

serpentinite—matrix mélanges, which incorporate old crustal components of
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mixed age (Aziz et al., 2011), forming accretionary complex terrene—
flexural foreland basin assemblages. Such compressional dynamics
ultimately cause an oscillatory deformation against Arabian continental
margin deposits, forming peripheral foreland basin (refer to as Kurdistan
foreland basin, Ali et al., 2014). In such a case, the accretionary complex has
accommodated a zircon-bearing detrital supply may be seen as an infinite
reservoir of detrital zircons for its adjacent foreland basin systems, resulting
in an invariant detrital zircon provenance trend through time (Fig. 4.2 and
Fig. 4.3).
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Fig. (4.2) Concordia diagram of dated detrital zircons from Tanjero
Formation shows different concordant points indicates a wide spectrum of
Concordia age (Ma). These data excluded the highly discordant analyses.
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The U—Pb age distributions (30 grains; Fig.4.2) of Tanjero flysch reflect that
the input of detrital material of the parautochthonous sediment of Qulqula
within this formation likely reflects not only the cratonic influence of an
Arabian passive margin, but also the denudation of an arc built (Albian-
Cenomanian active magmatic arc) upon a Mid-oceanic crust of about 93-
94Ma. In addition to later age, Tanjero flysch has pronounced 398- 448,
511-570, 646-690, 779, 878-880, 910-996 and 1045-1181 Ma ages; see Fig.
4.4, highlighting the cratonic influence of both the Neoproterozoic and a
Mesoproterozoic ages, and therefore, the zircon age populations of the
flysch units studied here can be easily correlated with those of the source-
rock distribution of Qulqula Rise that show recycled DZ age contributions
from erodible Arabian craton sources which can also be correlated with the
results of Garzanti et al., 2013 which show that the samples of beach sands
from Arabian passive margin is dominated by Pan-African source with
subordinate contribution of zircon at ca. 1.0 and 2.5Ga for more information
see Figure 11 in Zhang et al., 2016 . It should be noted that the accretionary
mélange serpentinite sequences related to this subduction are insignificantly
known, most likely because high erosion with much erosional denudation
and exhumation rates took place during the Late Cretaceous and through
most of the Paleogene period. The evidence from petrogenetically-related
serpentinite imbricates suggest that there are sporadic exotic blocks of
metabasalts and metasediments which are tectonically intermingled with the
serpentinite-hosted matrix, forming a serpentinite melange (Aziz et al.,
2011a). The Rb-Sr age data of the serpentinite imbricates yielded an age
ranging froml150 to 770 Ma (Aziz et al., 2011b), confirming the
heterogeneity of these rocks. U-Pb dating of inherited zircons undertaken by

Sarmad and Aswad (2013) who reveal two episodes of Palaeoproterozoic
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inherited zircon growth: (1) 1953+39 Ma cores and (2) 1777128 Ma rims,

suggesting that these analyses is interpreted as indicating that the zircons are

xenocrysts in the Paleogene magma derived from Arabian crystalline

basement.

Table (4.1) DZ U—Pb isotopes of the Sandston samples in Tanjero Formation

Analysis | U Th Th/Uu 21pp/2%pp | £2 0, | 2Pb/APU +20 | YPb/”U | £206, | 2Pb/APU | 26
No. ppm ppm Ma Ma Age Ma Ma Age Ma Ma
1 200 130 0.65 70 200 92 3 87 9 93 3
2 258 250 0.97 0 110 93 2 92 6 93 2
3 97 210 2.16 200 96 96 2 102 2 94 2
4 118 130 11 128 118 96 2 101 4 94 2
5 94 400 4.26 690 94 401 43 440 35 398 5
6 30 1400 46.67 440 30 401 7 406 8 400 11
7 50 390 7.8 360 41 410 4 410 4 410 4
8 67 134 2 544 67 449 10 464 13 448 3
9 38 2540 66.84 738 38 516 11 560 11 511 14
10 26 1970 75.77 611 26 554 11 565 11 553 10
11 69 111 161 446 69 568 13 548 17 570 5
12 42 1200 28.57 610 42 644 22 628 15 646 3
13 80 110 1.37 880 82 678 19 736 22 670 17
14 57 392 6.87 689 57 693 27 690 222 697 30
15 48 338 7.04 1010 48 787 21 846 23 779 9
16 41 498 12.15 979 41 881 22 900 20 878 4
17 44 351 7.98 970 31 880 21 900 20 880 21
18 34 315 9.26 950 29 960 30 910 16 910 16
19 290 74 0.26 950 290 960 130 905 82 916 2
20 33 313 9.48 971 34 944 18 965 16 942 18
21 27 760 28.15 984 27 973 18 974 16 973 7
22 29 295 10.17 1020 30 997 24 995 21 990 20
23 60 79 1.32 1026 60 997 24 1004 23 996 9
24 35 308 8.8 1121 49 1049 28 1066 25 1045 29
25 45 301 6.69 1100 45 1119 27 1112 20 1100 16
26 29 307 10.58 1110 29 1150 20 1152 18 1111 29
27 31 300 9.68 1100 45 1119 27 1112 20 1112 35
28 49 247 5.04 1121 49 1049 28 1066 25 1121 11
29 39 308 7.89 1120 35 1150 16 1150 16 1125 20
30 30 496 16.53 1181 28 1224 23 1220 15 1181 28
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The Gercus Formation (35 grains; Fig. 4.3) displays complex distributions
that includes all age signatures from oldest to youngest (1) Paleoproterozoic
1622, 1865, 1991 Ma) ;(2) ) Mesoproterozoic (1100- 1504 Ma) ; (3)
Neoproterozoic rocks(697-943 Ma) ; and (4) (92-102, 221, 395-415Ma;
Albian-Cenomanian, Upper Triassic and Cambrian; see Fig. 4.5). The results
confirmed that the old crustal blocks of the Neoproterozoic -
Mesoproterozoic and Palaeoproterozoic zircon age may be correlated with
the Khida terrane (1800-1650 Ma), in the north-westernmost portion of the
“‘Arabian Craton’’ in Saudi Arabia (Ali and Aswad, 2013) or could be the
main components in the accretionary mélange serpentinite. The abundance
of clasts related to the old crustal components among the detritic molasses
(i.e. Gercus Formation) highlighted the impact of DZ age signatures of the
accretionary mélange serpentinite on the petrogenesis of the pre-collisional
molasses. To better constrain on the evolution of the flexural foreland basin,
DZ U-Pb age spectra suggest that the foreland sediments either influx from
multiple provenances. The active accretionary prism is composed of
Pliensbachian-Turonian Qulqula radiolarite (Gharib & De Wever, 2010) and
serpentinite-matrix mélange of mixed ages (150 and 200 Ma) (Aziz et al.,
2011b). During pre-accretion, however, the radiolarite basin located along
the Arabian passive margin, likely acted as an intermediate sediment
repository of mostly Neoproterozoic DZ. It also hosts a significant fraction
of the DZ transported directly from the contemporaneously active magmatic
arc. In contrast, the serpentinite-matrix mélange was largely composed of
post-Cenomanian mantle exhumation (Wrobel-Daveau et al., 2010). Varying
volumes of exotic blocks are detached and are drifted from the
Palaeoproterozoic crystalline basement fragment, as well as exhumed

oceanic crustal sequence, assigning it approximately to the Late Triassic age
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(Aziz et al., 2011b). It has been noted that the DZ U-Pb age spectra in the
underlying Tanjero Formation show nearly exclusive derivation from the
uplift Qulqula Formation (i.e. Qulqula Rise). Our results indicate that a
feasible paleogeographic reconstruction of the time of Gercus sedimentation
(Middle Eocene) would include a biased distribution of detrital materials in
the Gercus molasse. Here, the serpentinite-matrix mélange underwent
pervasive pre-Middle Eocene erosion in which the serpentinite matrix was
substantially removed by erosion, leaving exotic blocks of different sources
amenable to DZ U-Pb dating.

05 data-point error ellipses are 78% conf.

2200

206Pb/238U

207P6/235U

Fig. 4.3 Concordia diagram of dated detrital zircons from Gercus Formation
shows different concordant points indicate a wide spectrum of Concordia
age (Ma). These data excluded the highly discordant analyses.

81



CHAPTER FOUR

GEOCHRONOLOGY

Table (4.2) DZ U-Pb isotopes of the Sandston samples in Gercus Formation

Analysis ] Th U/Th | 27Pp/2%Ph +20 206ppy/238 +20 27pp/2ByY +20 206pp/238Y +2¢
No. ppm | ppm Ma Ma Age Ma Ma Age Ma Ma
1 190 99.2 0.52 20 190 92 3 93 9 92 3
2 175 125 0.71 630 188 93 3 88 9 93 3
3 260 257 0.99 0 110 95 3 91 5 95 3
4 G20 | 93 242 2.60 30 93 96 2 95 96 5
5 83 328 3.95 47 83 97 2 98 4 97 2
6 120 138 1.15 130 120 98 2 103 6 98 2
7 98 212 2.16 202 98 100 2 108 5 99 2
8 130 173 1.33 160 130 102 3 109 8 101 3
9 85 237 2.79 67 85 101 2 101 4 101 2
10 53 950 1792 | 65 53 102 3 103 4 102 3
11 62 277 4.47 174 62 221 5 223 7 221 5
12 92 388 421 680 93 389 40 440 30 395 4
13 31 1395 | 45.0 438 28 400 6 405 7 400 10
14 49 392 8.00 368 49 415 8 412 10 415 8
15 66 135 2.04 542 65 445 10 465 15 444 3
16 38 2540 66.84 | 738 38 516 11 560 11 511 14
17 25 1950 78.0 610 25 550 10 565 10 550 10
18 68 109 1.60 440 68 565 11 540 15 570 10
19 41 1150 28.04 | 605 40 640 20 625 15 645 3
20 82 112 1.37 880 82 678 19 737 23 672 19
21 58 394 6.79 690 58 695 29 691 23 697 30
22 50 340 6.8 1012 45 785 20 845 20 780 10
23 40 495 12.37 | 975 40 880 20 900 20 875 4
24 34 315 9.26 971 34 944 18 966 16 943 19
25 30 765 255 985 25 975 20 975 15 975 7
26 58 75 1.29 1021 58 995 20 1005 20 996 9
27 44 298 6.77 1050 40 1110 26 1112 20 1100 10
28 29 308 10.62 | 1111 29 1152 21 1152 18 1111 29
29 48 241 5.02 1120 45 1048 25 1060 20 1120 10
30 40 309 7.73 1125 40 1158 24 1151 21 1125 40
31 28 498 17.79 | 1181 28 1224 23 1225 17 1181 28
32 28 175 6.25 1504 28 1551 29 1543 20 1504 28
33 22 422 19.18 | 1622 22 1653 30 1657 19 1622 22
34 36 134 3.72 1865 36 1978 43 1946 26 1865 36
35 30 141 4.70 1991 30 2072 48 2046 30 1991 30
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Fig. (4.4) Age probability distribution diagram depicting detrital zircon U-Pb
ages of Tanjero Formation.
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Fig. (4.5) Age probability distribution diagram depicting detrital zircon U-Pb
ages of Gercus Formation.
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CHAPTER FIVE

PROVENANCE

5.1 Preface
Mineralogical and chemical compositions of clastic sedimentary rocks are the

products of several variables such as provenance, weathering conditions, transport,
diagenesis, climate and tectonism (Johnsson and Basu, 1993). Selected immobile
trace element (e.g., Th, Zr, Hf, Sc, Co, Ni, Cr, and REES) parameters and
discriminatory diagrams form a useful tool to characterize the provenance, paleo-
weathering conditions and paleo-climate of the clastic sedimentary rocks and to
decipher the tectonic setting of sandstones (Bhatia, 1983; Bhatia and Crook, 1986;
Roser and Korsch, 1986, 1988; McLennan and Taylor, 1991; Johnsson and Basu,
1993; McLennan et al., 1993; Condie, 1993; Nesbitt et al., 1996; Fedo et al., 1997;
Cullers and Podkovyrov, 2000, 2002; Bhatt and Ghosh, 2001). In this study,
geochemical data are interpreted for gathering information about the provenance
and are reconstructed the paleo-geographic setting of the Tanjero Flysch and

Gercus Molasse of the Kurdistan foreland basin.

5.2 Provenance

5.2.1 Major elements chemistry and tectonic setting

5.2.1.1Total alkalis-Silca (TAS) diagram

The TAS diagram divides rocks into ultramafic, basic, intermediate and acidic on
the basis of their silica content. In addition, this diagram subdivides volcanic rocks
into alkaline and subalkaline (Rickwood, 1989). Figure (5.1A) shows the sandstone

samples from Tanjero Formation mainly represent derivation from Foidite , picro
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basalt and basalt whereas, the sandstone from Gercus Formation mainly represent

derivation from picro basalt and basalt.
5.2.1.2 Zr[TiO.-SiO>

Depend on this diagram which was proposed by Winchester and Floyd (1977)most
of the Tanjero samples plot in the alkaline basalt field while Gercus samples plot in
the subalkaline to alkaline basalt field (5.1B).
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Figure (5.1 A) Total alkalis- silica shows source rock classification diagram (TAS;
Lebas et al., 1986). B) Zr/TiO,-SiO, (after Winchester and Floyd (1977).
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5.2.2 Trace elements chemistry and tectonic setting

5.2.2.1 Y/Ni vs. Cr/V diagram

The relationships between ultramafic -mafic and felsic-derived detritus can be
described by Y/Ni vs. Cr/V diagram (Hiscot, 1984; see Fig. 5.2). The plots of Y/Ni
versus Cr/V ratios have been used to complement the discrimination diagrams of
source area discussed above. There are two reasons to employ such ratios in this
study. Firstly, the Y, Ni, Cr, and V are good indicators of sedimentary provenance,
this is because they are quite insoluble and are transported almost exclusively in
detritus. Secondly, the Cr/V ratios serve as an index of the enrichment of Cr which
concentrates on Cr-spinel, over other ferromagnesian trace elements, whereas Y/Ni
monitors the general level of proxy for heavy rare earth elements (HREE) i.e. Y,
which is a proxy for heavy REE, typically hosted by zircon if compared with
ferromagnesian trace element (Ni). The Cr/V vs Y/Ni diagram shows the curve
model mixing between ultrabasic (Cr/V = 45; Y/Ni = 0.001), granitic (Cr/V =
0.093; Y/Ni = 8.889). Rocks (Turekian and Wedepohl 1961; Dinelli et al. 999) are
characterized by the mafic to ultramafic sources that contain evidently higher Cr/V
and lower Y/Ni ratios than that of the felsic rocks. Previous investigations using
relations of Cr/V vs Y/Ni ratios show that the early Campanian sediments were
marked by their variation in terms of the proportion of felsic and mafic
components (Al-Nakib, 2013). According to the diagram of Hiscott (1984), the
studied samples of Tanjero fall along the curve model intermediate between
ultramafic and to a lesser extend felsic compositions (Ophiolite), that suggest
heterogeneous source areas and characterized by both Radiolarite and ultramafic
composition, i.e. the detritus are driven from Qulqula was intermingled with
ultrabasic material. In contrast, the Gercus molasse which is characterized by
overwhelming high Cr/V ratio definitely receive more Ophiolitic detritus from a

belt of Ophiolitic serpentinites that accreted on top of the Qulqula accretionary

87



CHAPTER FIVE PROVENANCE

wedge and the ultramafic part of the magmatic arc. Overall the amount of the
ultrabasic detritus within the Tanjero flysch is estimated to be in the range of 5-15
%. The relatively high Cr/Ni ratios (5.93 and 5.98) from Dokan Section (i.e. T1
and T9 samples) provide evidence of significant amounts of Ophiolitic mélange
serpentinites (serpentinite within Qulqula Radiolarite) in the source area associated
with a substantial sedimentary fractionation due to the concentration of detrital

chromite in the sands.
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Fig. (5.2) Plot Cr/V versus Y/Ni ratios (Hiscott, 1984) showing the ultramafic and
felsic sediment supply to the foreland basin. The diagram shows a mixing line of
ultrabasic (Cr/V = 45; Y/Ni = 0.001) and granitic (Cr/V = 0.093; Y/Ni = 8.889)
rocks (Turekian and Wedepohl 1961; Dinelli et al. 1999). Percentages show the
extent of ultrabasic addition to the mixture.
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5.2.2.2 Thvs. Sc diagram

Using Th vs Sc diagram for the Tanjero and Gercus clastic rocks for indication
of the source rock signature (Fig. 5.3); Th is an incompatible element that is
enriched in felsic rocks, and Sc is a compatible element that is enriched in mafic
rocks. Th/Sc ratios near unity are typical of upper continental-crustal (UCC)
derivation, and Th/Sc ratios near 0.6 suggest a more mafic component. Therefore
Tanjero and Gercus clastic rocks were derived from mafic sources rather than

felsic sources.

30

Continental signature

20 —

40

Fig. (5.3) Th vs. Sc for Tanjero and Gercus clastic samples (after McLennan et al.,
1993)

The mafic-ultramafic source signature of the Tanjero and Gercus clastic rocks is

also confirmed by plotting V, Ni and Th on the ternary diagram of Bracciali, et al.,
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(2007) that shows most of the Gercus samples fall in ultramafic and some in the
mafic source region while , most of the Tanjero samples fall in the mafic source
region (Figs. 5.4A). Furthermore, same scenario has been approved in figure 5.4B
CaO + MgO- Na,0O+ K,0- SiO,/10 after Taylor and McLenan 1985.

Mafics

Ultramafic

Si02/10

Granites

Mafics
..

Ultramafic

Fig. 5.4 A) V-Ni-Th ternary diagram for Tanjero and Gercus clastic rocks (from
Bracciali, et al., 2007). CaO + MgO- Na20+ K20- SiO2/10 after Taylor and
McLenan 1985.B) CaO + MgO- Na20+ K20- SiO2/10 after Taylor and McLenan
1985.
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5-2-3 Source area weathering

The alkali and alkaline-earth contents in siliciclastic rocks can change the degree
of weathering at the source site (Taylor & McLennan, 1985). In addition to that, an
increase in the degree of weathering results in the depletion of alkali and alkaline
earths and preferential enrichment of Al,O3 in sediments (Bauluz, et al., 2000;
Toulkeridisa, et al., 1999). The degree of weathering of the Tanjero and Gercus
clastic rocks in the studied area is assessed by using the SiO; versus Al,03+Na,O+
K0 plot (Fig. 5.5A) (Suttner & Dutta, 1986), both Tanjero and Gercus samples
are plotted in semi-arid region, while three samples of both areas are plotted in
semi-humid region, which may reveals that both have been influenced mostly be
semi-arid conditions in the source area. In addition, the Tanjero samples show
slight chemical maturity than Gercus samples (Fig. 5.5A). An increase in the
degree of weathering results in the depletion of alkali and alkaline earths and
preferential enrichment of Al,O3 in sediments (Perri et al., 2016). The degree of
weathering can be evaluated by using the CIW (chemical index of weathering
[AI203/ (Al,03+CaO*+ Na,O] x 100, Harnois, 1988), and CIA (Chemical Index
of Alteration [Al,O3/ (Al,03+CaO*+Na,O + K;0)] x 100, Nesbitt and Young,
1982) where CaO* is the amount of CaO incorporated in the silicate fraction of the
rock. All analysed Tanjero and Gercus sandstones were close to the side of the A-
CN mafic rock weathering line in the Al,O; - (CaO*+ Na,O) - K;0) (A-CN-K)
diagram (Nesbitt and Young, 1984; Etemad-Saeed et al., 2011, Fig5B). All of the
samples were between 52 and 87 along the A-CN line indicating moderate

weathering.
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Fig.(5.5) A-Major element plots (SiO, vs Al,Os+ Na,O+K,0) of the Tanjero and
Gercus samples to recognize chemical maturity as a function of palaeoclimatic
conditions, after (Suttner & Dutta, 1986). B- Al,O3 - CaO + Na,O - K,O ternary
diagram after Nesbitt and Young (1984), showing the relationship between Tanjero
clastic and Gercus clastic samples. The dashed arrows 1-5 represent the weathering
trends of gabbro, tonalite, granodiorite, adamellite and granite respectively. All the
samples represent the weathering trends of gabbro.
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5.3 Tectonic Setting

Trace elements represent a well-established provenance and tectonic setting
indicators in clastic sedimentary rocks. Consequently, trace elements such as Th,
Sc and Zr are considered to be immobile under conditions of weathering,
diagenesis and moderate levels of metamorphism (McLennan, et al., 2001;
Etemad-Saeed,et al., 2011). Ternary Th-Sc—Zr/10 diagram (Bhatia and Crook,
1986) has been used to constrain the provenance and tectonic settings for the
deposition of the Tanjero and Gercus clastics. When the incompatible trace
elements Th and Zr are plotted against the compatible trace elements Sc, the
Tanjero and Gercus samples plotted in the oceanic island basalt (OIA) field (Fig.
5.6; after Bhatia and Crook, 1986). Using the ternary Q-F-RF tectonic
discrimination diagram of (Dickinson, 1983). In Tanjero and Gercus clastic are
plotted in mixed between undissected arc and the field of lithic recycle orogen
(Fig. 5.7).
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Th

0 100

Fig. (5.6) The Plot of the trace element composition of Tanjero and Gercus
clastic rocks on the Th-Sc-Zr/10 tectonic setting discrimination diagram
(After Bataia and Crook, 1986). OIA: Oceanic Island Arc; CIA:
Continental Island Arc; ACM: Active Continental Margin; PM:

Passive continental Margin
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Fig. (5.7) Tectonic interpretation diagram (Ternary plots) of detrital components in
Tanjero and Gercus sandstones on the tectonic provenance discrimination diagram
of (Dickinson, 1983). B) Tectonic interpretation diagrams (A) Ternary plots of
detrital components in the Tanjero and Gercus sandstones on the tectonic
provenance discrimination diagram of Dickinson et al. (1983). Qt is the total
quartz, F is the feldspar, and RF is the total rock fragments. The solid lines mark
the major fields of provenance in terms of tectonic setting.
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The subduction signature of the clastic rocks within the Tanjero flysch is
confirmed by the Nb/Yb vs Th/Yb diagram (Fig. 5.8). According to (Pearce, 2008)
Th/Yb versus Nb/YDb is another important ratio which differentiates between the
volcanic, arc and MORB tectonic settings. The result shows that almost all the
studied rocks fall in the compositional field of arc-related rocks-well above the
field of the MORB-OIB mantle array. The subduction inputs and continental crust
contamination both increase the Th content. The E-MORB and OIB source rocks
in the Tanjero and Gercus clastic rocks is clear on the Nb/Yb vs.Th/Yb diagram
(Fig. 5.8). Thus, it can be concluded that the deposited clastic sediments of Tanjero
and Gercus in the studied areas were probably derived from their volcanic and
ultramafic terrains of the Iraqi Zagros ophiolites and local Qulqula sedimentary

mélange).
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Fig. (5.8) Nb/YDb vs Th/YDb diagram for Tanjero and Gercus clastic rocks, after
(Pearce, 2008). SZ-subduction zone enrichment; CC-crustal contamination; F-
fractional crystallization; WPE-within plate enrichment.
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5.4 Provenance demarcations

The flysch succession of Tanjero formation is exposed in front Qulqula
accretionary wedge (formerly referred to as Qulqula Rise, Jassim et al., 2006)
which may act as a likely source-area provenance of a definitely major input of
mafic detritus for the studied succession, but the succession accommodates more
variants of mineralogical and chemical compositions than those from adjacent
Qulqula Radiolarite. The data collected from geochemical investigations shown
above, suggest that the upper part of the Tanjero flysch succession mainly consists
of mafic to ultramafic materials. The heterogeneous nature of the Flysch
sediments was influenced by additional source rocks which must be involved in the
delivering of the predominantly ultramafic detritus with a minor mafic contribution
to the Tanjero basin. The drastic increase in detrital grains of mafic to ultramafic
origin in the flysch succession points to the existence of an obducted ophiolite
tectonic slice of Albian—Cenomanian age (see figures 5.2, 5.3, 5.4;e.g. Gidon et al.,
1974; Ricou et al., 1977; Ravaut et al., 1997) or otherwise strongly serpentinized
ophiolite-related ultramafic rocks (Aziz et al.,2011). According to these scholars,
serpentinized ultramafic rocks contain sporadic exotic blocks of metabasalts and
felsic rocks therefore, referred to as serpentinite-matrix mélanges. The field-based
indications clearly show that the exotic blocks are tectonically intermingled up to
about microscopic (millimeters) scales, forming a commonly homogeneous in
appearance (Aziz et al., 2011). In other words, the accreted serpentinites—matrix
mélange was not encompassed a large coherent allochthonous ophiolitic blocks.
The unequivocal field-based evidence suggests that the serpentinite-matrix
mélange was formerly widespread in the advancing orogenic wedge, although at
the present time missing in the studied area. This is because the rocks have a weak
matrix which easily erodes and seldom forms observable outcrops except certain
tectonic settings (for example: within stacks of thrust nappes).
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5.5 Timing and duration of Tanjero and Gercus clastic rocks.
5.5.1 Tanjero Flysch

The discussion on the U-Pb results introduces the fact that the parautochthonous
radiolarite basin hosted a significant fraction of the DZ, which was derived
predominantly from cratonic source-rocks of the Arabian passive margin, as well
as transported directly from the contemporaneous Albian-Cenomanian active
magmatic arc. The youngest peak age of DZ (93-94 Ma) obtained from the Tanjero
Formation constrains the upper age limit of the stratigraphic succession of the
radiolarite formation before it was accreted onto the Arabian carbonate platform
(Fig 5.9). Therefore, the DZ U-Pb data indicate that the Albian-Cenomanian
marked initiation of the closure of the Neotethys which means that slab pull
appears to be the main driving force of extensional orogeny and the decrease in the
slab pull latter (which was associated with ongoing mantle drag) leading to the
cessation of subduction that was incipient during Albian-Cenomanian. In other
words, the pre-orogenic extensional will collapse soon after 90 Ma (Turonian) and
was caused by dramatic decrease in slab pull force leading to proto-Zagros
Orogeny in the middle Campanian (> 80 Ma) (70 Ma, Koshnaw et al., 2017).
The conclusion concerning the closure of the Neotethys, however, contradicts a
common view held by geologists that the transition from autochthonous platform
carbonates to neoautochthonous flysch sedimentation marked the proto-Zagros
Orogeny that has been associated with the initiation of the closure of the Neotethys
(Aswad, 1999). Furthermore, it has been concluded that the DZ grains acquired
from the Tanjero Formation incorporation of cratonic and terrigenous materials
during Early Pliensbachian-Toronian and  a significant fraction of the

contemporaneously Ophiolite during Albian-Cenomanian.
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Fig. (5.9) Summary of detrital zircon age spectra of the Tanjero clastic, NE Iraq
versus the main tectono-magmatic events of Arabian Plate

99



CHAPTER FIVE PROVENANCE

5.5.2 Cercus Molasse

Present-day outcrops of the serpentinite-matrix mélange can only be traced to
the base of ‘Lower Allochthon’ (i.e. Walash—Naopurdan nappe) (Aziz, 2008; Aziz
et al., 2011a) of age-dated 43-24 Ma (Ali et al., 2013; Aswad et al., 2014). It
demonstrates a block-in-matrix aspect, with exotic blocks of various sizes
(centimetric to hectometric) and types (meta-igneous and meta-sedimentary)
locally found within the serpentinite matrix (Aziz, 2008). However, the exhumed
ophiolitic mantle and associated exhumed oceanic crustal of the Late Triassic (219
Ma, see Fig. 5.10) as well as the crystalline basement sequences of the
Palaeoproterozoic (1200-1968 Ma) have been dismembered and occured as
fragments enclosed in the chaotic serpentinite-matrix mélange. Unlike the Harsin
mélange at the southern lIrag-lran border (Wrobel-Daveau et al., 2010), the
accreted serpentinite-matrix melange of the Iraqi segment of the NZTZ underwent
pervasive pre-Middle Eocene erosion, where a substantial portion of the
serpentinite matrix was removed. These left exotic blocks of the different sources
amenable to DZ U-Pb dating. Three rock samples collected from the locations
furthest apart revealed Sr-Nd isotopic heterogeneity (Aziz et al., 2011b). The ages
obtained from these samples (i.e. Mawat, Galalah, Halsho) were 150, 200 and 770
Ma, respectively (Aziz et al., 2011b). The value of eNd = -30.0 (Mawat sample,
MB) would correspond to a 1*3Nd/***Nd ratio of 0.5111 and could refer to a typical
value for the Palaeoproterozoic crystalline basement. It is apparent that the U-Pb
ages from DZ in Gercus molasse can provide key information on the serpentinite-
matrix meélange. Specifically, the Late Triassic oceanic domains (219 Ma) of the
GQOR (Galalah, Qalander and Rayat) serpentinite—matrix mélange oceanic domains
are observed through zircon age population in Gercus molasse, as the mantle floor

of the Qulqula radiolarite basin between the Arabian and the Biston-Avroman
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block in the south of the study area. The youngest zircon age population in Gercus
molasse (93 Ma) is presumably the age of Iraqi Zagros Ophiolite sequences
(Mohammad et al., 2016). This approximates the age of the contemporaneously
active magmatic arc (i.e. 106-92; Ma, Ali et al., 2012, 2019; Aswad & Elias,
1988). It has been concluded Gercus Formation provides the most suitable archive
to study the evolution of the foreland system of the Iragi segment of the NZTZ
with regards to the transition from passive margin to the accretionary complex

terrene-flexural foreland basins setting.
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Fig. (5.10) Summary of detrital zircon age spectra of the Gercus clastic, NE Iraq
versus the main tectono-magmatic events of Arabian Plate
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5.6 Tectonic implication

This study present detrital zircon U-Ph data from both Cretaceous Tanjero and
Tertiary Gercus Formations Northeast Irag in the Zagros Orogen. On the basis of
new field, geochronology, geochemistry combined with those published literatures,
it might be able to test two hypotheses outlined below to highlight the tectonic
events for only Tanjero clastic rocks because of no Tertiary ages have been

determined for Gercus clastic rocks.

5.6.1Hypotheses A

Depend on the previously published scenarios (Ali et al., 2012, 2013, 2014, 2017,
2019; Agard et al., 2005, 2011; Wrobel-Daveau et al., 2010), during the Early
Cretaceous subduction of the Neotethyan ocean crust toward the east and northeast
developed, an ophiolite/arc complex occurred, which is represented by Hasanbag—
Pushtashan—Bulfat-Mawat—Penjween— (Fig.5.11; Ali et al., 2012, 2013, 2014,
2016, 2019 ; Ismail et al., 2017) and it is located between the Sanandaj-Sirjan and
Zagros thrust zones. This was distal from Eurasia which lay on the northeastern
margin of Neotethys. Collision of these ophiolites onto the Arabian passive margin
occurred during the Late Cretaceous. These coincide with obduction of other
Ophiolites; e.g. Kermanshah—Neyriz—Haji-Abad (Mohajjel et al., 2003; Agard et
al., 2005, 2011; Shafaii Moghadam and Stern, 2011; Ali et al., 2012, 2013, 2014,
2016 and 2019). Meanwhile, erosion of these obducted Ophiolites and the Quaqula
radiolarian serpentinite mélange fed the detrital basins of Tanjero- Amiran basin
(see Fig 5.11).
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Late Cretaceous: emplacement of Hasanbag arc onto Arabian margin, initiation of the
Walash-Naopurdan arc systme

Radiolarite + Ophiolite
NW Tanjero flysch (106 -92) Arc collision Ak

Neo-tethys Ocean

Subduction
initiation

Arabian Continent erpentinite

melange

Fig. (5.11) Schematic diagram presenting the tectonic evolution model (Hypothesis
A) of the Tanjero clastic rocks within the Foreland basin.

5.6.2 Hypotheses B

As a consequence of dramatic decreases of slab pull, leading to subduction
cessation in the Middle Campanian which was associated with the ongoing mantle
drag, causes a shift from extensional to compressional settings (Fig. 5.12). The
compressional settings are generated through accretion of displaced terranes (refer
to as Qulqula Accretionary Wedge and ophiolites) onto the autochthonous platform
carbonates. The accreted terranes are composed of blocks of different ages and
lithologies (i.e. Qulqula Radiolarite and serpentinites—matrix melange and
ophiolites). The load of the accretionary wedge controls the amount of fexural
subsidence in the adjacent foreland basin. In response to dynamic loading by the

adjacent accretionary wedge, the Zagros foreland basin was partitioned into
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foredeep (i.e., Shiranish Fm.), forebulge “peripheral bulge” (i.e., Aqra Fm.), and
marine flysch trough (Tanjero Fm.) (Fig.5.12B). Evident the dynamic loading of
the orogenic wedge lags behind the initiation of subduction. An erroneous view of
geologists is that the initial Neotethys closure coeval with Proto-Zagros orogeny as
shown by foreland flexural subsidence. During Albian-Cenomanian subduction,
however, there was extensional tectonic of the Northern Zagros Orogenic Belt
which is mainly detected by the disruption of the Arabian platform carbonate. The
timing of initial closure for the Neotethys Ocean is virtually synchronous with a
short-lived mid-oceanic subduction. It can be concluded that the episodic nature of
slab pulls geodynamic, which is thought to have triggered a short-lived extensional
stresses associated with Albian—Cenomanian arc tectono-magmatism during the
early stages of Neotethys closure (~100 Ma ; Fig. 5.12B). Alternatively, the
ongoing mantle drag is found to induce Middle Campanian compressive
deformation (~80 Ma), resulting in the formation of flysch Tanjero within foreland

basin.
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A | Terrigenous Sediments

Neo-Tethyan Ocean
Spreading Center

Qulqula Radiolarite Basin

Arabian Plate
Basement

Albian-Cenomanian Opholite Sequnce
Foreland basin (Tanjero flysch) 106-92Ma

—

Qulqula Radiolarite

Iranian Continent
Arabian Continent —

Fig. (5.12) A-Simplified tectonic evolution model (Hypothesis B) showing erosion
in the both of Ophiolite material and Qulqula Radiolarite transported directly to the
Tanjero flaych basin.
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CHAPTER SIX:
CONCLUSIONS AND RECOMENDATIONS

6.1 Conclusions

The following conclusions have been drawn from this thesis:

1-

Petrographic point count data on the Tanjero and Gercus clastic rocks
indicate that the studied sandstones are lithic arenites. Depending on their
mineralogical content, the lithic fragments commonly consist of sedimentary
(i.e. limestone and chert), volcanic and plutonic, and low-grade metamorphic
rocks, suggesting poor sorting and rapid deposition. Both Tanjero and Gercus
samples are characterised by its low content of heavy minerals.

Geochemical studies of the Tanjero clastic rocks reveal that the sediments are
mainly derived from mafic to ultramafic protoliths. Based on carefully
selected major and trace elements, the results show that different trends of
clastic influxes reflect the tectonic evolution of the Zagros thrust zone and
the Tanjero clastics were derived mainly from the Campanian accreted
terrenes (i.e. subduction-related accretionary complex). Therefore, the
polymictic clasts vary considerably in the studied rock formation (i.e.
Tanjero). The Gercus clastic rocks are derived from the ultramafic and some
mafic terrain of Qulqula and the Iraqi Zagros Ophiolites.

The overall chondrite-normalized rare earth elements pattern of the Tanjero
clastic rocks display one package REE variability which may reflect a single
source-rock geochemistry variation (mafic rocks within Qulqula), while the
Gercus pattern partitioned into three group’s package which indicates
multiple source-rock geochemistry variation and exhumation of different

source terrains within the uplifting of the source area.
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4-

Using Q-F-RF and Th-Sc-Zr/10 discrimination diagrams, Tanjero and

Gercus clastics reveal mixed recycled orogen and undissected arc setting
exhibitting a strong resemblance to those formed near convergent plate
boundaries, were the influence of a marked subduction component that
signifies the geochemical characterization of the mantle source. The
subduction signature of the Tanjero and Gercus rocks is confirmed by the
Nb/Yb versus Th/Yb diagram, which shows that almost all the studied rocks
fall in the compositional field of arc-related rocks well above the field of the
MORB-OIB mantle array.

The provenance of the Tanjero and Gercus clastic rocks were confirmed
using Y/Ni vs. Cr/V diagram. The results may indicate heterogeneous source
area for the Tanjero clastic rocks (mafic rocks associated within the Qulqula
radiolarite and Zagros Ophiolites). In contrast, the Gercus molasse which is
characterized by overwhelming high Cr/V ratio which indicate that may
receive more Ophiolitic detritus from a belt of Ophiolitic complex that
accreted on top of the Qulqula accretionary wedge and the ultramafic part of
the magmatic arc (Zagros Ophiolites).

In the present study, an attempt has been made to apply the detrital zircon
U-Pb geochronology to assess the Late Cretaceous age active syn-orogenic
sedimentation records within foreland basins by two points. The study
indicates that a complex U—Pb ages spectra (i.e., multiple age components) is
preserved in the Tanjero flysch within foreland basin by two points: 1)
incorporation of cratonic and terrigenous materials during Early
Pliensbachian-Toronian .2) a significant fraction of the contemporaneously
Ophiolite during Albian-Cenomanian.

The youngest zircon age population in the Tanjero Flysch yielded an age of

93-94 Ma which coincides closely with an Albian-Cenomanian arc -
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dominated magmatic event (i.e. 106-92 Ma). In addition, the DZ U-Pb
showed a strongly episodic age distribution 398- 448, 511-570, 646-690, 779,
878-880, 910-996 and 1045-1181 Ma that suggest multicycled derivation
mostly from the Neoproterozoic basement of the Arabian-Nubian Shield that
were at some point hosted by the Early Pliensbachian-Turonian Qulqula

Radiolarite Basin which was located along the Arabian passive margin.

Representative DZ U-Pb measurements revealed that the Gercus Molasse
fall into several separable age population ranges from 92-102 (Albian-
Cenomanian), 221 (Upper Triassic), 395-511 (Cambrian), 550- 996
(Neoproterozoic), 1100-1504 (Mesoprotrozoic), and lesser numbers of
Paleoproterozoic (1622-1991 Ma) ages. The source of Proterozoic detrital
Zircons is enigmatic; the age peaks at 1.1, 1.5, 1.6, and 1.9 Ga (Proterozoic)
does not correspond to any known outcrops of Precambrian rocks in Irag, and
it may be useful to continue to search for such basement. The detrital zircons
with age populations at 0.63-0.86 Ga probably originated from the Arabian-
Nubian Shield. The age peak at 0.55 Ga correlates with Cadomian
Magmatism which is reported from north Gondwana. The age peaks at ~0.4
Ga is interpreted to represent Gondwana rifting and the opening of
Paleotethys. The youngest age populations at 93 Ma indicate that fraction of
DZ were transported directly from the contemporaneously active magmatic

arc.

Geochemical and geochronological data suggest that the ophiolite
components especially the mafic unit is the dominant supplier of sediment
during disposition of Tanjero Formation, where limited contribution of
Qulqula indicated.
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6.2 Recommendations
To achieve a better understanding of the evolution of the Zagros Foreland basin,

the following can be recommended for further studies:

1- Doing more analysis of zircon up to 110 zircon grains in a sample in
particularly for Gercus clastic rocks and Tanjero and is useful to a better

illustration of ages and tectonic evolutions of the Zagros foreland basin.
2- Pb-U dating of feldspar minerals required, as it contains little U or Pb, and

hence, the common Pb isotope composition of unaltered K-feldspar is that of

the source rock.
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