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Abstract 

Cyclical carbonate-evaporite successions provide an important record of 

palaeoenvironmental fluctuations in the geologic record. They also have significance as 

economic resources, either as a part of petroleum systems or as an industrial-scale 

source of halite and/or gypsum. Few basins with such carbonate-evaporite stratigraphic 

architectures have been studied in detail, the best known being the Zechstein Basin of 

north-central Europe and the Paradox Basin of the western United States of America. In 

this study, sedimentological and sequence stratigraphical investigations of the late Early 

Miocene deposits of the Fatha Formation at the periphery of the Zagros foreland basin, 

Kurdistan region, NE Iraq, were carried out. To achieve this, nine complete exposures 

of the Fatha Formation were logged and correlated across the study area. This was in 

order to determine depositional environments, a depositional model, and basin 

configuration, in addition to analyse sequence stratigraphic relationships, high-

frequency cyclicities, and to determine average cycle duration. Results are used to 

evaluate the mechanisms that originated the high-frequency cycles, and to compare their 

development with the well-developed high-frequency cycles of the Paradox Basin 

(Pennsylvanian-Permian) in the United States and the Zechstein Basin (late Permian) in 

north-central Europe.  

This study reveals a cyclical arrangement of carbonate-evaporite ramp cycles on the 

north-eastern margin of the Zagros Basin, each recording basinward progradation and a 

shallowing-upward trend from lower energy calcareous mudstone and mudstone-

wackestone carbonate microfacies at the base, to higher energy packstone-grainstone-

rudstone and/or low energy algal mat/stromatolitic carbonate facies at the top. Each 

carbonate unit is capped by evaporite deposits of supratidal sabkha origin. Red clastic 

sediments that advanced south-westward into the basin from the adjacent Zagros 

hinterland overlie each evaporite unit. The investigations reveal inner ramp facies of 

different environments that included normal marine salinity open lagoons, hypersaline 

lagoons, restricted and shallow lagoons, sand shoals, beaches, intertidal and supratidal 

flats, tidal flats, supratidal ponds. These are overlain by the sabkha deposits and above 

these a distal coastal alluvial coastal plain developed that included palaeosols and 

infrequent channel deposits. This south-westwards progradation of the red siliciclastic 

deposits into the Miocene Zagros foreland first occurred during deposition of the Fatha 
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Formation. This progradation and shoreline migration toward the basin caused thickness 

variation and both lateral and vertical facies changes.  

The late Early Miocene carbonate-evaporite cycles of the Fatha Formation display two 

superimposed orders of stratigraphic cyclicity and two different stacking patterns. 

Fourth-order parasequences (17-42 parasequences, each 5-13m thick in the lower part of 

the succession and 1-5m thick in the upper part of the succession, and have a mean 

periodicity of approximately 60,000 years. They are packaged into a third-order cycle of 

accommodation evolution, represented by the 50-300m total thickness and a duration of 

approximately 2.5 Myr. The fourth-order parasequences are composed of the 

shallowing-upward cycles, separated by flooding surfaces, that each grade up from 

more basinal carbonate mudstone facies into normal marine carbonates and then into 

intertidal and supratidal facies, sabkha evaporites and then into fluvial deposits. By 

using Fischer plot analyses, two different stacking patterns are recognized. The 

retrogradational set, comprising 10-20 thick cycles with thicknesses that are more than 

the average cycle thickness, onlaps a sequence boundary at the base of the succession 

and was deposited during a period of relatively high accommodation space generation 

and subsidence. In contrast, a progradational set, including 10-20 thinner cycles with 

thicknesses that are less than the average cycle thickness, prograded toward the SW of 

the basin and was deposited during decelerating accommodation creation and 

subsidence in the upper part of the succession. This systematic variation in thickness of 

fourth-order parasequences, characterised by this thickening upward followed by 

thinning upward trend, defines a third-order accommodation cycle. Both stacking 

patterns and the third-order accommodation cycle are regionally correlative over the 

whole study area, and individual cycles may be correlated throughout the area, 

demonstrating continuity of at least several tens of kilometres. This is a characteristic 

feature of high-frequency glacio-eustatic sea-level fluctuations that are controlled by 

Milankovitch cycles and such depositional geometries unlikely to be controlled by 

tectonic oscillations. Autocyclic controls on the depositional geometries may occur 

within each fourth cycle, in particular in the inner ramp facies associations. 

A secondary, literature-bases analysis has been carried out of two well-developed 

carbonate-evaporite cyclical successions, namely of the Paradox (Pennsylvanian-

Permian) and Zechstein (late Permian) Basins. These are characterised in terms of their 

sedimentological features, vertical facies trends within cycles, and more regional 
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depositional geometries.  These examples are then compared to the cyclical succession 

of the Fatha Formation. Their tectonic settings, palaeo-climates, and stratigraphic trends 

are analysed, as well as their hierarchical divisions and sequence stratigraphic styles. 

The mechanisms that controlled the high-frequency cyclicities are inferred and 

compared those that controlled the Fatha Formation. Climate, glacio-eustatic sea-level 

fluctuation and the tectonic configuration of a basin are considered to be the major 

variables in the determination of the stratigraphic architectures of each carbonate-

evaporite cyclical succession.  The presence or absence of boundstone bioherm 

constructors additionally influences whether a basin margin architecture will remain as 

a gradually sloping ramp, in the absence of such bioherms, or develops a distally-

steepened slope, in the case of coral or algal bioherms being present. The new sequence 

stratigraphic model for cyclical carbonate-evaporite deposition on ramp margins, as 

developed for the Fatha Formation, applies to the former. More classical type-1 

sequence boundaries and associated systems tract geometries remain appropriate for 

describing the latter.    
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Chapter One 

1 Introduction  

1.1 Background 

Carbonate-evaporite cycles that developed on shallow-dipping ramp margins are 

important deposits in both the ancient and modern sedimentary records, providing a 

major record of palaeogeographic, palaeoclimatic and palaeo-environmental change 

(Tucker, 1991). Also, over 50% of the worldôs hydrocarbon reserves are found in 

carbonates, and over 60% of these reservoirs are sealed by evaporite deposits (Kendall 

et al., 2009). Many hydrocarbon-bearing reservoirs in the world are associated with 

carbonate-evaporite successions, including in ramp settings, for example the Miocene 

carbonate-evaporite cycles of the Middle East (Beydoun, 1991; Beydoun et al., 1992), 

the carbonate-evaporite cycles of the Paradox Basin in the USA (Peterson and Hite, 

1969; Weber et al., 1995), the second carbonate cycle of the Zechstein Basin (Late 

Permian) (Ingo and Lehmann, 2002), and the Cretaceous carbonate-evaporite cycles of 

the Albian Acatita Formation of NE Mexico (Ingo and Lehmann, 2002). The 

depositional processes that result in the accumulation of cyclical evaporite-prone 

sequences are typically more complex than those involved in the deposition and 

accumulation of carbonate deposits alone. Although numerous important studies have 

been undertaken to consider the origin of and controls upon the accumulation of mixed 

carbonate-evaporite successions in both ancient and modern environments, especially 

on the evaporite elements (Warren and Kendall, 1985; Schreiber et al., 1986; Logan, 

1987; Schreiber, 1987; Tucker, 1991; Sarg, 2001; Warren, 2006), each studied example 

is unique and the number of studied ancient outcrop examples is currently limited. Most 

evaporite successions represent chemical compositions that record precipitation from a 

seawater-derived brine (Kinsman, 1969; Warren, 2006). Consequently, most large-scale 

and long-lived marine evaporite deposits required a water body that was mixed or 

exchanged with ocean waters but with limited circulation, typically in an arid or semi-

arid climatic regime, where evaporation is intensive (Warren and Kendall, 1985; 

Warren, 2006). Marine-derived evaporites are believed to accumulate subaqueously in 

shallow marine shelves and enclosed basins (lagoons and salinas), and subaerially in 

coastal plains (sabkhas) (Nissenbaum, 1980; Warren and Kendall, 1985; Flugel, 2004).  
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The late Early Miocene cyclical carbonate-evaporite-siliciclastic succession of the Fatha 

Formation is well-exposed in Kurdistan, northern Iraq. Until recently it has received 

little attention for political and security reasons. It now offers a chance to re-evaluate 

the architecture and controls upon this type of sedimentary succession. It should be 

considered a significant ancient outcrop example, allowing comparison with those 

systems mentioned above. 

Studies have previously been undertaken of carbonate-evaporite cycles to unveil their 

distribution and architectures in the geologic record, including, as mentioned, the Late 

Permian Zechstein Basin from Europe (Tucker, 1991; Strohmenger et al., 1996a; 

Wagner and Peryt, 1997; Becker and Bechstädt, 2006), the Pennsylvanian Paradox 

Basin from Utah, USA (Goldhammer et al., 1991; Raup and Hite, 1992; Weber et al., 

1995), and also the modern Arabian Gulf (Kendall and Skipwith, 1969; Alsharhan et al., 

1995) (Figure 1.1). Each of these carbonate-evaporite basins required particular 

depositional, tectonic, climatic, and eustatic settings. The evaporites of the 

Pennsylvanian Paradox Basin, for example, were accumulated in a palaeo-tectonic 

depression (Weber et al., 1995) and convergent tectonic setting (Warren, 2010), 

whereas the evaporites of the Late Permian Zechstein Basin are an example of basin-

centre and slope evaporite deposition (Börner, 2004; Warren, 2006). On the other hand, 

the modern evaporites of the Arabian Gulf have accumulated in a supratidal sabkha 

setting at the margins of a shallow-dipping carbonate ramp (Kinsman and Park, 1976). 

The Paradox Basin was developed during the Pennsylvanian to Early Permian at a time 

when the Earth was subject to the effects of major Gondwanan glacial to interglacial 

cyclicity. The deposition of the thick evaporite succession in the Paradox Basin was 

coincident with the main Pennsylvanian glaciation when an arid and dry climate was 

developed across the basin due to its proximity to the palaeo-equator (Baars and 

Stevenson, 1981). The accumulation of evaporites (anhydrite and salt) in the Paradox 

Basin is restricted to the basin centre, whereas the carbonates are accumulated at the 

shelf margin (Hite and Buckner, 1981). The correlation of the evaporite cycles at the 

basin centre with their lateral carbonate equivalents at the shelf margin has been 

conducted over the whole basin (Hite and Buckner, 1981). The deposition of the 

evaporites at the basin centre is coincident with subaerial exposure at the shelf margin 

that is defined as a sequence boundary type1 (Goldhammer et al., 1991). Twenty-nine 

complete evaporite cycles are recorded at the basin centre and they have been correlated 
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to the carbonate equivalent cycles at the shelf margin (Peterson and Hite, 1969; Hite and 

Buckner, 1981). The deposition of the thick evaporite cycles with their lateral carbonate 

equivalents in the Pennsylvanian changes upward to carbonate-siliciclastic cycles in the 

Permian at which time a thick wedge of siliciclastic deposits commenced progradation 

into the basin from a mountain belt developed at its margins (Gianniny and Miskell-

Gerhardt, 2009; Williams, 2009). The Paradox cycles provide a valuable case study 

because they consist of mixed carbonate-evaporite-siliciclastic cycles throughout the 

succession and the deposits were accumulated in a foreland basin. Additionally, the 

depositional architecture reflects the influences of tectonic-uplift, palaeoclimate, and 

eustatic sea-level changes.   

The Zechstein Basin  covered a large part of Central Europe and was developed during 

the Late Permian in an arid and dry climate (Benton et al., 2002). Following the main 

Gondwanan glacial-interglacial cyclicity of the Early Permian, the climate of Central 

Europe changed to arid and semi-arid and then more humid conditions through later 

Permian and Triassic times (Benton et al., 2002). The deposition of evaporites 

commenced as marginal gypsum wedges during sea-level falls that were laterally 

equivalent to subaerial exposure at the shelf margin (Tucker, 1991). Then during 

relative rises in sea-level, carbonates accumulated. Five main cycles are recorded from 

the basin, Z1-Z5 (Ziegler, 1990). The cycles can be regionally correlated over the whole 

basin.  A thick carbonate and evaporite succession accumulated in the lower cycles (Z1-

Z3), whereas in the upper cycles carbonate sedimentation was reduced or ceased due to 

the climate change from arid to humid (Wagner and Peryt, 1997). The Zechstein cycles 

are of significance as a case study because they are dominated by extensive carbonate-

evaporite cycles which reflect the controls of palaeoclimate and eustatic sea-level 

changes.     

The Miocene carbonate-evaporite cycles of the Fatha Formation accumulated in the 

Zagros foreland basin of the Kurdistan region, NE Iraq. This formation is composed of a 

cyclical succession of carbonate, evaporites and siliciclastics. Each cycle typically 

consists of calcareous mudstone, shallow-marine carbonates, evaporites with chicken-

wire fabrics, and fluvial siliciclastic deposits. The nature and thickness of the cycles 

vary from basin margin to basin centre where a thicker succession and maximum cycle 

number accumulated. At the basin margin, 17-42 cycles are recorded in successions of 

50-300 m thickness, whereas at the basin centre fifty cycles accumulated in a succession 

about 600 m thick (Tucker, 1999). These carbonate-evaporite cycles accumulated in an 
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arid and hot climate during the Miocene in this region, but a palaeoclimate which was 

also characterized by climatic fluctuations (Miller  et al., 2005).   

 

Figure  1-1 Map showing the distribution of major evaporite basins, including the Miocene, 

Paradox, and Zechstein evaporite basins (Kendall, 1992). 

 

This study focuses primarily on the Miocene carbonate-evaporite cycles from the Fatha 

Formation at the periphery of the Zagros foreland basin, Kurdistan. The study includes 

an assessment of palaeodepositional processes and environments, palaeoclimate, 

sequence stratigraphy, and the accommodation history of the Zagros foreland basin, 

during the Miocene. 

Previous sedimentological and sequence stratigraphical studies of the Fatha Formation 

are documented in a variety of research papers (Shawkat, 1979; Aqrawi, 1993; Tucker, 

1999; Al-Juboury and McCann, 2008). However, no detailed study has previously been 

conducted to investigate the types and distributions of the cycles, with a detailed 

analysis regarding the sequence stratigraphic framework for the high-frequency cycles. 

1.2 Aims and objectives of the study 

The main aim of this thesis is to characterize the sedimentology and depositional 

architecture of carbonate-evaporite cyclical successions, as deposited in ramp settings. 

Variations in architecture will be explored in terms of the regional (tectonic) and global 

(glacio-eustatic and palaeoclimatic) controls that may have led to such variants. 
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The main element of this study is an investigation of the Fatha Formation in Kurdistan, 

predominantly composed of cycles of carbonate and evaporites (Aqrawi et al., 2010). 

The project aims in relation to the formation are to interpret its sedimentology, in 

particular in the more proximal basin margin settings, and to establish the relationship 

between the carbonate and evaporite elements. The study also set out to develop a 

sequence stratigraphic model for the studied succession, providing a framework within 

which to explain their origin of Fatha Formation depositional cyclcities in terms of 

relative sea-level changes. The extensive exposure of these cycles (17-42) in Kurdistan 

makes this area an ideal study locale for characterizing the palaeoenvironments and 

their cyclical variation in a restricted basin during a period of known glacio-eustatic 

fluctuations. 

Recently, after discoveries of oil and gas reserves in Kurdistan, including in Cenozoic 

reservoirs, the Early-Middle Miocene succession has been a target for study and a 

significant focus of attention. This study is therefore topical, given its focus on the 

outcrops of the Miocene Fatha Formation around Sulaimani Governorate and its 

presentation of Miocene lithostratigraphic and chronostratigraphic columns, 

depositional environments, and sequence stratigraphic architecture.  

In addition to the focus on the Fatha Formation, this study aims to analyse and compare 

different carbonate-evaporite basins from the geologic record, in terms of their 

depositional context and development. Through analysis of the carbonate-evaporite 

cycles of the Paradox and Zechstein basins and comparison with the Fatha Formation, 

the aim is to establish general characteristics of cyclical carbonate-evaporite successions 

in ramp settings, and what are the variations in such depositional architectures and the 

explanations for any observed variations.   

Given the aims outlined above, the following list provides a summary of project 

objectives: 

1. Determine sedimentary facies of the Fatha Formation, sedimentary facies 

associations, lateral/vertical variations, microfacies and related sedimentary 

structures to reconstruct the depositional history and present a depositional model 

for the formation. 

2. Present lithostratigraphic and chronostratigraphic columns of the Fatha Formation 

from the basin margin, as well as to evaluate thickness and facies variations from 
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proximal to basin centre locations, so characterizing lateral and vertical facies 

changes 

3. Determine the platform configuration and geometry of the basin, by studying facies 

changes and compositions throughout the succession, contributing to a general 

depositional model of the basin 

4. Determine the sequence stratigraphic division of the Fatha Formation, identifying 

the sequence boundaries, sequences, systems tracts, and parasequences.  

5. Establish the stratigraphic architecture across the NE margin of the Zagros foreland 

basin. This will provide the framework for consideration of the eustatic and/or 

tectonic and sediment supply controls upon sequence development in the late stages 

of Neo-Tethys closure. 

6. Determine the age of the formation and estimate the cyclesô durations, by using the 

strontium isotope relative dating method.  

7. Explore the use of Fischer plots in the evaluation of the major controls on the Fatha 

cyclicities and factors affecting deposition. 

8. Carry out a literature-based comparative analysis of other examples of basins with a 

substantial record of carbonate-evaporitic cyclical sedimentation, with a focus on 

the depositional architectures and settings of the Paradox and Zechstein Basins.  

9. Compare the Miocene carbonate-evaporite cycles of the Fatha Formation with the 

Paradox and Zechstein cycles in terms of depositional architectures, and the 

tectonic, palaeoclimatic, glacio-eustatic or other mechanisms that have determined 

their cyclical character. Then to propose a generalised model to account for the 

effects of various controls on the accumulation of mixed carbonate, evaporite, and 

siliciclastic successions.   

1.3 Thesis structure  

This PhD studentship is financially supported by the Ministry of Higher Education and 

Scientific Research of Kurdistan Regional Government (KRG). The fieldwork was 

conducted in Kurdistan Region, NE Iraq. Thin sections and strontium isotope analysis 

were conducted within the Earth and Environment School, University of Leeds, UK. 

There are four principal topics in this thesis: (1) analysis of sedimentary lithofacies to 

enable the development of a depositional model for the carbonate-evaporite cycles of 
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the Fatha Formation in Kurdistan Region. (2) Analysis of a series of high-frequency 

cycles for the purpose of development of a sequence stratigraphic framework that can 

be used to define and evaluate the mechanisms responsible for cycle development. (3) 

Analysis of high-frequency carbonate-evaporite cycles of the Pennsylvanian-Permian of 

the Paradox and Zechstein basins for the purpose of comparison with cycles of the Fatha 

Formation to present a generalized model for mixed carbonate-evaporite-clastic cycles. 

(4) Finally, estimating these mechanisms that control cyclic-successions and generate 

high-frequency cycles.  

This thesis is composed of seven chapters. This introductory chapter discusses the aims 

and objectives behind this PhD thesis. The organization of the remainder of the thesis 

outlined below. 

¶ Chapter 2: This chapter discusses, in detail, the geological setting of the Zagros 

foreland Basin, including structure, tectonic, stratigraphy, palaeogeography, 

palaeoclimate, and regional correlation. As well as it introduces the study areas, and 

summarizes the previous research undertaken in the region. 

¶ Chapter 3: This chapter discusses the sedimentary lithofacies types, their 

arrangement and the distribution of the Miocene carbonate-evaporite cycles of the Fatha 

Formation in Kurdistan Region. Additionally, it considers carbonate microfacies in 

detail, as well as fossil contents of the Fatha Formation. In addition, lateral and vertical 

facies changes of the cycles in the basin margin have been discussed. Moreover, 

depositional environments have been determined and a depositional model has been 

developed. The contents and results of this chapter have been prepared for publication 

in the journal óSedimentary Geologyô, (Abdullah, H., Collier, R.E.LI., and Mountney, 

N.P. óVariations in carbonate-evaporite ramp facies trends: Late Burdigalian Fatha 

Formation, Kurdistanô). 

Chapter 4: In this chapter the high-frequency cycles of the Fatha Formation have been 

analysed to propose a sequence stratigraphic framework. Types of cycles and their 

spatial distributions have been described. In addition, lateral and vertical changes in 

cycle stacking patterns have been described and discussed. Determination of lateral 

extent and correlation of the cycles has been undertaken based on the presence of 

several marker beds. The significance of Fischer plots, cycle-sets, and systems tracts 

have been discussed. Lastly, the mechanisms responsible for the generation of the 

cycles have been evaluated. The contents and results of this chapter have been prepared 
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for publication in the journal óSedimentary Geologyô, (Abdullah, H., Collier, R.E.LI., 

and Mountney, N.P. óThird-order accommodation space, parasequence stacking 

patterns, and mechanisms controlling shallowing-upward cycles: The Miocene 

shallowing-upward cycles, Fatha Formation, Kurdistan Region/NE Iraqô). 

¶ Chapter 5: In this chapter the carbonate-evaporite cycles of the Pennsylvanian-

Permian of the Paradox and Zechstein basins have been reviewed and discussed in 

terms of their developments, palaeotectonics, palaeoclimates, stratigraphy, sequence 

stratigraphy, and cycle analysis. Additionally, the mechanisms that have controlled the 

cyclicities developed in each of these basins have been discussed. The cyclical 

arrangement of assemblages of lithofacies of each of these basins has been compared to 

that of the Fatha cycles. 

¶ Chapter 6: This chapter discusses the main outcomes of this thesis. As well as, it 

evaluates the main controls on the architectures of the basins. In addition, limitations 

and difficulties of this study are discussed and a number of recommendations for future 

research is presented. 

¶ Chapter 7: This chapter summarizes the main conclusions of this study. 

¶ Appendices: In Appendix1, nine stratigraphic logs of the Fatha Formation have been 

presented, including sample locations, lithology, microfacies, water depth, shallowing-

upward cycles, and type of cycles. In Appendix 2, nine tables have been presented in 

which cycle numbers, cycle thicknesses, cumulative thicknesses, and cumulative 

departures of the cycles have been shown. 
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Chapter Two 

2. Geological Settings 

2.1 Introduction  

The location of Kurdistan in North East Iraq, at the north-eastern margin of the 

Arabian Plate, as well as adjacent to the Zagros Mountains, means that it has been 

affected by tectonics throughout much of its geological development. Therefore, 

regional tectonic changes associated with movement of the Arabian Plate and local 

changes in Iraq as well, have each affected the stratigraphy and tectonic evolution 

of Kurdistan. 

The most widely used regional tectonostratigraphic and sequence stratigraphic 

divisions of the accumulated successions on the Arabian Plate are those of Sharland 

et al. (2001) in which eleven tectonic megasequences (AP1-AP11) are documented 

(Figure 2.1).  

During mid-Permian to Early Jurassic times (Tectonic Megasequence AP6) the Arabian 

Plate started to separate from the Sanandaj-Sirjan, central Iran and Afghan plates. As a 

result, the Neo-Tethys Ocean was developed and started to expand and subsidence of its 

passive margins continued through the Cretaceous (Sharland et al., 2001). 

During the Early-Late Jurassic (AP7), the Mediterranean Basin opened due to the 

separation of the Turkish plate as part of the expansion of the Neo-Tethys Ocean 

(Jassim and Goff, 2006; Aqrawi et al., 2010). In the Late Jurassic to Late Cretaceous 

(AP8), the Indian Plate separated from the Arabian Plate and the Indian Ocean began to 

form. In the next megasequence (Late Cretaceous to late Paleogene, AP9), the Arabian 

Plate was affected by compression, which occurred as a result of opening of the Atlantic 

Ocean. At this stage, ophiolite was locally obducted across the north eastern margin of 

the plate. In the next megasequence (Early Paleogene to Latest Eocene, AP10), 

compression continued and the Neo-Tethys Ocean started to close due to Arabian Plate 

movement, and as a result subduction occurred between the Arabian and Iranian plates. 

Initiation of Red Sea rifting occurred in the Oligocene (Sharland et al., 2001; Ziegler, 

2001; Sharland et al., 2004). 
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The last tectonic megasequence (Late Eocene to the Present, AP11) included the period 

when the Red Sea and Gulf of Aden opened and evolved from continental to oceanic 

extension. In addition, the Neo-Tethys Ocean closed during the Oligocene to Early 

Miocene as a result of collision that occurred between the Arabian and Eurasian plates 

(Sharland et al., 2001). Due to the separation of the Arabian Plate from the African 

Plate and the opening of the Red Sea in the late Oligocene (Haq and Al-Qahtani, 2005), 

the Arabian Plate underwent tilting to the northeast (Sharland et al., 2001; Ziegler, 

2001; Sharland et al., 2004). 

The Miocene Fatha Formation is included within the last tectonic megasequence (Late 

Eocene to the Present, AP11) that is bounded by a Late Eocene regional unconformity 

surface at the base (Ziegler, 2001). This unconformity surface is identified in the studied 

areas at the top of the Late Eocene Pila Spi Formation. The deposition of the Miocene 

succession in the Kurdistan Region thus occurred in a position that could be influenced 

by the tectonic setting of the Arabian Plate, as well as the opening of the Red Sea and 

Gulf of Aden (Beydoun, 1991; Beydoun et al., 1992; Sharland et al., 2001; Ziegler, 

2001). This possibility will be assessed in later chapters.   
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Figure  2-1 Tectonic developments and megasequences of the Arabian Plate (Sharland et al., 2001). 
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2.2 Tectonics of the area 

Tectonically, Iraq has been divided into three main tectonic zones: the Stable Shelf, the 

Unstable Shelf and the geosynclinal areas (Buday, 1980). Subsequently, a new tectonic 

division was proposed for Iraq and seven tectonic zones were identified by (Numan, 

1997). The seven tectonic zones were the Rutba-Jazira Zone, the Salman Zone, the 

Mesopotamian sagged basin, the suspended basin, the highly folded zones of the 

foreland basin, the imbrication zone of the foreland basin, and the subduction zones, 

from SW to NE direction. More recently, the tectonic divisions of Iraq were modified to 

distinguish three main zones, which have been termed the Stable Shelf, the Unstable 

Shelf and the Zagros Suture Zone (Jassim and Goff, 2006). The Stable Shelf covers 

most of the south and west of Iraq and extends towards Syria and Jordan to the west and 

Kuwait and Saudi Arabia to the south. The Unstable Shelf is characterized by surface 

folds parallel to the Zagros-Taurus belt and is subdivided into the Foothill Zone (also 

called the Low Folded Zone), the High Folded Zone and the Imbricated Zone. The 

Imbricated Zone includes both the Balambo-Tanjero and Northern (Ora) Thrust Zones, 

whereas the Zagros Suture Zone is subdivided into the Qulqula-Khuwakurk, Penjween-

Walash and Shalair Zones (Jassim and Goff, 2006). Recently in 2010, all the previous 

divisions were compiled and five main tectonic elements were recognized. These 

tectonic elements are the Thrust Zone, the Folded Zone (the High and Low Folded 

zones), the Mesopotamian Zone, the Salman Zone and the Rutbah-Jezira Zone (Aqrawi 

et al., 2010) (Figure 2.2). The Low Folded Zone is characterized by wide and low 

anticlines and wide synclines with Neogene sediments preserved in their cores. 

However, narrow deep synclines and high amplitude anticlines are the main 

characteristics of the High Folded Zone, which covers most of the Iraqi Kurdistan 

Region. Aqrawi et al., (2010) terminology is used throughout the thesis. 

Tectonically, the studied area, which lies in the south and south-east of the Kurdistan 

region, is mostly located in Low Folded Zone plus parts of the High Folded zone. 
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Figure  2-2 Structural elements of Iraq (Aqrawi  et al., 2010). 
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2.3 The Zagros foreland basin during the Cenozoic 

The Zagros foreland basin includes the succession deposited since Zagros collision 

(Upper Eocene to Holocene). The basin is ~1800 km in length and 250 to 300 km in 

width (Beydoun et al., 1992). It is known that a 7 to 14 km thickness of sediments 

accumulated along the NE margin of the Arabian Plate (Bahroudi and Koyi, 2004). The 

basin occupies much of Iraq along a NW-SE trend and extends into NE Syria and SW 

Iran. During the Miocene, the basin was split into six discrete sub-basins (Bahroudi and 

Koyi, 2004) and these were separated by palaeo-highs (Figure 2.4). Of these, the Sinjar 

and Kirkuk sub-basins were located in Iraq and were separated by the Mosul high (van 

Bellen et al., 1959; Ziegler, 2001; Bahroudi and Koyi, 2004). 

The Zagros foreland basin includes numerous supergiant oil and gas fields in high-

amplitude structures generated by the Neogene convergence. The basin has been a key 

focal point for a number of evaporite and hydrocarbon studies, mainly due to its 

stratigraphic position and tendency to create seals above the much explored 

hydrocarbon reservoirs (Beydoun, 1991; Beydoun et al., 1992; Aqrawi, 1993). 

The development of the foreland basin resulted from the collision of the Arabian and 

Eurasia continental plates. The oceanic crust of the Arabian Plate was subducted under 

the Eurasian Plate during the Late Cretaceous and then the continent-continent collision 

occurred from the Late Eocene to the present day (Ziegler, 2001). As a result, the 

Zagros mountain range and the Zagros foreland basin were developed, with additional 

stresses from the opening of the Red Sea and Gulf of Aden (extension to the south-west) 

(Beydoun et al., 1992; Sharland et al., 2001).  

2.4 Palaeogeography of Miocene 

The Miocene period spanned deposition of the Euphrates, Jeribe, Fatha (Iraq), 

Gachsaran, Agha Jari (Iran), and Dam, Hofuf, and Hadrukh (Saudi Arabia) formations, 

with massive evaporite and salt deposits (Figure 2.3). These deposits were accumulated 

within the Zagros foredeep and foreland that developed as a result of the strong 

compression between the Arabia and Eurasia (Ziegler, 2001) (Figure 2.3).   
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Figure  2-3 Palaeofacies map of the Miocene spanning deposition of the Jeribe, Fatha and Injana 

formations from Iraq and their time equivalents, the Gachsaran, Mishan and Agha Jari 

Formations in Iran (Ziegler, 2001). 

 

Due to tectonic movements along the Zagros margin at the end of the Oligocene, the 

basin system became restricted that resulted in the deposition of the Basal Anhydrite. 

This is the first indicator of total desiccation of the Miocene basin (Aqrawi et al., 2010). 

Along the northeastern part of the Zagros foreland basin, clastics and evaporites of the 

Fatha Formation (western part) and Gachsaran salt Formation (Iran) were deposited 
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(Sharland et al., 2001; Ziegler, 2001; Aqrawi et al., 2010). Around the Arabian Arch, 

continental to transitional-marine deposits of Hardukh and Dam formations, as well as 

lacustrine deposits of the Hofuf Formation, were accumulated. Large amount of 

conglomerate was incorporated into the Hofuf Formation as a result of uplift of the 

western part of the Arabian shield (Ziegler, 2001). A shallow sea with carbonate 

deposition covered the Gulf of Aden, and the Red Sea was periodically restricted that 

caused to the evaporite deposition during the Middle Miocene. Whereas, the Early 

Miocene deposits in the southern Red Sea is characterized by a deep-marine clastic unit 

riches with planktonic foraminifera (Ziegler, 2001). The Late Miocene sediments are 

characterized by transitional, shallow-marine unit with sabkha deposits. 

In Iraq, the first restriction of the Miocene basin is marked by the deposition of the 

Basal Anhydrite that overlies Ibrahim Formation (Oligocene) and underlies the 

Serikagni Formation. The deposition of the anhydrite was restricted in the centre of the 

Mesopotamian and Sinjar sub-basins (Aqrawi et al., 2010). The Serikagni Formation is 

calcareous and marly sediments that were deposited in the deeper parts of the basin and 

bordered by the shelf carbonate of the Euphrates Formation. These facies passed toward 

the end of the Lower Miocene into lagoonal evaporites of the Dhiban Formation 

(Buday, 1980). The distribution of the Dhiban Formation is similar to the distribution of 

the Basal Anhydrite in the basin centre (Al -Juboury et al., 2007; Aqrawi et al., 2010).  

A new transgression is marked by the deposition of the carbonate and evaporite deposits 

of the Jeribe Formation that has the same distribution of the previous carbonate deposits 

of the Euphrates Formation (Aqrawi et al., 2010). 

The deposition of the Middle Miocene deposits occurred during the Zagros orogeny. 

Evaporites and siliciclastics of the Fatha Formation were accumulated during the early 

stage of regional compression, whereas the overlying siliciclastics of the Injana and 

Mukdadiya formations were deposited during the convergent and suturing (Ziegler, 

2001; Aqrawi et al., 2010). The evaporite facies of the Fatha Formation is restricted in 

two depocentres (Zagros and Sinjar) in Iraq as shown in Figure (2.4). the evaporites are 

restricted in the basin centre and they bordered by carbonate and mudstone toward the 

margin (Goff et al., 1995).  
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Figure  2-4 Palaeogeographic map and palaeofacies distributions of the Middle Miocene Fatha 

Formation (Goff et al., 1995). Two main depocentres were developed in Iraq, including Sinjar sub-

basin that extended to Syria and Zagros sub-basin that extended to Iran where Gachsaran 

Formation was deposited.  
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2.5 Regional Correlation  

The stratigraphy of Iraq is affected by the major tectonic elements of the Middle East 

area, as well as by the structural elements inside Iraq. In addition, most stratigraphic 

units in Iraq extend towards other surrounding countries due to the trend of the Zagros 

Basin.  

The palaeogeographic map of the stratigraphic units of the Miocene basin in Iraq and 

Arabia (Figure 2.8) show that the Miocene basin extended 2000 km from SW Iran into 

north-eastern and central Iraq and towards NE Syria and southern Turkey (Sharland et 

al., 2001; Ziegler, 2001; Jassim and Goff, 2006; Aqrawi et al., 2010). Importantly, 

deposition in this Miocene basin was diachronous, being older in the southwest and 

becoming younger to the northwest (Shawkat, 1979). 

In Iran, the Late Oligocene to Early Miocene Asmari Limestone Formation (a 

significant hydrocarbon reservoir) is equivalent to the Iraqi Euphrates, Dhiban and 

Jeribe Formations, whereas the Euphrates Formation is laterally replaced by continental 

clastics of the Hadrukh Formation in Saudi Arabia and the Ghar Formation in Kuwait 

and southern Iraq (Aqrawi et al., 2010).  

The Middle and Upper Miocene in Iran were previously represented by the Fars Group, 

which included the Lower, Middle and Upper Fars formations but are now represented 

by the Gachsaran, Mishan and Agha Jari formations, respectively (Sharland et al., 

2001). In Iraq, the Middle and Upper Miocene are represented by the Fatha (equivalent 

to the Gachsaran, previously Lower Fars) and Injana (equivalent to the Agha Jari, 

previously Upper Fars) formations, respectively. The Mishan (previously Middle Fars) 

Formation is not recognized in Iraq and it is included within the Injana Formation 

(Sharland et al., 2001; Jassim and Goff, 2006; AlȤJuboury et al., 2010). The Fatha 

Formation extends towards the Syrian and Turkish borders, but also changes to the Dam 

Formation in Saudi Arabia (Jassim and Goff, 2006). In addition, the Injana Formation is 

equivalent to the Dibdibba Formation in Kuwait and southern Iraq and the Hofuf 

Formation in Saudi Arabia (James and Wynd, 1965). 
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2.6 Palaeoclimate 

From research on sedimentary archives covering the last 65 million years, it is 

increasingly apparent that the Earth underwent a great climatic change from greenhouse 

to icehouse conditions. The greatest greenhouse phase peaked between 59 and 50 Ma, 

during the Mid-Palaeocene to Early Eocene, and declined until present day with a rapid 

cooling stage during the Early Oligocene, with the formation of ice caps at the poles 

(Zachos et al., 2001; Zhao et al., 2001). These interpretations are determined from 

stable oxygen isotope data from benthic foraminifera on a worldwide scale (Zachos et 

al., 2001; Zhao et al., 2001). Based upon oxygen isotopes, palaeoclimate and 

palaeotemperature can be determined (Zhao et al., 2001), as the value of ŭ
18

O will 

decrease during warm climates, and will increase during cool climates. After the rapid 

increase of ŭ
18

O during the Oligocene and the formation of significant ice at the poles, 

the ŭ
18

O value started to decrease, representing warmer conditions during the Miocene 

from about 17 to 14 Ma, which is known as the Miocene climatic warmth or the 

Miocene climatic optimum. However, two cooling phases are recorded during the 

Miocene climatic optimum from 17.2 to 16.8 and from 16.2 to 15.8 Ma, respectively 

(Zhao et al., 2001).  

In terms of palaeoclimate, the Lower to Middle Miocene units were deposited in an arid 

and warm climate, evidenced by deposition of the thick evaporites. From the significant 

deposition of evaporites and warm climate during deposition of the Fatha Formation, 

the formation might be correlated with the Miocene climatic warmth or optimum from 

17-14 Ma (Zachos et al., 2001; Zhao et al., 2001). 

2.7 Study areas 

A thick Early-Middle Miocene succession is reported in Iraq, which extends from the 

marginal area in north Kurdistan Region toward the basin centre to the south west in 

central Iraq. The study area runs very close to the basin margin and is centred on the 

Sulaimani Governorate in the Kurdistan Region. Three main areas were selected: the 

Qishlagh-Sargrma, Garmyan and Darbandikhan areas (Figure 2.5).  

The first study area is located along the Qishlagh-Sargrma Mountain with a NW-SE 

trend. The Sargrma Mountain is an asymmetrical double plunging anticline, of which 

the north-eastern limb is steeper than the south-western limb (Ghafur, 2012). This 
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structure extends to the south-east toward the Golan structure and to the north-west 

toward the Bazian structure. As a whole, the Qishlagh-Sargrma structure extends in 

length for more than 80 km and is 2 to 3 km in width. Three sections have been logged 

along this structure: the Takiya, Basara and Krbchna sections from NW to SE (Figure 

2.5 and Table 2.1). 

The second study area is around Garmyan, which is represented by the Aj Dagh and 

Qara-Wais anticlines. These anticlines are asymmetrical with double plunging folds, 

with a NW-SE trend and with en-echelon fold geometries (Kharajiany, 2008). They are 

parallel to the Qishlagh-Sargrma Mountain. The Aj Dagh anticline is located at the SE 

end of the structure, whereas the Qara-Wais anticline is at the NW end of the structure. 

The Aj Dagh section was logged along the Aj Dagh anticline, whereas the Mamlaha and 

Sangaw sections were logged along the Qara-Wais anticline (Figure 2.5 and Table 2.1). 

In addition, the outlying Kfri section was logged near Kfri town, 57 km SW of the Aj 

Dagh anticline.  

The third study area is located around Darbandikhan town, next to the Darbandikhan 

Dam, along the NE limb of the Qaradagh anticline. The Darbandikhan section was 

logged next to the Darbandikhan Dam, whereas the Chnarah section was recorded near 

Chnarah village (Figure 2.5 and Table 2.1). 

Takiya section. At latitude 35Á 39ᾳ 07.38ᾴ and longitude 44Á 57ᾳ 28.90ᾴ, the Takiya 

section is located 2.5 km NW of Takiya town and 45 km NW of Sulaimani city, along 

the Qishlagh anticline. A number of gypsum quarries are present in this area of the 

Fatha Formation. 

Basara section. At latitude 35Á 26ᾳ 40.30ᾴ and longitude 45Á 09ᾳ 25.84ᾴ, the Basara 

section is situated along the SW limb of the Qaradagh anticline, near the outlet of the 

Basara gorge. 

Krbchna section. At latitude 35Á 17ᾳ 53.65ᾴ and longitude 45Á 16ᾳ 22.31ᾴ and along the 

Sargrma Mountain, the Krbchna section is located 2km NW of Krbchna village, near 

the Sangaw-Qaradagh road. In this section, a 4.5m unit of Oligocene carbonate was also 

recorded. 

Darbandikhan Dam section. At latitude 35Á 06ᾳ 43.01ᾴ and longitude 45Á 42ᾳ 12.07ᾴ, 

this section is located at the Darbandikhan Dam near Darbandikhan town, 53km SE of 

Sulaimani city. 
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Chnarah section. At latitude 35Á 08ᾳ 37.78ᾴ and longitude 45Á 41ᾳ 24.05ᾴ, this section is 

located near Chnarah village along the Darbandikhan-Sulaimani road, 45km SE of 

Sulaimani city. 

Aj Dagh section. At latitude 35Á 09ᾳ 31.87ᾴ and longitude 45Á 17ᾳ 50.98ᾴ, this section is 

located on the NW limb of the Aj Dagh anticline, near Hazar Kani village. 

Sangaw section. At latitude 35Á 16ᾳ 39.26ᾴ and longitude 45Á 09ᾳ 49.63ᾴ, the Sangaw 

section is located 1km SW of Sangaw town, along the Qara-Wais anticline. 

Mamlaha section. At latitude 35Á 22ᾳ 06.84ᾴ and longitude 45Á 00ᾳ 27.72ᾴ, this section 

is located near Mamlaha village and 19km NW of Sangaw town, along the Qara-Wais 

anticline. 

Kfri section. At latitude 34Á 42ᾳ 04.83ᾴ and longitude 44Á 57ᾳ 53.07ᾴ, the Kfri section is 

located along the Bawa Shaswar Dam, 1km NW of Kfri town and 69km S of Sangaw 

town. This area has undergone post-depositional thrust faulting and only the upper part 

of the Fatha Formation crops out. 

 

Table  2-1 Geographical and structural locations of the studied sections. 

Sections Latitude N Longitude E Structure Description 

Takiya 35° 39ᾳ 07.38ᾴ 44Á 57ᾳ 28.90ᾴ Qishlagh 45 km NW Sulaimani 

Basara 35Á 26ᾳ 40.30ᾴ 45Á 09ᾳ 25.84ᾴ Qishlagh 26 km SW Sulaimani 

Krbchna  35Á 17ᾳ 53.65ᾴ 45Á 16ᾳ 22.31ᾴ Sargrma 32 km SW Sulaimani 

Darbandikhan 35Á 06ᾳ 43.01ᾴ 45Á 42ᾳ 12.07ᾴ Qaradagh 53 km SE Sulaimani 

Chnarah 35Á 08ᾳ 37.78ᾴ 45Á 41ᾳ 24.05ᾴ Darbandikhan 45 km SE Sulaimani 

Aj Dagh 35Á 09ᾳ 31.87ᾴ 45Á 17ᾳ 50.98ᾴ Aj Dagh 18 km SE Sangaw 

Sangaw  35Á 16ᾳ 39.26ᾴ 45Á 09ᾳ 49.63ᾴ Qara-Wais 1 km SW Sangaw 

Mamlaha 35Á 22ᾳ 06.84ᾴ 45Á 00ᾳ 27.72ᾴ Qara-Wais 19 km NW Sangaw 

Kfri  34Á 42ᾳ 04.83ᾴ 44Á 57ᾳ 53.07ᾴ Kfri  69km S Sangaw 

2.8 Data collection 

Nine sections were selected and logged around Sulaimani city from the Miocene Fatha 

Formation. These sections cover all the lithological cycles from the lower to upper part 

of the formation. All the geological features were documented during the logging, 

including lithological variations, thickness measurements, sedimentary structures, 

sedimentary textures and fossil content. Overall, 615 samples of calcareous mudstone, 

carbonate, and evaporite were collected from the studied sections (Table 2.2). 
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Table  2-2 Geographical locations, thicknesses and sample numbers of the studied sections. 

No. Sections Thickness (m) Elevation (m)  Samples  

1 Basara 195 673 70 

2 Takiya 245 954 85 

3 Krbchna  116 1078 80 

4 Darbandikhan 148 511 50 

5 Chnarah 50 754 50 

6 Aj Dagh 182 774 80 

7 Sangaw  171 804 60 

8 Mamlaha 300 582 130 

9 Kfri  120 260 10 

 Total 1527  615 
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Figure  2-5 Location and geological map of the study area in Kurdistan, Sulaimani Government, NE Iraq. The Fatha Formation and the studied outcrop sections are 

illustrated.  
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2.9 The stratigraphy of the studied areas 

A thick Miocene succession is preserved in the Zagros foreland basin, which covers 

most parts of Iraq and SW Iran. The base of the AP11 tectonic megasequence (Sharland 

et al., 2001) is marked by a regional unconformity surface in the Late Eocene, which 

probably represents the first continent collision (Ziegler, 2001). The filling of the 

foreland basin was commenced along the narrow Zagros foredeep. After this became 

filled, sedimentation prograded south-eastwards along the axis of the foredeep, from 

Mesopotamia into the Arabian Gulf (Sharland et al., 2001). By the end of the Pliocene, 

final Zagros closure took place, which caused extensive tectonic folding and thrusting 

of the earlier sediments. 

The Miocene succession in Iraq is represented by the Ghar, Serikagni, Euphrates, 

Dhiban and Jeribe formations of the Lower Miocene, and the Fatha, Injana and 

Mukdadiya formations of Middle-Upper Miocene times (Figure 2.6 and Figure 2.7). 

The continuation of continental collision during the Early Miocene and flexural 

downwarping of the area led to the marine transgression and development of deep 

marine sediment of the Serikagni Formation and its shallow lateral equivalent, 

sediments of the Euphrates Formation (Aqrawi et al., 2010). The short-term 

development of localized, restricted to enclosed basins arose from tectonic stability and 

led to the deposition of the Dhiban Formation (Al -Juboury et al., 2007).  
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Figure  2-6 Chronostratigraphic column for  NE Iraq during  the Tertiary (van Bellen et al., 1959). 
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Figure  2-7 Chronostratigraphic column of north eastern Iraq from the Eocene to Recent (Karim, 

2010).   

 

A new transgression may have contributed to a deeper facies rich in planktonic 

foraminifera in the deep part of the basin, where the Jeribe Formation was deposited, 

and then the basin progressively infilled, changing to shallow open to variably restricted 

conditions, as also represented on the NE margin of the basin throughout the Jeribe 

Formation (Aqrawi et al., 2010; Hussein 2016). As a result of the continuation of 

regional uplift and the uplift of hinterlands, relatively shallow semi-restricted to closed 

basins were then developed and led to the deposition of the Fatha Formation carbonate-

evaporite cycles. Then, progradation of the Fatha facies began from the north-east 

toward the south-west. The continuation of progradation led to the eventual replacement 

of the carbonate-evaporite deposits by siliciclastic deposits and in the form of the 

deposition of fluvial deposits of the Injana, Mukdadiya and Bai Hassan Formations 

(Aqrawi et al., 2010).  

The deposition of the deep planktonic facies of the Serikagni Formation was restricted 

in the basin centre and there is no Serikagni facies recorded towards the basin margin, 

which is what is represented in the Kurdistan region. However, the lateral equivalents of 
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the Serikagni Formation, the Euphrates Formation, and the younger Dhiban and Jeribe 

formations have been identified in the Kurdistan region (Hussein, 2016). 

The Basal Fars Conglomerate at the base of the Fatha Formation is recognized in 

Darbandikhan areas where a thick siliciclastic deposits, comprising red claystone, 

sandstone, conglomerate, and brecciated carbonate, is documented at the top of the Late 

Eocene Pila Spi Formation. The Early Miocene and Oligocene formations are not 

recorded in Darbandikhan and Chnarah sections. However, the Early Miocene 

formations, including Euphrates and Jeribe, as well as a thin Oligocene unit (4m thick), 

are documented between the Late Eocene Pila Spi and Fatha formations along the 

Qishlagh-Sargrma Mountain. In this area, the Basal Fars Conglomerate is located at the 

base of the Early Miocene formations. Toward the south-west of the studied areas, Azh 

Dagh and Qara-Wais anticlines, the Basal Fars Conglomerate becomes thin, and a thick 

Oligocene succession is documented. Further toward the basin centre, this surface and 

the associated clastics change to a conformable succession in the centre of the basin.  

The stratigraphy of the studied areas can be summarised as follows, as described from 

the base of the succession to the top. 

2.9.1 Late Eocene Pila Spi Formation 

The Pila Spi Formation crops out extensively in the High Folded Zone in the Kurdistan 

region and its lithological composition shows no significant variations. It is 

characterized by well-bedded dolomitic carbonate, chalky in appearance, and includes 

the presence of chert nodules in the uppermost part (Buday, 1980). Benthic foraminifera 

comprising miliolids, chilostomellids and peneroplids are abundant, and they represent 

an inshore lagoonal facies (Buday, 1980). The lower boundary is gradational with the 

red mudstone facies of the underlying Gercus Formation, whereas the upper boundary is 

unconformable with overlying Oligocene or Miocene strata.  

In the studied areas, the Pila Spi Formation is overlain by the Miocene Fatha Formation 

in the Darbandikhan and Chnarah sections where a thick siliciclastic unit (the Basal Fars 

Conglomerate) is recorded between them (Figure 2.8H). However, in the Qishlagh-

Sargrma Mountain region, the formation is overlain by a thin Oligocene unit (4 m thick) 

(Figure 2.8 C, D, and G).   
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2.9.2 Oligocene formations 

The Oligocene deposits in Iraq are composed of nine formations that have a relatively 

restricted area of distribution. The Oligocene basin was generally restricted to central 

Iraq near the city of Kirkuk where a thick and complete Oligocene succession is 

documented (van Bellen et al., 1959). The Oligocene formations reduce in thickness or 

are absent toward the Kurdistan region. The Oligocene strata are predominately 

composed of carbonate and they were first defined as reef, back-reef, and fore-reef 

facies (van Bellen et al., 1959; Buday, 1980). However, Ghafur (2012) argues that the 

formations accumulated in inner, middle and outer ramp platform settings. 

In the studied areas, the Oligocene units are not recorded in the Darbandikhan and 

Chnarah sections, whereas a thin carbonate unit (4 m) that is rich in corals is 

documented at Sargrma Mountain, near Krbchna village (Figure 2.8G). The Oligocene 

formations become thicker toward the Azh Dagh and Qara Wais anticlines. Both 

underlying and overlying units are unconformably separated from the Oligocene strata. 

2.9.3 Basal Fars Conglomerate  

The Basal Fars Conglomerate was first defined by van Bellen et al. (1959) at the base of 

the Fatha Formation (previously Lower Fars). In the studied areas, this unit is composed 

of thick siliciclastic deposits that comprise conglomerate, sandstone, siltstone, and 

claystone, as well as carbonate conglomerate that channelized within palaeosols (Figure 

2.8H). It is about 10 m thick in the Darbandikhan area at Qishlagh-Sargrma Mountain, 

occurring below the base of the Fatha and Euphrates Formations, respectively (Figure 

2.8 A and C). This unit thins toward the Azh Dagh and Qara Wais areas where it is 

about 4 m thick. 

2.9.4 Euphrates Formation 

The Euphrates Formation is mainly composed of carbonate and contains beds of 

greenish marl, breccia, marly sand, and conglomerate (Buday, 1980). It is characterized 

by chalky, shelly, well-bedded recrystallized limestones, siliceous, oolitic, corraline, 

and coquinas (van Bellen et al., 1959). Based on these variations in lithological 

composition, the formation was divided into three members: a basal cavernous and 

conglomeratic limestone, a shelly carbonate, and a marly and chalky carbonate (van 

Bellen et al., 1959). The formation was deposited in shallow marine lagoons and reef 
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settings (Buday, 1980). The lower boundary is usually unconformable with the 

underlying Oligocene and Late Eocene formations, whereas in some areas, where the 

underlying unit is the Serikagni Formation, it is conformable (Buday, 1980). The upper 

boundary is conformable with the overlying Dhiban Formation. 

In the studied areas, the formation is absent in the Darbandikhan and Chnarah sections 

(Figure 2.8H), whereas it is recorded for the first time along the Qishlagh-Sargrma 

Mountain in this study (Figure 2.8A). The formation is mainly composed of carbonate, 

and it is about 4 m thick (Figure 2.8C, E, and F). It comprises conglomeratic carbonate 

at the base and shelly carbonate at the top. It is composed of miliolid packstones and 

grainstones at the base, and oolitic grainstones at the top. Borelis melo melo as an index 

fossil for the Lower Miocene is identified in the carbonate unit (Figure 2.8B). The lower 

boundary is unconformable with the underlying Oligocene or Late Eocene formations or 

represents a flooding surface over the Basal Fars Conglomerate where present, whereas 

the upper boundary is conformable with the overlying Dhiban Formation. In the Aj 

Dagh area, the formation was first identified by Hussein (2016) (Figure 2.8E). 

2.9.5 Dhiban Formation 

The Dhiban Formation is composed of thick beds of gypsum that  are interbedded with 

thin beds of marls, recrystallized limestone, and dolomite (Buday, 1980). It is 100 to 

150 m in thickness in the subsurface. Fossils are lacking in the formation, and its age is 

determined based on its stratigraphic position, being underlain by the Serikagni or 

Euphrates Formations (Al -Juboury et al., 2007).  

In the studied areas, the formation is recorded in the Azh Dagh-Qara Wais Mountain 

area where it is only 1 m thick. It is underlain and overlain by the Euphrates and Jeribe 

formations, respectively. It is characterized by yellowish evaporitic carbonate. 

However, the formation is locally recognized for the first time in this study along the 

Qishlagh-Sargrma Mountain at the boundary of Euphrates and Jeribe formations. It is a 

thin (10cm) yellowish evaporitic carbonate.   
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Figure  2-8 Field photographs of the Early Miocene Euphrates and Jeribe formations. 

A:  The lower boundary of the Euphrates Formation (1) that overlies the Basal Fars 

Conglomerate (BFC) and underlies the Jeribe Formation (2, 3) which is in turn overlain by the 

Fatha Formation; Basara section. B: Thin section photomicrograph of Euphrates Formation 

including the index fossil Borelis melo melo. C: The lower boundary of the Euphrates 
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Formation that is underlain by the BFC which in turn underlain by a possible Oligocene unit; 

Basara section. D: The same boundary in the Takiya section. E: The carbonate unit of the 

Euphrates Formation showing both lower brecciated (red arrow) and upper shelly carbonate 

members; as seen in the Azh Dagh and Mamlaha sections. F: The same carbonate unit of the 

Euphrates Formation, including both brecciated (red arrow) and shelly carbonate members in 

the Basara section. It is underlain by the BFC. G: The carbonate units of the Euphrates and 

Jeribe Formations in the Krbchna section. The Euphrates Formation is unconformably underlain 

by an Oligocene unit that is rich in corals. H:  The BFC in the Darbandikhan section. It is 

underlain by the Late Eocene Pila Spi Formation and overlain by the Fatha Formation.  

 

2.9.6 Jeribe Formation 

The Jeribe Formation is composed of recrystallized and dolomitized carbonates that are 

interbedded with evaporite and dolomite. The lower boundary is conformable with the 

Dhiban Formation, whereas it is unconformable with the Serikagni Formation in the 

type area with an evidence of a conglomeratic bed at the base of the formation (Buday, 

1980). The upper boundary is conformable with the Fatha Formation. The formation 

was deposited in lagoons and reef environments (van Bellen et al., 1959). 

In the studied areas, the Jeribe Formation is not recorded in the Darbandikhan and 

Chnarah sections (Figure 2.8H), whereas it is documented in all the other areas (Figure 

2.8A and G). It is first recorded along the Qishlagh-Sargrma Mountain and it is 

underlain by the Euphrates Formation and overlain by the Fatha Formation. It is 8 to 10 

m thick and comprises three cycles of carbonate, marl, and yellowish evaporitic 

carbonate. However, a very thin (10cm) yellowish gypsiferous carbonate bed has been 

locally documented at the boundary of Euphrates and Jeribe formations. This bed may 

represent Dhiban Formation that thins toward the margin of the basin.   

2.9.7 Fatha Formation 

The Fatha Formation (previously termed the Lower Fars Formation) was originally 

defined and described by Busk (1918), and later reviewed by van Bellen et al. (1959), in 

Iran, as part of the Fars Group. The Fars Group from Iran was divided into the Lower, 

Middle and Upper Fars Formations. Lithologically, the Lower Fars Formation (Fatha 

Formation) was also recognized in Iraq and was named after its Iranian equivalent (van 

Bellen et al., 1959; Buday, 1980). Then, a new type section was described in Iraq on the 

south-western flank of Makhul Mountain, in Al-Fatha Gorge. This was used as the basis 

for the definition of the Fatha Formation by Al-Rawi et al. (1993). The type section of 
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the formation is divided into two members based on the absence or presence of red 

mudstone units. The lower member, which lacks the red clastic units, is 220m thick at 

the type section; the upper member, in which red clastic units are present, is 400m thick 

at the type section (Jassim and Goff, 2006). 

In general, the Fatha Formation is characterized by widespread evaporites (gypsum, 

anhydrite and salt) facies, which are interbedded with carbonate, calcareous mudstone 

and red continental clastic units (Buday, 1980). It is a mixed carbonate-evaporite unit 

which shows a cyclic repetition of lithologies, comprising red claystone or sandstone, 

siltstone, mudstone, green marl (calcareous mudstone), gypsum, anhydrite, halite and 

thin beds of limestone (Jassim and Goff, 2006). 

There are no adequate data that fully characterize the presence of halite in the 

formation. However, several halite beds were recorded in the central part of the basin in 

Iraq, in the middle part of the formation (van Bellen et al., 1959), and the halite is 

apparently more extensively developed in the south-eastern part of the basin towards 

Iran (OôBrien, 1957). Moreover, salty water (brine) derived from the subsurface part of 

the Fatha Formation is used as an economic resource for salt production in Mamlaha 

village. In addition, several halite beds are recorded in boreholes in the Sinjar and 

Kirkuk areas in the north of Iraq (Al-Juboury and McCann, 2008). 

Fossils are very rare in the formation; the only fossils that are recorded in the limestone 

beds are miliolids, ostracods, Rotalia beccari, Elphidium sp. and Ostrea Iatimarginata 

(considered to be an index fossil of the formation), which belong to the Middle Miocene 

(Buday, 1980). Recently, some fossil mollusc species have been studied and these have 

been ascribed to a late Lower Miocene (Burdigalian) age (Mahdi, 2007). In addition, 

ostracods from the Fatha Formation have been studied in terms of biostratigraphy, 

palaeogeography and as palaeoecological indicators by many authors (Khalaf, 1988; 

Abdol Rassul and Al-Sheikhly, 2001; Hawramy and Khalaf, 2013). A Middle Miocene 

age for the formation is indicated by all the mentioned authors. 

Grabowski and Liu determined the age of the Fatha Formation, using strontium stable 

isotope dating, for both carbonate and evaporite units. They determined that the 

formation accumulated during the Burdigalian, or more specifically the Middle 

Burdigalian to Lower Langhian stages (18.5 to 15.6 Ma) (Grabowski and Liu, 2009; 

Grabowski and Liu, 2012). 
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The upper contact of the Fatha Formation is gradational and diachronous with the 

overlying Injana Formation (Buday, 1980; Jassim and Goff, 2006). In addition, the 

Fatha Formation is diachronous at a regional scale, being older toward the SE of the 

basin (SW Iran) but younger towards the NW of the basin (Iraq to Syria) (Shawkat, 

1979). However, Al-Juboury and McCann (2008) consider the last anhydrite bed as the 

top of the Fatha Formation and define it as a sequence boundary with the overlying 

Injana Formation.  

It has been suggested that the Fatha Formation was deposited in a relatively rapidly 

subsiding basin, which was separated by rising ridges from the open sea (van Bellen et 

al., 1959; Buday, 1980). In addition, Ibrahim (1979) and Aqrawi (1993) concluded that 

the basin was supplied by some fluvial and aeolian detritus during deposition. The 

sedimentology and petrography of the formation have been widely studied by Hamid 

(1994) and Ameen and Karim (2007) who concluded that the formation was deposited 

in a semi-restricted lagoonal setting.  

The clastic element, as a main unit, has been studied and a fluvial-dominated birdôs foot 

deltaic environment has been inferred, which represents prodelta, delta front, 

distributary channels, natural levees and crevasse splay components (Al -Juboury et al., 

2001). In addition, Ameen and Karim (2007) state that the formation was deposited in a 

storm-affected evaporitic foreland basin by the presence of Skolithos traces, erosional 

surfaces, graded bedding, and hummocky cross stratification in the carbonate clastic 

units that indicate tempestite deposits. 

The cyclicity of the formation has not been studied in detail in terms of sequence 

stratigraphy. Each cycle is composed of red claystone, marl and evaporites, from base to 

top, and might be accumulated during lowstand, transgressive and highstand system 

tracts, respectively (Ameen, 2006). This author attributed each lithological cycle to 

Milankovitch glacio-eustatic cycles. The cycles were related to eccentricity (ca. 100 

kyr), which was modulated by precession (ca. 20kyr) and obliquity (ca. 41 kyr) 

variations in the orbit of the Earth around the sun. Thus, the repetition of warm and cold 

time intervals was interpreted to have caused the deposition of evaporites and red 

claystones, respectively. This will be explored in more detail in chapter 4. 

The marl unit has been studied in terms of mineralogy and petrography (Al -Kawaz and 

Al -Juboury, 2006; Al-Juboury and Al-Kawaz, 2008). These authors observed two 
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different colours of the marl unit; red and green. In addition, the authors stated that the 

marl beds include quartz grains, carbonate fragments and clay minerals. These 

components from the marl beds with evaporitic associations have led to the conclusion 

that the marls were deposited in hypersaline and semi-restricted lagoonal environments. 

In different studies, the formation was investigated in terms of petrography, mineralogy 

(including heavy and clay minerals) and provenance. These studies revealed that the 

provenance for the clastics in the formation were from ophiolite groups, with igneous 

and metamorphic rocks from the north-eastern margin of the Zagros Zone and mostly 

Cretaceous rocks from the High Folded Zone. This interpretation was reached because, 

during the Miocene, most of this highly folded and thrusted area was uplifted and so 

sourced the Miocene sediments, which were deposited in arid to semi-arid climatic 

conditions (Al -Juboury et al., 2001; Aghwan, 2004; Al-Kawaz and Al-Juboury, 2006; 

Jassim and Goff, 2006; Kassim, 2006; Al-Juboury, 2009; Al-Juboury et al., 2009).  

The high-frequency cycles of the Fatha Formation resulted from a rapid change in 

accommodation space in various palaeoenvironmental settings, ranging from open to 

restricted marine environments to continental sabkha and fluvial environments (Al-

Juboury and McCann, 2008). The authors argued that the formation as a whole 

represents a transgressive ï regressive third order sequence. 

The preserved thickness of the formation changes from the basin centre towards the 

north-eastern part of the basin. Furthermore, the general components and thicknesses of 

limestones and evaporites vary in the same direction (Dunnington, 1958). In the Zagros 

Basin, in the Sinjar sub-basin and around Kirkuk, the formation reaches its maximum 

thickness (600 to 900 m), whereas along most anticlines around Sulaimani city the 

formation is 200 to 500 m thick (Jassim and Goff, 2006). 

The depositional environments of the formation and the associated thick evaporites are 

controversial. Some authors concluded that the marl, limestone and evaporite units of 

the formation were deposited in subtidal, intertidal and sabkha supratidal settings, 

respectively (Shawkat and Tucker, 1978; Shawkat, 1979; Tucker, 1999). This 

interpretation was largely based upon the recognition of stromatolites and algal mats in 

the formation at Shaikh Ibrahim in NW Iraq. By contrast, other authors stated that the 

lack of sedimentary features typical of sabkha deposits (e.g. stromatolites and 

dolomites), is the main reason to infer that the evaporite was deposited in a marine to 
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restricted lagoonal environment, rather than including sabkha environments (Ajel, 

2004). On the other hand, Aqrawi (1993) stated that subaqueous evaporite may have 

occurred together with subaerial sabkha evaporite in the Fatha Formation. This is a main 

question of this PhD study, to investigate the depositional environments of the 

evaporites and related deposits.   

2.9.8 Injana Format ion 

The Injana Formation conformably overlies the Fatha Formation. It is composed mostly 

of red silty marlstones, claystone, siltstone, and sandstone. In addition, limestone, 

gypsum, and shale also occur in the lower part of the formation (van Bellen et al., 

1959). The lower boundary is mostly gradational with the Fatha Formation, whereas the 

upper boundary is defined by the first pebbly sandstone bed of the Mukdadiya 

Formation (Buday, 1980). In the studied areas, the Injana Formation is composed of 

cycles of red claystones and sandstones, and it shows a gradational transition from the 

underlying Fatha Formation. 
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Chapter Three 

3. Variations in carbonate-evaporite ramp facies trends: Late 

Burdigalian Fatha Formation, Kurdist an 

3.1 Introduction  

Carbonate ramps were originally defined by Ahr (1973) as low-angle inclined platforms 

that extend toward the basin without any slope break. High-energy packstone and 

grainstone facies typically dominate the landward (inner) part of ramps; low-energy and 

mudstone and wackestone facies tend to dominate in the basinal (outer) parts of ramps 

(Ahr, 1973). Most high to moderate energy ramps are dominated by a strandplain 

complex or a barrier-lagoon shoreline, whereas low energy ramps tend to be dominated 

by tidal flats and lagoons (Tucker, 1992a). The Trucial Coast in the Arabian Gulf is an 

example of a modern carbonate ramp with barrier, lagoon and tidal flat elements. 

Cyclic sequences on carbonate ramps are documented from different basins and many 

examples of high-frequency shallowing upward cycles are recorded (Ginsburg, 1975; 

Wilson, 1975; Grotzinger, 1986a; Grotzinger, 1986b; Goldhammer et al., 1987b; 

Alsharhan and Kendall, 2003; Khalifa et al., 2004). In arid climates, evaporites may be 

deposited along the intertidal and supratidal (sabkha) zones (e.g. the Arabian Gulf). 

However, evaporites are not associated with carbonate ramps in more humid climate 

settings, such as South Florida (Bosence and Wilson, 2003). Many shallowing-upward 

cycles record evidence for emergence in their upper part, whereby a mixed carbonate-

evaporite cycle is produced; for example in the Trucial Coast in Abu Dhabi (Kinsman 

and Park, 1976; Kendall et al., 2002; Warren, 2006). In addition, in the proximal (i.e. 

basin margin) areas, continental siliciclastic fluvial and aeolian deposits are commonly 

mixed with the carbonate-evaporite cycles. 

Models of carbonate ramps tend to emphasize two-dimensional facies trends, from 

proximal to basinal (Burchette and Wright, 1992). However, changes in rates of 

deposition and environmental controls that vary both spatially across a ramp system and 

temporally due to changes in, for example, carbonate production, relative sea level and 

climate, lead to microfacies variations in the sedimentary succession (Flugel, 2004), 

thereby potentially preserving complex arrangements of lithofacies within multiple 

depositional cycles. 
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The Miocene Fatha Formation in Kurdistan region and its time-equivalents record an 

example of an ancient mixed carbonate-evaporite ramp which covered most of the 

northeast margin of the Arabian plate. This succession forms an important hydrocarbon 

seal system in Syria, Iraq and Iran (Aqrawi, 1993; Goff et al., 1995). Between 17 and 42 

depositional cycles of carbonate, evaporitic carbonate, evaporite and in some cases 

siliciclastic red claystone are preserved in the Fatha Formation; these cycles are variable 

in nature and thickness. At the margin of the Zagros foreland basin (Kurdistan area), the 

cycles of the lower part of the Fatha Formation comprise marl (carbonate mudstone), 

carbonate, evaporites and siliciclastic rocks upward throughout each of the cycles. 

However, in the upper part of the formation marine carbonate and evaporite deposits are 

volumetrically less significant, whereas alluvial clastic units are dominant. This 

regressive trend continues into the overlying alluvial Injana Formation, which is 

predominantly terrestrial (fluvial) in origin. Towards the centre of the basin, the lateral 

equivalent of the Fatha Formation cycles comprise marl, carbonate and evaporites, with 

the only occurrence of red clastic mudstone being as minor accumulations in the upper 

part of cycles in the upper member of the formation (Aqrawi et al., 2010). The 

proportions and thicknesses of the units are variable from place to place; the number  of 

cycles characterized by clastic deposits in their upper part increases toward the basin 

margin, whereas the number of cycles dominated solely by carbonate-evaporite units 

increases toward the basin centre. 

The depositional environment of the formation, with its characteristic carbonate-

evaporite cycles, has been the subject of debate. Some researchers concluded that the 

marl, limestone and evaporite units were deposited in subtidal, intertidal and sabkha 

supratidal settings, respectively (Shawkat and Tucker, 1978; Shawkat, 1979; Tucker, 

1999). Evidence to support this interpretation includes the recognition of stromatolite 

carbonate algal-mat deposits and chicken-wire evaporite (anhydrite) in the formation at 

Shaikh Ibrahim, NW Iraq. However, others argued that the formation was deposited in a 

relatively rapidly subsiding basin, which was separated by from an adjacent open 

seaway tectonic barriers (van Bellen et al., 1959; Buday, 1980). Furthermore, Ajel 

(2004) argued that the general paucity of sedimentary features indicative of sabkha 

environments, such as stromatolites and dolomites, suggests that the development of 

sabkha environments was not widespread across the region; an interpretation of a 

marine-connected, restricted lagoonal environment was favoured. Additionally, Aqrawi 

(1993) stated that subaqueous evaporite might be occurred together with subaerial 
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sabkha evaporite in the Fatha Formation. Moreover, another related study proposed a 

model for a semi-restricted lagoon setting for the depositional environment (Hamid, 

1994). A further study argued that the formation accumulated in a storm-affected 

evaporitic basin that was subject to freshwater influxes (Ameen and Karim, 2007). 

Furthermore, other studies have documented a stratigraphic equivalent to the Fatha 

Formation, the Gachsaran Formation in Iran, which is also characterized by shallowing-

upward cycles capped by evaporites that are interpreted to have accumulated in 

supratidal and sabkha environments (James and Wynd, 1965; Gill and Ala, 1972; Pirouz 

et al., 2011). Thus, the origin and environmental significance of the preserved cycles of 

the Fatha Formation remain contentious. 

The aim of this chapter is to determine the depositional environments of the mixed 

carbonate-evaporite cycles of the Fatha Formation and to present a model with which to 

account for the variation in the expected facies trends of ramp systems more generally. 

Specific objectives are as follows: (i) to document the sedimentary facies and determine 

their depositional palaeoenvironments; (ii) to demonstrate variations in the style of 

preserved carbonate-evaporite cycles and ramp facies trends; and (iii) to present a 

depositional model for the formation.  

This study is timely and of broad appeal for the following reasons: (i) it presents the 

evaluation and correlation of the carbonate-evaporite cycles across a regional area 

which can be correlated into the adjacent countries of Iran and Syria, and therefore 

assists in constraining regional palaeogeography in relation to plate tectonic 

configuration across the wider region; (ii) the carbonate-evaporite succession creates a 

significant hydrocarbon system (currently a secondary target in Kurdistan) in which the 

carbonates make a good potential reservoir, sealed by the extensive evaporites, and (iii) 

economically, the evaporites offer an important local source for the extraction of 

gypsum and sulphur. 

In the current study, detailed sedimentary logs, lateral/vertical facies variations and 

detailed sedimentary facies and microfacies studies have been analysed for the Fatha 

Formation for the purpose of interpreting the depositional settings. Detailed sedimentary 

logs for all the sections, including age, thickness measurement, sample locations, water 

depth, lithology and facies descriptions, are illustrated. Detailed descriptions and 

interpretations of the carbonate microfacies are illustrated in Table 3.1 and 3.2. In 
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addition, detailed thin-section photomicrographs and field photographs for all the 

sedimentary facies are included.  

3.2 Methods 

Measured vertical sections were recorded from exposures of the Fatha Formation in the 

Qishlagh, Sargrma, Darbandikhan, Aj Dagh, Sangaw, Qara-Wais and Bawa Shaswar 

anticlines (see Chapter Two, Fig. 2.5; Table 2.1). Nine complete sections totalling 1527 

m in thickness were recorded from the well-developed Miocene succession in the 

Kurdistan region (see Chapter Two, Table 2.2). The 9 sedimentary logs (see Appendix 

1) were measured to characterize lateral and vertical variations in lithofacies and 

associated sedimentary structures. In total, 615 samples were collected from the studied 

sections from different lithological units. From these samples, 300 thin sections were 

studied from the carbonate units for analysis of petrography; twenty additional thin 

sections were studied from the calcareous mudstone and evaporite units. Carbonate 

microfacies were interpreted using the Dunham classification (Dunham, 1962) with the 

modifications of Embry and Klovan (Embry and Klovan, 1971). Microfossils were 

extracted from 50 samples of the calcareous mudstone unit using the H2O2 method 

(Boltovskoy and Wright, 1976), as the following: 

a) The dried field samples were broken into pieces less than a centimetre in diameter. 

b) The samples were transferred in to a 250ml beaker in the fumehood. 

c) The H2O2 solution was diluted to 20% using distilled water. 

d) The rock samples were submerged in the H2O2 solution left to break down for 2-

4hr. 

e) The samples were then washed through a 63µm diameter sieve. 

f) The samples were then gently rinsed in the sieve until the water run clear. 

g) A filter paper was folded and put in a funnel. The sample was transferred to the 

funnel, which was placed in a beaker to drain and dry. 

h) The samples were dried in an oven at approximately 40
o
C. 

i) The samples were ready to be sorted or picked and identified. 

j)  The selected fossils were coated with gold and platinum alloys and imaged with the 

scanning electron microscope at the University of Leeds, UK.  
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3.3 Divisions of the Fatha Formation 

The main division of the formation was based on analysis of the section in the area 

around Kirkuk by van Bellen et al. (1959) and it was divided into four informal units, 

from bottom to top : (i) The Transition Beds that rest on the Basal Fars Conglomerate 

and are composed of anhydrite with thin carbonate and mudstone, (ii) The Saliferous 

Beds consisting of anhydrite and salt with mudstone, siltstone and less frequent 

carbonate beds, (iii) The Seepage Beds that are composed of anhydrite beds with 

mudstone, siltstone and carbonates, and (iv) The Upper Red Beds that are composed of 

red mudstone and siltstone with less frequent carbonate and anhydrite. This division is 

easily recognized in Kirkuk area. However, it is not identified in other areas. 

Research groups in the general directorate of geological survey and mineral 

investigation (Al -Mubarak and Youkhana, 1977; Taufiq and Domas, 1977) divided the 

formation regionally into two main members, based on the lack and presence of red 

clastics, which are the lower member (without red clastic) and upper member (with red 

clastic), respectively. The lower member is composed of marls, carbonates and 

anhydrites; the upper member is composed of the same rhythmic alternation as the 

lower part but with the additional presence of red clastics. Based on the current study 

close to the basin margin, the formation can be divided into these two units that are used 

throughout the study, as discussed below. 

3.3.1 The lower evaporite-dominated part 

This unit is mainly composed of cycles of calcareous mudstone (marl), carbonate, 

evaporite (gypsum) and red clastic beds and is 100 to 200 m thick (Figure 3.1A). This 

unit rests on the Basal Fars Conglomerate in the Darbandikhan area and the Jeribe 

Formation in the other areas. The basal part of this unit starts with red claystone in the 

most marginal parts of the studied areas, like Basara, Sargrma, Takiya and 

Darbandikhan. In the Garmian area, the basal part starts with alternations of thin 

evaporite and thin calcareous mudstone beds. 

3.3.2 The upper clastic-dominated unit 

This unit is 100 to 150 m thick and is mainly composed of alternations of thin beds of 

calcareous mudstone and carbonate with thick red clastic unit (red claystone, siltstone 

and sandstone, 2-8m thick) and thin less frequent evaporite beds (Figure 3.1B). The 
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clastic unit is mostly composed of medium grain size sandstone beds including different 

sedimentary structures, such as different types of ripple marks, cross bedding and 

different types of bioturbation (Skolithos and Rhyzolithos traces). Toward the top of this 

unit, the proportion of units of inferred marine origin decreases. These are replaced by 

units of fluvial origin of the Injana Formation. 
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Figure  3-1 Field photographs of the Fatha cycles of the lower evaporite (A) and upper clastic-

dominated (B) units from Basara and Sangaw sections, respectively. 
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3.4 Sedimentary facies 

The characterization of sedimentary lithofacies is the main tool for determining 

palaeodepositional environments. Detailed microfacies analysis and the detection of 

fossil assemblage allow the recognition of depositional settings. In addition, 

sedimentary structures and lateral and vertical variations of the lithofacies aid the 

determination of hydrodynamics and depositional settings. In this section, the results of 

the sedimentary facies analysis are presented in detail, key features of each facies or 

microfacies being summarized. Different fossil associations have been recognized from 

the calcareous mudstone units. Twenty-one carbonate microfacies have been interpreted 

and illustrated in Tables (3.1 and 3.2).        

3.4.1 Calcareous mudstone facies (CM) 

Description 

The calcareous mudstone facies comprises 13 to 24% of the succession, from the most 

distal to proximal parts of the studied areas. It is characterized by bluish to green and 

yellowish colours (Figure 3.10E), fine-grained textures, and is generally structureless, 

though millimetric planar laminations and bioturbation are locally visible. The thickness 

of the unit varies from 0.1 to 4.5 m.  

Petrographically, different minerals, rock fragments and microfossils are identified in 

the samples in a fine muddy matrix (Figure 3.10A-D). The minerals observed are 

quartz, chert, calcite, ferrous dolomite and plagioclase. Quartz is very common in all of 

the samples, comprising 10-30% of the facies. The quartz content increases toward the 

top of each individual cycle, which is also evidenced in the field by lithological change 

to a silty carbonate in some cycles. The quartz grains occur in small sizes (50-100 µm) 

and have irregular shapes, with low interference colours. They also contain small 

inclusions. Carbonate minerals are common in the unit and occur in different types such 

as detritus, chemical and microfossil remains. The detritus carbonate mineral is 

composed of calcite grains, while the chemical carbonate mineral is composed of 

dolomite. The calcite minerals are the most common carbonate minerals and exhibited 

laminar twining. However, the dolomite grains are much less abundant and appear in 

turquoise colours. In addition, the plagioclase feldspar minerals arenôt common and, 

when they appear, they occur in irregular shapes with laminar twining.  
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The main fossils of the unit include rotaliids (Ammonia, Neorotalia, Pararotalia, 

Elphidium and Rotalia) (Figure 3.7A-F), ostracods (Figure 3.8A-F), bryozoans (Figure 

3.9D-F), oysters, bivalves, miliolids (Figure 3.9A-B) and gastropods (Figure 3.9 C). 

The sizes of observed Ammonia and Rotalia are variable. For example, in the base of an 

individual unit they are typically smaller than 200 µm and have low abundance, 

whereas in the top of the unit, they range between 400 and 800 µm in size and have high 

abundance. Moreover, the sizes of ostracods vary from 400 to 800 µm, and their 

morphologies show variations from smooth to moderate/high ornamentations. Miliolids 

and gastropods are also recorded in the samples and associated with rotaliid group. 

The percentages of the fossil components vary in the cycles. In some cycles and 

especially at the base of the individual units, fossils are absent. Petrographically, the 

calcareous mudstone unit includes detrital quartz grains (10%), grains of feldspar 

minerals (2%) and ferrous dolomite grains (5%). The percentage of the detrital quartz 

grains increases toward the top of the individual units to 30% (Figure 3.10C-D). 

Lithological variations include the presence of more marl-prone carbonate in some 

cycles. Planar laminations and bioturbation are common in the units. In the studied 

sections planktonic foraminifer are not recorded, though such forms are recorded from 

similar facies in the basin centre (Shawkat, 1979). In general, the calcareous mudstone 

units from the lower part of the succession include rotaliid group foraminifera, miliolids 

and ostracods within muddy matrices. However, toward the upper part of the 

succession, normal marine bryozoans and oysters are seen. Skolithos ichnofabrics are 

abundant in the upper part of the succession (Figure 3.11C). 

Interpretation 

The association of rotaliids with ostracods and miliolids has been found from different 

parts of modern hypersaline lagoons on the both sides of the Red Sea and Gulf of Suez, 

Egypt by a number of researchers (Abou-Ouf et al., 1988; Gheith and Auf, 1996; Hariri, 

2008; Mohamed et al., 2013). Modern rotaliids live in hypersaline lagoons on the 

eastern coast of the Red Sea at water depths of less than 20 m (Yusuf, 1984; Hariri, 

2008). Furthermore, rotaliids indicate and have an affinity with abnormal environmental 

conditions of saline lagoons and pools (Murray, 1973; Mohamed et al., 2013). The 

genus Ammonia lives in a wide range of settings from normal marine to hypersaline 

lagoon, from 0 to 50 m water depth, in warm water (0 to 30°C). Elphidium li ves in 

brackish to hypersaline marsh and lagoon settings (0 to 70 ă), in water depths of 0 to 
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50 m (Murray, 1991). The variable size of Ammonia likely relates to salinity variations 

(Bradshaw, 1961). With decreasing salinity, the size of Ammonia increases. 

Ostracods occur in fresh, brackish and marine waters and also live in hypersaline waters 

(Scholle and Ulmer-Scholle, 2003). Sizes and morphologies of the ostracods from the 

calcareous mudstone units are variable. The percentages of these fossils, including both 

the smooth and nodded forms, are fluctuating in the cycles. A negative relation between 

ornamentation of ostracods with salinity was previously documented (Bate, 1971; Keen, 

1977; Garbett and Maddocks, 1979; Bodergat, 1983; De Deckker, 2002). However, 

some authors concluded a positive relation between them ostracod ornamentation and 

water salinity (Sandberg, 1964; Vesper, 1975; Van Harten, 2000). On the other hand, 

Bodergat (2008) states that the calcium content of the water, granulometry of the 

substrate, nutrient inputs and pH of the water have to be taken into account to conclude 

whether there is a relationship between ornamentations and salinities. However, Kilenyi 

(1972) and Van Harten (1975) stated that there is no critical relation between salinity 

and ostracod ornamentation. Moreover, Keen (1977) believes that the ornamentation 

variations are related to CaCOʟ content of the water. Studying the relationship between 

the size of ostracods and water salinity is also a critical subject and it is believed that 

there is a negative relation between the size of the carapaces and salinity (Van Harten, 

1975).  

Bryozoans are colonial and filter-feeding marine benthos organisms. Generally, 

bryozoans live in normal marine water with salinity approximately 35ă, any salinity 

fluctuations causing bryozoas to decline (Boersma, 1978; Haq and Boersma, 1998). The 

Skolithos ichnofacies is common in very shallow coastal environments (Seilacher, 1967) 

and also occurs in brackish water settings (Curran, 1985). 

Overall, the calcareous mudstone units are interpreted to have been deposited in low-

energy muddy hypersaline lagoonal to shallow, normal marine conditions from their 

lower to upper parts of the succession respectively. This is evidenced by the presence of 

abundant rotaliids, ostracods and miliolids, lacking high-energy sedimentary structures, 

the muddy matrix, planar laminations and bioturbations in the lower part, and the 

increase of normal marine bryozoans, oysters and bioturbation in the upper part of the 

succession (Figure 3.2). 
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Figure  3-2 A column diagram showing percentages of the extracted fossils from the calcareous 

mudstone unit from the Mamlaha section. B: bryozoas, O: ostracods and R: rotaliids. The samples 

are stratigraphically ordered. The percentage of rotaliids is relatively high at the lower part of the 

succession. However, it becomes low toward the upper part where bryozoan, oyster and bivalve are 

high. 

 

3.4.2 Carbonate microfacies 

The carbonate units range from 0.10 to 5.0 metres thick and comprise 5 to 15.5% of the 

total succession, from the most distal to proximal parts of the studied areas. They 

include different textures and structures which vary from fine carbonate units of 

mudstone and wackestone at the base to packstone, grainstone and rudstone textures at 

the top. Stromatolite or algal mat structures are present at the top of some carbonate 

units, as are a varied range of sedimentary structures, including planar and wavy 

laminations, trough cross-bedding, ripple marks and bioturbation. 

Based on the sedimentary structures, facies associations, skeletal and non-skeletal 

components and diagenetic processes, 21 carbonate microfacies are distinguished, 

which themselves can be assigned into six microfacies associations: skeletal (SK1-7), 

mollusc dominated (M1-3), non-skeletal (NS1-7), algal mat (AG1-2), dolomite (D1) 

and sandy carbonate (S1) (Tables 3.1 and 3.2).  
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Table  3-1 Microfacies associations and divisions of the carbonate members. 

Group Name Mi crofacies 

Skeletal Microfacies (SK) 

 

1       Mudstone (SK1) 

2       Ostracods wackestone (SK2) 

3 Rotaliids-ostracods wackestone (SK3) 

4 Rotaliids wackestone/packstone (SK4) 

5 Miliolids wackestone (SK5) 

6 Strongly-micritized bioclastic packstone (SK6) 

7 Echinoids wackestone/packstone (SK7) 

Molluscs Microfacies (M) 8 Bioclastic gastropods-bivalve packstone (M1) 

9 Bioclastic oyster-barnacles floatstone (M2) 

10 Bivalve float/rudstone (M3) 

Non-skeletal Microfacies 

(NS) 

11 Bioclastic peloidal grainstone (NS1) 

12 Faecal pellets grainstone (NS2) 

13 Peloidal-ooidal grainstone (NS3) 

14 Bioclastic ooidal grainstone (NS4) 

15 Ooidal grainstone/packstone (NS5) 

16 Coated grains rudstone (NS6)  

17 Intraclasts packstone (NS7) 

Algal mats (AG) 18 Microbial laminites (AG1) 

19 Stromatolites (AG2) 

Dolomite (D) 20 Dolo-mudstone (D1) 

Sandy carbonate (S) 21 Bioclastic calc-arenite (S1) 

 

3.3.1.1 Skeletal microfacies (SK) 

This group comprises of different microfacies, based on different skeletal associations 

and textures. The SK includes rotaliids, miliolids, ostracods and echinoids as the major 

bioclasts as well as molluscs as minor bioclasts. The bioclasts include both perforated 

bioclasts (rotaliids, echinoids and bryozoas) and porcelaceous imperforated foraminifera 

(miliolids, Peneroplis and Borelis). The microfacies of this group are mostly making up 

the base of the carbonate units in most of the cycles, except the non-fossiliferous 

mudstone sub-microfacies, which occurs at the top. The sediments are mostly of well-

bedded, white, clean, and fine-grained textures of mudstone and wackestone, with few 

packstone textures. Very fine laminations and bioturbations are common sedimentary 

structures in this group. This group of microfacies makes up the lower part of the 

carbonate units and is comprised of about 15% of the total carbonate microfacies of the 

succession. It comprises of seven different associations of benthic foraminifera 
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(rotaliids and miliolids), ostracods and echinoids as the main constituents in different 

percentages, and textures of mudstone, wackestone and packstone (SK1-SK7). 

A. Mudstone microfacies (SK1) 

Description  

This microfacies included both non-fossiliferous and bioclastic mudstone microfacies, 

which are characterised by having a very fine texture. Three different sub-microfacies 

were found within this microfacies, namely Bioturbated mudstone (SK1a), Quartz 

mudstone (SK1b), and Non-fossiliferous mudstone (SK1c) sub-microfacies.  

The SK1a sub-microfacies were common at the base of the carbonate units and was 

characterised by bioturbated homogenous micritic matrix (Figure 3.12A). Ostracods and 

miliolids were seen in this microfacies at less than 5% in a muddy matrix (Figure 

3.12A). The mud matrix was highly bioturbated, with some unidentified micritized 

faunas. The rocks were well bedded, very fine with structureless/non-laminated 

textures. This microfacies was recorded at the base of the carbonate units and it was 

interbedded with bioclastic wackestone and packstone microfacies. 

The SK1b sub-microfacies were characterised by a high percentage of quartz and chert 

grains (20-30% at average) in muddy to micro-sparitic matrices (Figure 3.12B). The 

associated bioclasts were oyster shells, ostracods, miliolids and echinoid plates and 

spines. Bioturbations and pseudomorphs after evaporites werenôt available, while micro 

patches of sparite occurred in some samples. This facies is recorded at the top of the 

carbonate units in few cycles, with planar and wavy laminated sedimentary structures. 

The SK1c sub-microfacies were characterised by laminated fine grain textures without 

any bioclasts. Quartz and calcite pseudomorphs after both gypsum and anhydrite were 

very common, represented by lenticular (Figure 3.12D) and lath (Figure 3.12E) crystals 

for both gypsum and anhydrite, respectively. In addition, large nodular evaporites were 

common and were dissolved and formed large vugs, 1-3mm in size (Figure 3.12C). 

Small detritus quartz grains also occurred at an average of 10%. This microfacies was 

recorded at the middle and top of the carbonate units from Mamlaha and Takiya 

sections. Occasionally, the sub-microfacies were alternating with very thin laminae of 

karst subaerial exposures, about 5mm thick (Figure 3.12G-H), and then grading up to 

stromatolites and algal bindstones at the top of the cycles. Dissolution, dolomitization 

and cementation were the main diagenetic processes. 
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Interpretation 

Paucity of foraminifera in diversity and abundance, high percentage of muds, no 

evidences of subaerial exposures and interbedding with lagoonal microfacies 

(wackestone and packstone) in the SK1a sub-microfacies are evidences for a restricted 

hypersaline lagoonal depositional environment in the inner ramp. High percentages of 

terrigenous materials and low abundance of fossils in the SK1b sub-microfacies are 

indicative of mixed siliciclastic-carbonate rocks in near-coast environments in the inner 

ramp (Flugel, 2004). Planar and wavy laminations with a high percentage of detritus 

quartz indicate a medium/high energy setting in near-coast environments. Authigenic 

evaporite pseudomorphs and fine structureless mud in the SK1c sub-microfacies 

indicate deposition in a hypersaline lagoon during arid climate. The presence of the 

evaporite pseudomorphs without any subaerial exposure indicates that the evaporite 

crystals were probably grown subaqueously because of strong brine refluxes (Becker 

and Bechstädt, 2006).  However, subaerial exposure couplets and interbedding of the 

sub-microfacies with stromatolites and algal mats from the Takiya section indicate 

evaporitic tidal-flat mud in an arid climate. Algal laminites commonly interbed with 

fenestrate mudstone (Nagy et al., 2005). Gypsum-pseudomorphs indicate brine 

concentrations, with prolonged exposure in supratidal settings (Wright, 1986), and they 

are features of arid intertidal sediments (Lasemi et al., 2012). These features are 

characteristic of tidal-flats in the inner ramp. 

B. Ostracods wackestone microfacies (SK2) 

Description 

The major bioclast component present in this microfacies was the ostracods, as they 

comprised around 10% of the total bioclasts. The ostracods were 300-500µm in size 

(Figure 3.12F). The associated bioclasts were miliolids and rotaliids. Quartz and chert 

grains occurred in a lime mud or micro sparitic matrix. Calcite and quartz 

pseudomorphs after evaporites were also present. Bioturbations and organic matters 

occurred in the facies. This facies was common and it was seen in most of the sections 

at the base of the carbonate units. 

Interpretation 
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The abundance of the ostracods was declining from the calcareous mudstone to the 

carbonate units, in which they occurred in wackestone texture and were associated with 

rotaliids and miliolids. Reducing ostracods, as well as foraminifera assemblages, from 

the carbonate units and the associated foraminifera indicate a low energy and 

hypersaline restricted lagoon. In addition, calcite and quartz pseudomorphs, after 

gypsum/anhydrite crystals, and bioturbations infer to that restriction in an arid climate. 

pseudomorphs after evaporites indicate hypersalinity in the depositional environment 

(Paszkowski and Szyd³ak, 1986).  

C. Rotaliids-ostracods wackestone microfacies (SK3) 

Description  

This microfacies includes both rotaliids and ostracods as the major components. These 

bioclasts were dispersed in a lime mud matrix and they comprised about 10% of the 

facies (Figure 3.13B). The bioclasts were 300-600 µm in size. Quartz, chert, organic 

matters and pseudomorphs after evaporites were seen in this facies. Miliolids were also 

present as a minor component. This facies was common and it was recorded in most of 

the studied sections, such as Takiya and Mamlaha, at the base of the carbonate units. 

Cementation was the main diagenetic process, which included both ferro and non-ferro 

calcite cements. 

Interpretation 

The abundance of lime mud with small benthic foraminifera and ostracods indicate low 

energy settings. Presence of quartz and chert grains indicates that the depositional 

environment was shallow and influx of the detritus grains was near. The evaporite 

pseudomorphs indicate an arid climate. Presence of rotaliids and ostracods in a 

wackestone texture in a muddy matrix with evaporite pseudomorphs indicate low 

energy hypersaline shallow lagoon in an arid inner ramp. 

D. Rotaliids wackestone/packstone (SK4) 

Description 

Rotaliids were the main components of this facies (10-30%) in a muddy matrix. They 

were 400-500µm in diameter. The associated bioclasts were miliolids and echinoids, in 
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the wackestone texture (Figure 3.13C-D), and miliolids, ostracods and fragments of 

barnacles, in the packstone texture. Quartz and chert grains were observed in both 

textures, with impregnated grains with organic matters. In addition, quartz 

pseudomorphs after anhydrite are available and the original cleavages of the previous 

anhydrite were preserved. Bioturbations were also common. This facies was common 

and it was seen in most of the sections, such as Mamlaha, Takiya and Basara. 

Cementation, dissolution and silicification were the common diagenetic processes in 

this microfacies. 

Interpretation 

Rotaliids are hyaline perforate benthic foraminifera and occur in very shallow agitated 

water at 0-40m depth (Geel, 2000). The representative genera of this group in the 

carbonate microfacies are Ammonia, Rotalia, Neorotalia, Pararotalia and Elphidium. 

The genus Ammonia lives in a normal marine to hypersaline lagoon environment at 0-

50m water depth and 0-30°C temperature, whereas Elphidium occurs in brackish to 

hypersaline marshes and lagoons at 0-7% salinity and water depth of 0-50m (Murray, 

1991). An association of rotaliids (Ammonia) and miliolids from a modern hypersaline 

lagoon in Brazil was recorded (Debenay et al., 2001). In addition, rotaliids and miliolids 

were recorded separately in two different modern hypersaline lagoons in the Red sea 

(Hariri, 2008). The author concluded that the water depth of the lagoons was the main 

factor affecting the distribution of the benthic foraminifera, as the rotaliids live in the 

deeper (2-14m depth) hypersaline lagoon than miliolids (2m depth).  

The associations of the rotaliids group with ostracods, miliolids, Peneroplis and Borelis 

in the carbonate wackestone and packstone textures in a muddy matrix indicate low 

energy hypersaline condition in the inner ramp. This was also evidenced by evaporite 

pseudomorphs within the microfacies. 

E. Miliolids wackestone (SK5) 

Description 

The SK5 microfacies were very common in most of the studied sections at the base of 

the carbonate units. Miliolids made the main bioclast component in this facies, about 

10-20%, and were 100-300µm in size (Figure 3.13E). The miliolid group observed 

included different genera, such as Triloculina, Quinloculina, Dentritina, Peneroplis and 
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Borelis, which were scattered in a muddy matrix. This facies was characterised by 

highly bioturbations and micritizations. It was difficult to recognise the micritized 

bioclasts. The associated bioclasts were ostracods and rotaliids, which had the same size 

as the miliolids. This facies was associated with peloidal microfacies on most of the 

cycles. Micritization of the bioclasts was the main diagenetic process. However, 

cementation was also common. The lithofacies was of fine to medium texture with 

bioturbations and organic matters. 

Interpretation 

Miliolids are a large group of imperforate porcelaceous foraminifera and live in low-

turbulence and very shallow waters, from subsaline to hypersaline environments. They 

are generally used as an indicator of restricted lagoon and hypersaline (Geel, 2000). In 

addition, miliolids occur in lagoons and shallow nearshore environments down to about 

50m (Flugel, 2004). Where they are abundant, they indicate a connection to open ocean 

(Chassefiere et al., 1969), fore-reefs and shallow lagoons (Schlanger, 1963). In the 

current study, the wackestone microfacies with miliolids occurred mostly at the base of 

the carbonate units and were characterised by the presence of different forms of 

miliolina groups such as Triloculina, Quinloculina, Dentritina, Peneroplis and Borelis. 

Peneroplis, Quinqueloclina and Triloculina occur at water salinities of 3.5-5.3%, 3.2-

6.5% and 3.2-5.5%, respectively (Murray, 1991). Thus, miliolids wackestone 

microfacies represent very shallow hypersaline lagoon in the inner ramp and 

bioturbation and muddy matrix indicate low energy and high nutrition environments. 

F. Strongly micritized bioclastic packstone (SK6) 

Description 

This microfacies is documented from Takiya and Basara sections and is comprised of 

2% of the total carbonate microfacies of the succession. It is characterized by intense 

bioturbation and micritization. The matrix comprises of bioturbated muds and most of 

the bioclasts are difficult to recognize due to the micritization. However, several 

miliolids and ostracods were recognized (Figure 3.13F-G). Fenestrate pores are seen 

between the grains (Figure 3.13F). Micritization and is the main diagenetic process. 

Quartz grains and evaporite pseudomorphs are absent. 

Interpretation 
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Highly micritized bioclasts and benthic foraminifera such as miliolids and ostracods 

indicate low energy and well oxygenated conditions (Flugel, 2004). The presence of 

shallow water foraminifera and low energy mud matrices with fenestrate pores indicate 

a low energy intertidal setting.   

G. Echinoid wackestone/packstone (SK7) 

Description 

This microfacies is comprised of about 2% of the total carbonate microfacies of the 

succession. Echinoid fragments of both spines and plates (10 to 20%) are the main 

bioclasts in a muddy matrix (Figure 3.13H). The echinoids plates are 500 µm to 2 mm 

in size; echinoid spines are <300 µm. The associated bioclasts in wackestone and 

packstone textures are miliolids (2%), ostracods (2%) and rotaliids (5%). Detrital quartz 

and chert grains (5%) occur in this facies. Moreover, cementation of the echinoid spines 

and plates is the main diagenetic process. 

Interpretation 

The high percentage of echinoid spines and plates indicates normal marine salinity for 

the depositional setting (Strasser et al., 1995). The presence of an associated benthic 

foraminiferal assemblage of miliolids and rotaliids, and ostracods indicates a shallow 

lagoon but with connection to open marine conditions on the inner ramp. 

3.3.1.2 Mollusc microfacies (M) 

The microfacies of this group were classified, based on the existence of different 

mollusc types (Table 3.1). The molluscs reported were bivalves (pelecypods and 

cephalopods), oysters and gastropods. Barnacles from Arthropods group were also 

accounted in this group because of their close association with the molluscs. The minor 

associated bioclasts in this group were miliolids, rotaliids, ostracods, red algae and 

serpulid tube worm. The lithofacies were characterised by a coarse to a very coarse 

texture and well to massive bedded fossiliferous carbonate rocks. The molluscs were 

visible and reached a maximum size of 3.0cm, while the smallest molluscs were 400µm 

in diameter. However, this group was characterised by several sedimentary structures 

such as planar and wavy laminations, ripple marks and slight cross-beddings. The 

microfacies of this group were associated with each other and they were mostly 
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interbedded with marl. Oriented bivalves and bioclasts were very common in most of 

the microfacies. Moreover, compaction, dissolution and cementation were very 

common. Moldic was the main type of porosity within this facies by dissolution of the 

shell fragments. 

A. Bioclastic gastropod-bivalve packstone (M1) 

Description 

This facies is comprised of about 5% of the total carbonate microfacies of the 

succession and is seen in the Aj Dagh and Sangaw sections; gastropods and bivalves are 

the main component (50 to 60%) (Figure 3.14A-B). The major associated bioclasts are 

of echinoids and bryozoans and the minor associated bioclasts are miliolids, rotaliids 

and serpulid worm tubes in a micrite matrix. The bivalve shells have been subjected to 

micritization and dissolution. Micritic intraclasts, detrital quartz and chert grains are 

also seen. This lithofacies is characterized as a very coarse (coarse sand size), massive 

fossiliferous carbonate. Micritic envelops around the bioclasts are abundant. 

Cementation and dissolution of the shell fragments are the main diagenetic processes. 

Interpretation 

The presence of gastropods, together with the microfaunal assemblage, indicates 

deposition in shallow lagoonal to intertidal settings (Flugel, 2004). The micritic matrix 

indicates deposition in a low-energy environment. This facies was thus probably 

deposited in a low energy and very shallow lagoonal setting. 

B. Bioclastic oyster-barnacle floatstone (M2) 

Description 

This facies is comprised of about 5% of the total carbonate microfacies of the 

succession. It is characterized by abundant barnacles and oysters (20%) which are 

greater than 2mm in size (Figure 3.14C-D) and associated with bivalves (5%), benthic 

foraminifera (2%), serpulid tube worms (1%), echinoids (2%), gastropods (2%) and 

ostracods (2%) in a micrite matrix. The oysters and bivalves have large and complete 

valves (Figure 3.14E-F). Ostrea is the only genus that is recognized within the oysters. 

The oysters and bivalves are in situ forms and have complete valves, whereas the 
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barnacles are attached to the oysters and bivalves. Micritic intraclasts, and quartz and 

chert grains are also abundant. Micritic envelopes around the barnacle and oyster shells 

are also abundant and the bivalve shells are filled by fine-grained peloidal micrite. The 

rock is characterized by a very coarse carbonate texture with large oyster and barnacles. 

This facies is very common and recorded in all of the sections, with 30 to 50 cm-thick 

carbonate beds. Dissolution and micritization are the main diagenetic processes. 

Interpretation 

The genus Ostrea live in a salinity less than normal marine, typically about 23ă 

(Hudson, 1963). Barnacles live in intertidal environments (Flugel, 2004; Ghosh and 

Sarkar, 2013). Floatstone textures and the associated bioclasts of oysters, barnacles and 

bivalves in a muddy matrix, together with bioturbation and common micritic envelopes, 

indicate low to moderate energy conditions. The abundance of the oysters indicates 

deposition in less than 50 m depth of brackish, nutrient-rich and poorly oxygenated 

water (Gertsch et al., 2010). In addition, Ostrea live in marine water between depths of 

0 and 35m (Keen and Coan, 1974). The occurrence of barnacles with the oysters 

suggests deposition in intertidal to sublittoral waters (Schmitt, 1957) and the presence of 

micritic intraclasts, quartz and chert grains indicate that the depositional environment 

was relatively close to the shoreline. The presence of micritic intraclasts suggests syn-

depositional erosion of partially lithified sediment and is a common feature of shallow 

subtidal and peritidal carbonates (Flugel, 2004). The oysters and bivalves acted as a 

substrate for the barnaclesô attachment. Micritic envelopes and infilled bivalves indicate 

early marine diagenesis. The association of barnacles and oysters with abundant micritic 

intraclasts suggests deposition in normal marine to low salinity waters in very shallow 

lagoonal to intertidal settings. 

C. Bivalve floatstone/rudstone (M3) 

Description 

This facies is the most common microfacies in this group and is seen in all the studied 

sections that composed of about 5% of the total carbonate microfacies of the succession. 

Bivalve shells are the main component of this facies (80 to 90%). The rudstone 

microfacies is characterized by very coarse, fossiliferous carbonate, rich in bivalves, in 

which the bivalves reach up to 15 mm in size (Figure 3.14G-H). The bivalves are well 
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preserved and many of the bivalves are intact. The associated carbonate components are 

miliolids, rotaliids, ostracods, gastropods, barnacles, oysters and red algae in sparite 

matrices. The floatstone microfacies are characterized by scattered bivalve shells in a 

mud or micro-sparite matrix, with some associated bioclasts comprising echinoid spines 

and miliolids. In addition, dissolved evaporite rosettes and detrital quartz grains occur in 

the floatstone texture. Weak planar laminations and ripple marks are seen in the 

rudstone microfacies. Evidence for dissolution and micritization is very common. The 

dissolved bivalve shells formed moldic porosity and sometimes are filled with evaporite 

minerals and calcite crystals. In addition, micritic envelopes, micro-borings, peloidal 

micrite and detrital quartz grains are very common in this facies. This microfacies is 

associated with the oyster-barnacle floatstone microfacies where it makes up the top of 

a carbonate unit. 

Interpretation 

The presence of large bivalves in a rudstone texture indicates wave-agitated, nearshore 

environments (Flugel, 2004). The lack of mud and presence of ripple marks indicate 

deposition and winnowing above the fair-weather wave base (Flugel, 2004). The 

preservation of large and complete bivalves in combination with oysters indicates in situ 

accumulation of skeletal materials. However, the floatstone textures with evaporite 

rosettes indicate lower energy environmental settings. 

3.3.1.3 Non-skeletal microfacies 

This group of microfacies included non-skeletal and coated grains and micritic 

intraclasts. The NS microfacies were very common in the formation in all the studied 

sections. It was characterised by different textures of packstone, grainstone and 

rudstone. The microfacies were classified based on the type of grains and textures into 

peloids, ooids and intraclasts (Table 3.1). The rocks of this group are recognised by 

coarse and fine grains. In ooid microfacies, the rocks were characterised by a coarse 

texture with the presence of different sedimentary structures such as stylolites, planar 

laminations, ripple marks, trough cross beddings and cross beddings. However, the 

peloid microfacies were characterised by a fine to medium texture and grey to dark grey 

carbonate rocks that contained very fine planar laminations, gradded beddings and 

bioturbations.  
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The microfacies of the NS group were associated with each other and with skeletal 

microfacies (SK1-SK7) in most of the cycles. The peloidal microfacies were mostly 

making up the middle of the cycles and graded up gradationally to ooidal microfacies at 

the top of the cycles. 

A. Bioclastic peloidal grainstone (NS1) 

Description  

This facies was very common in the formation and it was seen in all of the studied 

sections. The peloids comprise 50-60% of facies components. They were 200-500µm in 

size. Based on the associated bioclasts, three bioclastic peloidal grainstone sub-

microfacies were recognised: 1) Bivalve-peloidal grainstone (NS1a), 2) ostracods-

peloidal grainstone (NS1b), and 3) Bioclastic-peloidal grainstone (NS1c) sub-

microfacies. 

The main components of the NS1a sub-microfacies are peloids and bivalves. The 

bivalves are 2mm in sizes and make 10-20% of the facies (Figure 3.15A). The peloids 

are 100-200µm in size and make up 70-80% of the facies. The peloids and bivalves are 

dispersed in a sparitic matrix. This facies was recorded in Sangaw and Mamlaha 

sections in a laminated massive carbonate unit. Micritic envelopes around the bivalves, 

peloidal micrite and bioturbations were very common. Occasionally, the bivalves and 

peloids were oriented. 

The NS1b sub-microfacies were characterised by presence of poorly sorted and oriented 

ostracod fragments in a sparitic matrix (Figure 3.15B). The ostracods reached 500µm in 

diameter and formed 20-30% of the facies. Peloids were also available and were 

<250µm in size and constituted 60-70% of the facies. The grainstone texture of the 

oriented ostracods and peloids changed to a mudstone texture and an irregular boundary 

separated the two texture types (Figure 3.15C). The sub-microfacies was recorded in 

Takiya and Basara sections in a thin carbonate unit within the calcareous mudstone 

units.  

Different associated bioclasts are available in the NS1c sub-microfacies, which are 

echinoids, miliolids, rotaliids, bryozoas, oysters, barnacles and ooids that are dispersed 

in a sparitic matrix (Figure 3.15D). In some samples, the original structures of the 

bioclasts/ooids were preserved and transitional changes were visible in others (Figure 
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3.15F). The peloids were 200-600µm in size and constituted 30-40% of the facies. The 

major bioclasts were echinoid plates which were partially or totally micritized and were 

>500µm in diameter and formed 30-40% of the facies. The ooids were radial in shape 

and <250 µm in size and constituted around 10% of the facies (Figure 3.15E). In some 

samples, the grains were oriented and formed moderately sorted textures. These sub-

microfacies were recorded in Krbchna section in the upper part of the formation. 

Interpretation 

The peloids resulted from partial or total micritization of bioclasts and ooids. This type 

of peloid resembles the Bahamite peloids in the modern Bahama Banks (Flugel, 2004). 

However, those peloids which originated from micritizing ooids have also been called 

pseudopeloids (Flugel, 2004). High abundance of bivalve shells and peloids and poorly 

sorted fabric in the NS1a sub-microfacies suggests moderately energy conditions in the 

shallow lagoon. The abundance of peloids, micritic envelopes and peloidal micrite and 

lack of mud indicate algal origins and relatively moderate energy. 

The predominance of ostracods, the poor sorting and lack of mud in the NS1b sub-

microfacies are suggestive of a shallow lagoon environment. The irregular boundary 

and facies changes suggest storm deposit between the fair-weather wave base and storm 

wave base. 

The peloids in the NS1c sub-microfacies were probably resulted from micritization of 

the pre-existing bioclasts/ooids as some of these bioclasts/ooids were partially or totally 

micritized. The peloids which were originated by micritizing bioclasts resemble the 

Bahamite peloids in the modern Bahama Banks, while the peloids originated from 

micritizing ooids are called pseudopeloids (Flugel, 2004). The bioclasts indicate normal 

marine salinity by presence of high percentage of echinoids (Strasser et al., 1995). The 

absence of mud, the moderately sorted grain sizes, presence of small foraminifera, 

grainstone texture and highly diversity of different groups of fauna indicate that the 

facies was deposited in very shallow settings within fair-weather wave base. Moreover, 

the absence of mud and the grainstone texture indicate moderate/high energy conditions. 

Imbrications and orientations of the grains in some samples suggest possible proximity 

to wave ripples and relatively shallower positions.   
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B. Faecal pellet grainstone microfacies (NS2) 

Description 

This facies is comprised of about 2% of the total carbonate microfacies of the 

succession and is recorded from the Takiya, Basara and Darbandikhan sections. Faecal 

pellets are characterized by dark, rounded to elongate shapes and medium to well sorted 

grains (Figure 3.16A). The pellets are less than 300 µm in size and make up 80 to 90% 

of the rock. Bioclasts are very rare in this facies; however, a few miliolids and 

Dentritina are noted. Rarely, large micritic intraclasts up to 4 millimetres are seen, with 

large pelleted grains up to 1.5 mm in size. In addition, coarse graded bedding together 

with planar laminations rarely occurs. Authigenic evaporite minerals also occur. This 

facies occurs in three sequential cycles in the upper part of the formation; each cycle 

commences with a calcareous mudstone unit at its base, passing up to a fine calc-arenite 

microfacies, then to the laminated faecal pellet grainstone microfacies (Figure 3.15G-

H). Each of the three cycles is capped by the red continental facies.  

Interpretation 

Pellets are ovoid to ellipsoidal grains of muddy carbonate sediments and range from few 

hundred microns up to several millimetres in size. Faecal pellets may be produced by 

gastropods, worms and shrimps. They commonly form in a wide range of shallow water 

environments and are preserved in lower energy muddy depositional settings. They 

dominantly form in subtidal and lower intertidal coastal settings in low-energy zones 

with a reduced sedimentation rate (Flugel, 2004). Laminated structures in fine to 

medium sand sized pellets indicate moderate to high energy subtidal to intertidal, 

lagoonal to back-shoal settings. The pellet preservation indicates very low 

sedimentation rates and early cementation (Tucker and Wright, 1990). The laminated 

structure of the pellets in the current study is interpreted to indicate low energy 

conditions in a lagoon with low sedimentation rates and early cementation. Associated 

miliolids and Dentritina species lead to the inference of a restricted lagoon. Well 

preserved planar laminations indicate a lack of bioturbation by organisms. 

C. Peloidal-ooidal grainstone (NS3) 

Description 



 

60 

This facies is common in most of the studied sections and is comprised of 

approximately 3% of the total carbonate microfacies of the succession. It is 

characterized by micritized and concentric ooids with dark faecal pellets (Figure 3.16B). 

The faecal pellets form 50% and the ooids form 40% of the microfacies in a sparitic 

matrix. The ooids are 200 to 600 µm in size and are moderately sorted. Some of the 

ooids are concentric normal ooids; however, the other ooids are micritic and superficial 

ooids. The nuclei of the ooids are faecal pellets but most of the ooidsô nuclei are 

dissolved and form a good secondary porosity in the rock. The faecal pellets are smaller 

than the ooids (100 to 400 µm) and are dark and rounded, and elongate or rod-shaped. 

Bioclasts and detrital quartz grains are very rare. The rocks of this microfacies is 

characterized by medium to coarse sand-grade carbonates and are associated with the 

NS1, NS4 and NS5 microfacies in most of the sections. This facies comprises the 

middle of the carbonate units of most of the cycles. Stylolitization, cementation, 

dissolution and micritization are the main diagenetic processes. 

Interpretation 

The association of this facies with bioclastic ooidal and ooidal grainstone microfacies, 

the presence of pellets, the lack of mud, the presence of ooids and the poor to moderate 

sorting indicate moderate energy conditions in the shoreface zone or at the edges of 

sand shoals, above the fair-weather wave base on the inner ramp. 

D. Bioclastic ooidal and ooidal packstone and grainstone (NS4-NS5) 

Description 

This microfacies is comprised of approximately 10% of the total carbonate microfacies 

of the succession and is recorded in all the studied sections as outlined in Table 2. 

Generally, two variations of the bioclastic and ooidal grainstone microfacies were 

identified based on the type of matrix; mud (NS4) and sparite (NS5) matrices. The 

bioclastic-ooidal packstone and grainstone (NS4) microfacies are characterized by an 

abundant muddy matrix with different bioclasts (10%) and normal ooids (80 to 90%), 

together with varied sedimentary structures; cross bedding (Figure 3.17E-G) and trough 

cross bedding. In addition, micritic envelopes around the ooids and bioclasts are very 

common, envelopes which show irregular contacts between the micrite and the 

ooid/bioclast surfaces (Figure 3.16C). These irregular contacts represent micro-borings 
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on the surfaces of the ooids/bioclasts. Meniscus cements are occasionally available 

between the grains (Figure 3.16D). 

The ooids (NS4) are mostly between 300 and 500 µm (Figure 3.16E and 3.18A-B). 

They are rounded to ellipsoidal in shape and exhibit medium to good sorting. In 

addition, they are mostly normal ooids (on average 90%) with a few micritized, 

distorted (Carozzi, 1961b) and superficial ooids (10%). However, rarely, the ooidal 

microfacies includes up to 80 to 90% of distorted, superficial, and micritized ooids. The 

ooids have concentric laminae with only a few micritized ooids and they occur in a 

sparite matrix. The distorted ooids (Figure 3.16G) are flattened and joined together in 

pairs or chains (zig zag). Foraminifera (Figure 3.16E), quartz (Figure 3.18A), chert, 

pellets and molluscs make up the nuclei of the ooids, which are mostly dissolved and 

form good secondary porosities. However, the nuclei of some ooids are filled with 

micritic cements (Figure 3.16E). Ooid aggregates (Figure 3.16F) are also seen and these 

are >2 mm in size and include different coated grains and bioclasts. Dissolution, 

micritization, cementation, and pressure solution in the form of stylolites are the main 

diagenetic processes. In addition, micro-stylolites are also seen where thin sections cut 

the ooids along the stylolite surfaces. Meniscus, peloidal and micritic cements are the 

main diagenetic cements in the facies. Partial micritization occurs along the cortices or 

nuclei of the ooids. However, in some samples total micritization has occurred. The 

meniscus cements bridge the ooids and any bioclasts (Figure 3.16H). Micritic cements 

filled the nuclei of the ooids and peloids that are mostly 20 to 40 µm in size are 

dispersed in the sparitic matrix. The rocks of this microfacies are characterized by 

coarse to very coarse carbonates with varied sedimentary structures including planar 

laminations, wavy laminations, ripple marks (Figure 3.17C-D), trough cross-bedding 

(Figure 3.17A-B), together with post-depositional horizontal and vertical stylolites 

(Figure 3.17H). This microfacies is common close to the top of the carbonate units of 

most of the cycles and is associated with microfacies NS1and NS3 in most of the 

sections. 

The ooidal packstone microfacies are not common and are only seen in two cycles in 

the Mamlaha and Takiya sections. It is characterized by the presence of ooids (50 to 

60%, on average) with bivalve shells in a muddy matrix. 

Interpretation 
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Modern ooids are commonly deposited in marine and non-marine settings at water 

depth of 1 to 5 metres, up to a maximum 10 to 15 metres, in subtropical and tropical 

waters at temperature usually between 18 and 20° C (Rameil, 2005), in intertidal and 

upper subtidal environments (Flugel, 2004). They form in high energy wave-agitated 

and lower energy marginal settings. Ooids are common in the studied succession and 

form packstone and grainstone textures, but the grainstone textures are more common. 

The ooids are of different types (concentric, micritized and distorted), with different 

types of cortices (normal and superficial), and matrices (mud and sparite). These criteria 

indicate differing depositional settings for the ooids but normal concentric ooids in 

sparite matrices are the most abundant. Locally, in some samples the ooids are 

superficial in type and form packstone and grainstone textures in muddy matrices 

(NS4). These criteria indicate a more quiet and protected environment. However, most 

of the ooids from the studied succession are rounded in shape, normal and concentric in 

type and from 300 to 500 µm in size (NS5). These features indicate shallow marine and 

high energy conditions, in which the ooids were influenced by wave and current action 

(Flugel, 2004). Field observations of cross bedding, trough cross-bedding, planar 

laminations and ripple marks also indicate deposition above the fair-weather wave base. 

Medium to well-sorted grains and grainstone textures of the ooids are typical of being 

winnowed under wave current action. Meniscus cements between the ooids and 

bioclasts indicate very early diagenetic cementation and meteoric, vadose freshwater 

diagenesis and subaerial exposure (Inden and Moore, 1983; Strasser, 1986; Strasser et 

al., 1995; Flugel, 2004). Peloidal cements and micritic envelopes indicate early marine 

cementation. The presence of micritic envelopes with micro-borings and coated grains 

indicate constant wave action at or above wave base and occur in current-washed sand 

shoals of inner ramp environments (Flugel, 2004). The association of the ooids with 

peloids and benthic foraminifera, the marine-phreatic and meteoric cements, and the 

observed sedimentary structures are, together, indicators that the ooidal microfacies 

accumulated along sand shoals or beaches. 

E. Coated grain rudstone (NS6) 

Description 

This facies is recorded in the Takiya section in the middle part of a carbonate unit and is 

comprised of about 2.5% of the total carbonate microfacies of the succession. This 

microfacies includes 50% bioclastic coated grains, 10% serpulid tube worms, 
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gastropods and bivalve shells (20%) in a sparitic matrix. The other grains are intraclasts. 

The coated grains are irregular and compacted in shape and about 1 to 3 mm in size 

(Figure 3.18C-E). They have thin concentric laminae with dissolved and micritized 

nuclei. Bioturbation, peloidal micrite and micrite envelopes are abundant in this facies. 

The serpulid tube worms are elongate in shape and about 1 to 2 mm in length. The rocks 

of this microfacies are very coarse carbonate rocks in which the coated grains are very 

visible in the field samples. This facies is associated with mudstone, algal laminites and 

stromatolitic microfacies. Dissolution, micritization and cementation are the common 

diagenetic processes. 

Interpretation 

The abundance of large coated grains in sparitic matrix indicates moderate energy in a 

nearshore shallow lagoon of an inner ramp (Flugel, 2004). 

F. Intraclast packstone (NS7) 

Description 

This microfacies is very common in most of the studied areas such as the Mamlaha, 

Darbandikhan, Krbchna and Chnarah sections and is comprised of about 2.5% of the 

total carbonate microfacies of the succession. The micritic intraclasts (20 to 30%) are 

characterized by being poorly sorted, semi-oriented, irregular in shape and of various 

sizes (Figure 3.18F-H). In some samples, intraclasts range from 100 to 1000 µm in size; 

in others from100 to 500 µm. In the former type, the intraclasts are associated with 

gastropods, barnacles, and oysters with a few benthic foraminifera and quartz grains. 

However, in the second type; the intraclasts are mainly associated with benthic 

foraminifera such as miliolids and with ostracods. Fenestrate pores are seen between the 

grains. Quartz grains are absent. Micritization is the main diagenetic process. Evaporite 

pseudomorphs are absent. 

Interpretation 

Intraclasts originate from the syn-depositional erosion of partially lithified sediment and 

are a common feature of shallow subtidal and peritidal carbonates (Flugel, 2004). 

Moreover, fenestrate pores indicate deposition in intertidal settings. The presence of 

larger intraclasts with the associated bioclasts and quartz grains indicate a shallower 
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setting than the smaller intraclasts with benthic foraminifera. Thus, the intraclast 

packstone microfacies were deposited in very shallow lagoonal to intertidal settings in 

the inner ramp depositional environment.  

3.3.1.4 Algal mats 

This group of microfacies was common in the formation and making up the top of the 

carbonate units in the cycles. The rocks of this group were characterised by being thin 

(10-30cm) and dark grey in colour with wavy and planar laminations and dome 

structures. This group of microfacies was associated with dissolved micro nodular 

evaporites and calcite/quartz pseudomorphs after evaporites. Calcite and quartz 

lenticular crystals are pseudomorphs after gypsum, while lath and acicular crystals are 

pseudomorphs after anhydrite. In some cases, a half of the lenticular crystals were 

cemented by calcite while the other half was cemented by quartz mineral. In addition, 

the original cleavages of the gypsum were preserved after replacing by quartz grains. 

Two types of algal mats were recognised based on the algal structures: microbial algal 

bindstone microfacies (AG1) and stromatolites (AG2). 

A. Microbial algal bindstone (AG1) 

Description 

This facies is recognized based on visible laminations which include very small peloids 

(10-30 mm) due to algal activity (Figure 3.19B-C). It is recorded in most of the studied 

sections at the top of some of the carbonate units of the cycles, comprising 5% of the 

total carbonate microfacies of the succession. It is characterized by dark grey, fine-

grained carbonate rocks with planar laminations (Figure 3.19D-F). Calcite and quartz 

pseudomorphs after gypsum and anhydrite are very common in this facies, as are 

fenestrate pore. This facies is associated with stromatolites in the Takiya section, but in 

the Mamlaha section they form thin carbonate units 0.2 to 0.3 m thick below the 

evaporite units. This facies in the Takiya section is associated with thin, vuggy 

carbonates, which represent a short period of exposure at the top of this facies, at the 

base of evaporate units. 

Interpretation 
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This type of rock is a common facies in arid intertidal to supratidal depositional 

settings; for example, it occurs in the arid Trucial Coast (Kinsman and Park, 1976). 

Laminated algal bindstone with authigenic evaporitic minerals, fenestrate structures and 

associations with stromatolites and chicken-wire evaporites indicate upper intertidal 

settings in an arid climate (Kendall et al., 2002; Flugel, 2004). The short-lived subaerial 

exposure above the associated stromatolite with this facies is consistent with an 

intertidal setting. 

B. Stromatolites (AG2) 

Description 

The stromatolite microfacies are recorded at the top of the carbonate unit and comprised 

of about 5% of the total carbonate microfacies of the succession Two types of 

stromatolites are recorded in the current study: the first one (AG2a) is a domal 

fenestrate algal bindstone and is interbedded with mudstone microfacies in the Takiya 

section (Figure 3.20A). The rocks of this facies are characterized by fine, dark grey 

carbonate rocks with visible dome structures and laminations. The fenestrate pores 

become larger toward the top (Figure 3.20B-D). In addition, the laminations are cut by a 

subaerial erosion surface at the top. This type of stromatolite overlies the laminated 

quartz mudstone microfacies (SK1-3) in a thick carbonate unit. The thickness of the 

stromatolite is 10 cm. 

The second type (AG2b) is wavy-laminated, with interbedded couplets of muddy and 

sparite laminae (Figure 3.20F), and with lenticular (Figure 3.20H) and acicular (Figure 

3.20G) evaporitic minerals which indicate authigenic evaporitic minerals, as seen in the 

Mamlaha section. It includes micritized ooids and acicular evaporite crystals in the 

muddy laminae. This type of stromatolite occurs in a cycle which begins with a 

calcareous mudstone unit at the base and passes up to the stromatolite (0.1 m thick) and 

then the overlying evaporite unit (Figure 3.20E). 

Interpretation 

Ancient and modern analogues indicate that stromatolites usually grow in the intertidal 

to supratidal zones, and also the subtidal zone (Tucker and Wright, 1990). They grow in 

the subtidal zone when the activity of the grazers and burrowers is reduced, at a 

maximum depth of 4 to 5 metres. However, intertidal to supratidal stromatolites are 
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characterized by desiccation features, high salinity, and high temperatures which are 

unfavourable for animal grazer activities (Kinsman and Park, 1976; Hoffman, 1976b; 

Tucker and Wright, 1990). Modern flat-laminated structures of stromatolitic and 

microbial origins occur in lower intertidal settings in arid climates in the Persian Gulf 

and Shark Bay (Kinsman and Park, 1976; Hoffman, 1976b; Flugel, 2004). Fenestrate 

structures, subaerial exposure, authigenic evaporitic minerals and associations with 

algal mats and nodular evaporites at the top of the carbonate units all indicate intertidal 

settings in an arid climate (AG2a). The same facies of stromatolites and algal laminites 

was observed in the Fatha Formation in the basin centre (Shawkat and Tucker, 1978; 

Shawkat, 1979). Moreover, fenestrate mudstones, stromatolites and microbial laminites 

are recorded from the Oligocene-Miocene Asmari Formation in Iran by many authors 

(Amirshahkarami et al., 2007; Vaziri-Moghaddam et al., 2010; Amirshahkarami, 2013). 

The second type of stromatolite (AG2b), with no evidence of subaerial exposure, is 

interpreted to have been deposited in a low energy restricted lagoon. 
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Table  3-2 Descriptions and interpretations of the carbonate microfacies.   

microfacies Description  Physical structures and geometries Interpretation  

1- Skeletal microfacies group (15% of the total carbonate microfacies) 

Mudstone 

(SK1) 

SK1a: Bioturbated mudstone sub-microfacies: lime 

mud matrix, ostracods and miliolids.  

Highly bioturbated mud and very fine 

texture, non-laminated and 

structureless. 

Low-energy restricted 

hypersaline lagoon. Inner 

ramp. 

SK1b: Quartz mudstone sub-microfacies: Mud to 

micro sparite matrix. 20-30% of quartz and chert 

grains with oysters, ostracods, miliolids and echinoid 

plates and spines. 

Thin beds of 10-40cm with planar and 

wavy laminations.  

Mixed siliciclastic-carbonate 

coastal environment. Inner 

ramp. 

SK1c: Non-fossiliferous mudstone sub-microfacies: 

lime mud matrix, evaporite pseudomorphs, dissolved 

large vugs of nodular evaporite and quartz and chert 

grains (10%). 

Thin, very fine textures and 

structureless. Exposure couplets and 

planar laminations. 

Hypersaline restricted lagoon. 

Intertidal. Inner ramp. 

Ostracods 

wackestone (SK2) 

Mud and local micro sparite matrix. Major component: 

ostracods (10%). Minor component: miliolids and 

rotaliids. Quartz and chert grains and evaporite 

pseudomorphs. 

20-50cm thick beds. Bioturbations. Low energy hypersaline 

restricted lagoon. Inner ramp. 

Rotaliids-

ostracods 

wackestone (SK3) 

Lime mud matrix, rotaliids and ostracods (10%) and 

miliolids. Quartz, chert and evaporite pseudomorphs. 

20-50cm thick beds. Bioturbations. Low energy hypersaline 

restricted lagoon. Inner ramp. 

Rotaliids 

wackestone/packst

one (SK4) 

Lime mud and local micro sparite matrix. Rotaliids 

(10-30%), ostracods, miliolids and few barnacles. 

Quartz, chert and evaporite pseudomorphs.  

Medium beds 20-40cm thick. 

Bioturbations. 

Low energy hypersaline 

restricted lagoon. Inner ramp. 
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Miliolids 

wackestone (SK5) 

Lime mud matrix, miliolids (10%), ostracods and 

rotaliids. Micritised unidentified bioclasts. 

20-50cm thick beds. Bioturbations and 

micritisation. 

Low energy restricted lagoon. 

Inner ramp. 

Strongly 

micritised 

bioclastic 

packstone (SK6) 

Bioturbated mud matrix, unidentified micritised 

bioclasts with few ostracods and miliolids. 

10-30cm thick beds with highly 

bioturbations.  

Low energy and well 

oxygenated lagoon to 

intertidal. Inner ramp. 

Echinoids 

wackestone/packst

one (SK7) 

Mud matrix, echinoid spine and plates, oysters, 

bryozoas, bivalves, miliolids, ostracods and rotaliids. 

Quartz and chert grains.  

10-20cm thick beds. With local 

bioturbated mud.  

Low energy open lagoon. 

Inner ramp. 

2- Mollusc microfacies group (25% of the total carbonate microfacies) 

Bioclastic 

gastropods-

bivalves packstone 

(M1) 

Micrite matrix. 50-60% gastropods and bivalves. 

Minor component: echinoids, bryozoas, miliolids, 

rotaliids and serpulids. Quartz and chert grains. 

Coarse carbonate facies and 50-60cm 

thick beds. Bioturbations, micritic 

envelopes and micritic intraclasts.  

Low energy shallow lagoon. 

Inner ramp. 

Oyster-barnacles 

floatstone (M2) 

Mud and local sparite matrix. Oysters, bivalves, 

barnacles, serpulids, echinoids and bryozoas. Quartz 

and chert grains.  

40-50cm thick and coarse carbonate 

with bioturbations. Micritic intraclasts 

and micritic envelopes.  

Low energy and low salinity 

conditions. Shallow lagoon to 

intertidal settings. Inner ramp. 

Bivalve 

floatstone/rudston

e (M3) 

Mud and sparite matrices. Bivalves, rotaliids, miliolids, 

ostracods, gastropods, barnacles, oysters and local red 

algae. Local echinoids and evaporite rosettes. Quartz 

grains. 

Very coarse 20-50cm thick carbonate. 

Local planar laminations and ripple 

marks. 

High energy and wave-

agitated skeletal shoreline. 

3- Non-skeletal microfacies group (30% of the total carbonate microfacies) 

Bioclastic peloidal 

grainstone (NS1)  

 

NS1-1: bivalve peloidal grainstone: sparite matrix. 

Bivalves (10-20%) and peloids (70-80%). Few 

miliolids, rotaliids, lithoclasts, quartz, chert, 

Coarse and thick bed (50-60cm) of 

oriented and laminated carbonate bed. 

Bioturbations.  

Moderate energy shallow 

lagoon. Inner ramp. 
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gastropods and barnacles.  

NS1-2: Ostracods peloidal grainstone: sparite matrix. 

Ostracods (20-30%) and peloids (60-70%). 

20-40cm thick beds. Oriented and poor 

sorting grains. 

Moderate energy shallow 

lagoon. Inner ramp. 

NS1-3: Bioclastic peloidal grainstone: sparite matrix. 

Peloids, echinoids, rotaliids, miliolids, ostracods, 

ooids, gastropods, oysters, barnacles and bryozoas. 

 Thick beds (40-50cm) of coarse 

carbonate. Oriented and moderately 

sorting.  

Moderate energy in shallow 

lagoon with open marine 

connection. Inner ramp. 

Faecal pellets 

grainstone (NS2) 

Sparite matrix. Pellets (80-90%). Few miliolids. Local 

evaporite pseudomorphs.  

Thin bed (10-15cm). Planar 

laminations. Well sorting. 

Low energy restricted lagoon 

with low sedimentation rate.  

Peloidal ooidal 

grainstone (NS3) 

Sparite matrix. Peloids/pellets (50%), ooids (40%) and 

rare bioclasts.  

20-40cm thick beds and coarse. 

Slightly cross beddings. Bad sorting. 

Moderate energy, edges of 

sand shoals and shoreface 

zone.  

Bioclastic ooidal 

grainstone (NS4) 

Mud matrix. Ooids (50-60%). Micritic and superficial 

ooids. Bivalves, miliolids, rotaliids and gastropods. 

Ooid aggregates and intraclasts. Meniscus, peloidal 

and micritic cements and micritic envelopes and 

micro borings.  

Beds of 30-50cm thick and coarse 

carbonate. Laminations cross beddings 

and trough cross beddings. Stylolites. 

Moderate energy, edges of 

sand shoals and beaches. 

Inner ramp. 

Ooidal grainstone 

(NS5) 

Sparite matrix. Normal and concentric ooids (80-

90%). Foraminifera, quartz, chert and pellets nuclei of 

the ooids. Meniscus, peloidal and micritic cements 

and micritic envelopes.  

Beds of 30-50cm thick and coarse 

carbonate. Laminations cross beddings, 

trough cross beddings and ripple 

marks. Stylolites. 

High energy sand shoals and 

beaches. Inner ramp. 

Coated grains 

rudstone (NS6) 

Sparite matrix. Coated grains (50%), serpulids, 

gastropods, bivalves and intraclasts. Peloidal micrite 

and micritic envelopes.  

Very coarse carbonate of 30cm thick. 

Bioturbations and laminations. 

Moderate energy shallow 

lagoon. Inner ramp. 
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Intraclasts 

packstone (NS7) 

Mud matrix, intraclasts (50%), gastropod, barnacles, 

oysters, miliolids and oyster. Quartz grains. 

Medium to coarse carbonate bed 

(around 40cm thick). Fenestrate pores. 

Very shallow lagoon to 

intertidal settings. Inner ramp.  

4- Algal mat microfacies group (10% of the total carbonate microfacies) 

Algal bindstone 

(AG1) 

Algal laminites. Fenestrate pores, evaporite 

pseudomorphs and quartz.  

Beds of 10-30cm thick. Dark grey and 

fine carbonate. Planar laminations. 

Exposure surfaces.  

Intertidal zone. Inner ramp.  

Stromatolites 

(AG2) 

 

AG2a: domal fenestrate algal bindstone. Evaporite 

pseudomorphs. Fenestrate pores. Exposure couplets.  

10cm thick beds. Domal and wavy 

laminations. Exposure surfaces.  

Intertidal zone. Inner ramp.  

 

AG2b: Wavy laminated of interbedding couplets of 

muds and sparite laminae. Evaporite pseudomorphs. 

Ooids and acicular evaporite crystals. 

10cm thick bed. Wavy laminations. Restricted lagoon. 

5- Dolo-mudstone microfacies group (5% of the total carbonate microfacies) 

Dolomudstone 

(D1) 

10-20µm dolomite crystals (90-95%). High porosity rock. Intertidal zone. Inner ramp.  

6- Sandy-carbonate microfacies group (15% of the total carbonate microfacies) 

Bioclastic calc-

arenite (S1) 

Mud and sparite matrices. Quartz, feldspar minerals, 

lithoclasts, miliolids, rotaliids, ostracods, barnacles, 

bivalves, echinoids and oyster.  

10cm-1m thick beds. Laminations, 

cross beddings, ripple marks, flute 

casts and load casts. Graded beddings 

and bioturbations.  

Marginal marine and coast 

environments. Inner ramp. 
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3.3.1.5 Dolo-mudstone microfacies (D1) 

Description 

The dolo-mudstone microfacies are characterized by fine dolomite crystals which are 

approximately 10 to 20 µm in size, with high porosities (Figure 3.19A). This facies is 

recorded at the top of the carbonate units from the Takiya and Mamlaha sections and is 

associated with the evaporite units. It is comprised of about 5% of the total carbonate 

microfacies of the succession. 

Interpretation 

The association of dolomite with nodular evaporites and chicken-wire structures is very 

common in the modern upper intertidal and lower supratidal zone of the arid Trucial 

Coast (Alsharhan and Kendall, 2003). Fine grained dolomite and associated evaporites 

in the Fatha Formation are interpreted to indicate the upper intertidal zone. 

3.3.1.6 Sandy carbonate, bioclastic calc-arenite microfacies (S1) 

Description 

This facies is characterized by mixed siliciclastic and carbonate components and is 

comprised of about 15% of the total carbonate microfacies of the succession. The grain 

sizes vary from fine sand to coarse sand and are associated with different bioclasts such 

as miliolids, rotaliids (Figure 3.21C), ostracods (Figure 3.21D), barnacles, bivalves, 

echinoids (Figure 3.21A), and oysters. Quartz (Figure 3.21E) and chert grains, feldspar 

minerals (Figure 3.21E), lithoclasts, bioclasts and organic matters are the main 

components of the facies. The thickest unit of this facies is recorded from the more 

proximal locations represented by the Basara and Darbandikhan sections. Toward the 

more distal, southwest area of the basin, this facies is not preserved. The thickness of 

this facies reaches a maximum in the Basara section of about 3.5m. However, it is just 

0.1 to 0.3 m thick in the Mamlaha section. Toward the Darbandikhan section (proximal 

area) the facies becomes more abundant. The rocks of this facies are characterized by a 

grey-dark grey to greenish colour with micro planar laminations (Figure 3.21G), cross 

bedding, graded bedding (Figure 3.21F), and borings (Figure 3.21B). Additional 

sedimentary structures are flute casts, load casts, asymmetrical mega-ripple marks and 

planar laminations. The amplitudes of the preserved ripple forms are up to 10 cm. 
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Interpretation 

The sandy calcarenite microfacies with these sedimentary structures such as planar 

laminations, cross bedding and ripple marks indicate deposition above the fair-weather 

wave base in an area influenced by wave action in a marginal inner ramp setting 

(Thrana and Talbot, 2006). The predominance of quartz, chert, feldspar minerals and 

lithoclasts with different bioclasts indicates mixed carbonate-siliciclastic facies near the 

shore line and source areas. The presence of high amplitude mega-ripples indicates high 

energy wave agitated, very shallow environments near the coastline. 

3.4.3 Evaporite facies  

Evaporites are an important component within the Fatha Formation, being associated 

with the carbonates and calcareous mudstones within the cycles, and comprising 15 to 

43% of the total succession, from the most distal to proximal parts of the studied area. 

The thickest evaporite succession was deposited toward the basin. The thickness of the 

unit in the cycles is between 1 and 10 metres. The lower boundary of each evaporite 

with underlying units has been observed in detail. In a few cycles the boundary consists 

of interbedding of several thin beds of gypsum and bluish grey calcareous mudstones as 

a transitional zone between the calcareous mudstone and gypsum, whereas in most 

cycles, the boundary is at the top of an underlying calcareous mudstone or carbonate, 

without the transitional zone.  In the formation, two main evaporitic facies are recorded, 

laminated (LE) (Figure 3.23) and nodular gypsum (NE) (Figure 3.22A-D), but as a 

whole, nodular gypsum (comprising chicken-wire, CH and enterolithic, EN textures) is 

more dominant.  

3.4.3.1 Nodular evaporites (NE) 

Description  

The NE is a thick evaporitic body (1.0-10.0m) with nodular appearance and makes up 

the top of the calcareous mudstone and carbonate units. The nodules display variations 

in size (few millimetres to 10cm) and shape, usually irregular and occasionally 

elongated and spheroidal. The colour is generally milky white with patchy bluish grey 

tones. The matrix around the nodules is composed of bluish grey carbonate mudstone. 

In some places, the nodules coalesce to form contorted folded layers of enterolithic 

evaporites (EN). The lower boundary of evaporite with its underlying units has been 
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observed in detail. In a few cycles, the lower boundary with the underlying calcareous 

mudstone consists of several interbedding thin beds of gypsum and bluish grey 

calcareous mudstones as a transitional zone between them (Figure 3.22D). In other 

cycles, the boundary consists of either calcareous mudstone or carbonate without the 

transitional zone. The main evaporitic mineral in the outcrops is gypsum (Figure 3.22F), 

while both halite and anhydrite minerals were recorded from the bore well in the basin 

centre (Al -Juboury and McCann, 2008). Petrographically, the nodular gypsum forms a 

chicken-wire structure between the gypsum mineral and mudstone and forms an 

irregular tight folding in enterolithic evaporites. In some cases, dolomite crystals are 

associated with the nodular evaporites (Figure 3.22E).  

Interpretation 

The depositional setting of the evaporites is controversial because of the presence of 

huge amount of chicken-wire structure. However, not all nodular evaporites are 

deposited in sabkha settings because it might have been formed during burial diagenesis 

(Machel and Burton, 1991). The sabkha nodules must associate with intertidal 

stromatolites, algal laminites, dolomites, fenestrate pores, tepee structures and mud 

cracks. In addition, they interfinger with hypersaline lagoonal deposits, intertidal and 

subtidal deposits (Warren and Kendall, 1985; Warren, 1989). Therefore, the 

depositional settings of the calcareous mudstone and carbonate units are a very 

important tool for determining the depositional environment of the evaporites. The 

nodular evaporites are typical facies of the supratidal portion of a coastal sabkha, which 

grow in highly saturated water pores of the capillary zone (Warren, 2006). The 

distribution and presence of evaporite in the cycles varies in different parts of the basin. 

In the most proximal areas, close to the hinterlands, evaporite is lacked and the cycles 

are more clastic-dominated, for example, in Chnarah section. However, toward the 

basin centre, the evaporite is frequently increased in number and thickness. The Fatha 

succession comprises of approximately 15-43% of evaporite in the studied sections, 

while this ratio is increasing toward the basin centre. In addition, different evaporite 

facies are documented from the basin centre, for example; massive evaporite, selenite 

and satin-spar, nodular evaporite (chicken-wire structure), laminated evaporite and 

halite (Al -Juboury and McCann, 2008).  

Two depocentres, Sinjar (NW Iraq) and Kirkuk (middle of Iraq), were developed during 

the Fatha deposition in Iraq and were extended to Syria and Iran, respectively (Aqrawi 
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et al., 2010). In addition, six syn-tectonic sedimentary sub-basins were recognised along 

the Zagros foreland basin during the Gachsaran deposition (Bahroudi and Koyi, 2004) 

and these sub-basins were separated by palaeo highs. The Fatha Formation and its 

equivalent Gachsaran Formation in Iran were deposited in these sub-basins. The study 

area is situated at the margin of the Kirkuk depocentre. 

Based on the evaporite facies and carbonate microfacies, it can be interpreted that the 

evaporite was deposited in different settings subaerialy and subaqueously. The evaporite 

was deposited subaqueously in a restricted saline basin and subaerialy in a supratidal 

sabkha setting around the basin margin. The position of the evaporite nodules at the top 

of the cycles, interfingering with intertidal stromatolite/algal mats, hypersaline lagoonal 

and shallow coastal deposits lead to the conclusion that the evaporites nodules were 

deposited in supratidal sabkha setting in an arid climate.  

3.4.3.2 Laminated evaporites (LE)  

The laminated evaporite (LE) occurs at the top of the calcareous mudstone/carbonate 

units and was documented just in a cycle from the studied areas (Figure 3.23). This 

facies is about 1m thick in all the studied areas and consists of thin laminae of gypsum 

and carbonate. Individual evaporite/carbonate laminae range in thickness from a few 

millimetres to 1cm (Figure 3.23C-D). The laminae are planar or wavy laminated 

between gypsum minerals and mudstone (Figure 3.23G-H). Under the microscope, the 

laminated evaporite facies consists of thin layers of carbonate mudstone, alternating 

with granular gypsum laminae (Figure 3.22G-H). The gypsum laminae consist of layers 

of granular gypsum of silt to fine sand sizes. This facies is about 1m thick in the whole 

areas and extended laterally along more than 100 km in length and can be used as a 

marker bed for correlation. However, individual laminae are not traceable laterally. 

Interpretation 

Laminated evaporites have been discussed by many researchers. Some authors 

considered a detrital origin for the lamination (Garrison et al., 1978),  while others 

favour reworking of gypsum during storms (Hardie and Eugster, 1971). Kendall 

(1978b) interpreted these laminae as storm deposits which formed during flooding of an 

evaporitic tidal-flat. 
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In the margin of the Miocene evaporitic basin in the current study, the LE was 

documented in just one cycle that extended along the whole areas for more than 100km 

wide. The large covering area of the LE leads to the conclusion that this facies was 

formed during flooding of the sea upon the evaporitic supratidal setting. The sea water 

covered the supratidal sabkha and laminated evaporite was deposited in the flooding 

depressions and pools. The laminated evaporite was also recorded from the Fatha 

Formation in the other parts of the Zagros foreland basin in Iraq and Iran (Shawkat and 

Tucker, 1978; Tucker, 1999; Aqrawi et al., 2010). Moreover, the same facies was 

documented from different part of the world, for instance: Holocene evaporite 

sequences in the Gulf of Suez, Egypt (Aref et al., 1997), coastal hypersaline pools of the 

Red Sea (Kushnir, 1981), the Messinian evaporite of the Mediterranean basin (Ogniben, 

1955; Hardie and Eugster, 1971; Garrison et al., 1978). 

3.4.4 Red clastic facies (RC) 

Description 

This facies is makes up the top of the cycles and comprises 40-78% of the total 

succession, from the most distal to proximal parts of the studied areas. It is comprised of 

red claystone (Figure 3.24A), red or greyish siltstone, and green or red sandstone. The 

thickness of the unit varies from 0.5 to 6 metres in the lower part of the Fatha Formation 

and from 2 to 8 metres in the upper part of the succession. Typical grain size varies 

from the lower to the upper parts of the formation, siltstone and sandstone increasing 

toward the upper part. The claystone and siltstone are characterized by a red colour with 

fine laminations and rare cross bedding in the latter (Figure 3.24B-C). The sandstone is 

characterized by planar laminations, wavy laminations (Figure 3.25A), cross bedding 

(Figure 3.25B-C), ripple marks (Figure 3.25D-F), flute casts (Figure 3.25G) and load 

casts (Figure 3.25H). Bioturbation in the form of vertical, horizontal and inclined 

burrows increases in the upper part of siltstone and fine sandstone beds; recognized 

ichnofacies include Skolithos (Figure 3.24E-G) and Rhyzolithos (Figure 3.24H). 

Generally, different clastic lithofacies may be differentiated: red claystone (C); 

laminated red siltstone (LS); cross bedded sandstone (CS); trough cross bedded 

sandstone (TS); rippled sandstone (RS); massive sandstone (MS); Rhyzolithos-rich 

sandstone (RhS) and highly bioturbated mottled mudstone-siltstone (HM).  

Interpretation 
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The red claystone (C) and laminated red siltstone (LS) lithofacies were deposited in 

continental areas, for which sediment was sourced from the adjacent hinterlands of the 

Zagros Mountains; deposits represent the distal parts of alluvial fans. The sandstone 

lithofacies (CS, TS and RS) were deposited in higher energy fluvial parts of the system, 

and are most commonly developed in the upper part of the succession. The highly 

bioturbated mudstone-siltstone lithofacies (HM) that comprises sandstone with 

Skolithos and Rhyzolithos (RhS), and which is present in the clastic parts of cycles in the 

uppermost part of the succession, may indicate palaeosol development influenced by a 

more humid climate (Seilacher, 1967), possibly on floodplains between the fluvial 

channels. 

3.5 Fatha Formation cyclicity 

The Miocene Fatha Formation in the Kurdistan region is represented by repeated 

carbonate-evaporite cycles, the study of which has been enabled by the detailed analysis 

of widespread outcrops arranged in a NW-SE orientation across the foreland of the 

Zagros Mountains. The nature of the cyclicity of the carbonate-evaporite units is clearly 

observed across the Zagros foreland basin (James and Wynd, 1965). Each cycle is 

defined by a marine flooding surface at its boundary. The arrangement of lithofacies 

within each cycle is indicative of upward shallowing and progradation. 

Cycles in the marginal parts of the basin are characterized internally by bluish-grey to 

greenish calcareous mudstone at their base. This passes up into shallow marine 

carbonate deposits that are themselves capped by nodular evaporite deposits. In the 

proximal areas (studied areas), continental red siliciclastic units prograded basinward to 

form the uppermost parts of some of the cycles. 

In the studied area, completely developed cycles comprise four major units: calcareous 

mudstone (13 to 24%), carbonate (5 to 15%), evaporite (15 to 43%) and continental red 

clastic (40 to 78%) units, from base to top of each cycle (Figure 3.4). However, towards 

the basin centre, to the southwest, the preserved facies expression of cycles is more 

varied and demonstrates that the basin was repeatedly evaporative, such that it 

accumulated thick gypsum, anhydrite and halite deposits (Aqrawi et al., 2010). 

The cycles from the lower member of the basin centre succession (which lacks the red 

siliciclastic deposits) include calcareous mudstones, carbonates and evaporites (Al -
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Mubarak and Youkhana, 1977; Taufiq and Domas, 1977). The evaporite facies change 

from nodular to laminated (bedded) evaporites or salt at the top of the cycles (Tucker, 

1999). In the upper member of the formation in the basin centre (characterized by the 

presence of red siliciclastic deposits), the evaporites are nodular and capped by red 

claystone unit. 

Overall, the analysis of the microfacies demonstrates that the Fatha Formation in the 

studied area represents a shallow marginal and shoaling upwards marine to continental 

succession, both at the scale of individual cycles and at the scale of the entire formation. 

The number of preserved cycles increases from the basin margin towards its centre. 

About to 12 to 40 cycles were identified in the study sites (Figure 3.4). However, in the 

Chnarah section, the site closest to the basin margin, a reduced number of cycles (10 to 

12 cycles) were identified and these were without evaporites (Figures 3.4 and 3.5). 

 

Figure  3-3 Variations of the carbonate-evaporite cycles of the Fatha Formation from the lower to 

upper parts of the succession. The cycles, as well as the marine deposits, become thinner toward 

upper part, and the evaporite deposits are ceasing.  

Significantly, in all the studied sections, the nature of cyclicity changes from the lower 

to the upper part of the succession in terms of both preserved thickness and internal 

facies composition. Notably, the proportion, preserved thickness and grain size of the 

red continental clastic units that define the uppermost parts of the cycles increase 

toward the upper part of the formation, whereas the proportion of marine deposits 

decreases (Figures 3.3 to 3.5). The red continental clastic units vary as a percentage of 

the total formation from the sites closest to the basin margin (78%) to the sites closest to 

the basin centre (40%). Thus, the facies trend of the formation changes from marine 
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dominance in the lower part, to a transitional zone in the upper part, and then to fluvial 

dominance in the Injana Formation that overlies the Fatha Formation. In general, the 

preserved trend is that of a basinal shallowing-upward and associated progradation of a 

shoreline form the basin margin towards its centre. This is observed clearly both within 

each individual cycle and across the multiple vertically to progradationally stacked 

cycles of the entire formation. 

 

Figure  3-4 Two dimensional pie diagrams showing the percentages of the sedimentary facies, which 

are making the cycles from all the studied sections. The percentages of evaporite deposits are 

increasing toward the basin centre. In contrast, the percentages of clastic deposits are decreasing. 

Ma: Mamlaha; Ba: Basara; Ta: Takiya; Aj: Azh -Dagh; Sa: Sangaw; Da: Darbandikhan Dam; Kr: 

Krbchna; Kf: Kfri and Ch: Chnarah sections.  
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Figure  3-5 Bar diagrams between cycle numbers and thickness of the cycles from all the studied 

sections; Ma: Mamlaha; Ba: Basara; Ta: Takiya; Aj: Azh-Dagh; Sa: Sangaw; Da: Darbandikhan 

Dam; Kr: Krbchna; Kf: Kfri and Ch: Chnarah sec tions. 
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3.6 Variations in carbonate-evaporite ramp models 

The Fatha Formation was deposited as a mixed carbonate-evaporite succession with a 

secondary siliciclastic supply derived from basin margin areas. Based on detailed 

microfacies analysis, several related and more detailed environmental settings have 

been recognized: open lagoon, hypersaline to restricted lagoon, shallow lagoon, sand 

shoals and beaches, intertidal flat, tidal flat, supratidal sabkha, supratidal ponds, alluvial 

coastal plain, channels and alluvial plains with palaeosols. These represent different 

hydrodynamic conditions ranging from low-to-moderate to high wave energies and 

from quiet to storm-affected shorelines and coastal plains. Siliciclastic supply from the 

hinterland to the basin progressively increased over time, as recorded by the increasing 

proportion of continental facies in higher parts of the formation. These variations are 

expressed in the cyclical nature, as well as in the overall progradational nature of the 

formation. 

i.  Lateral variations. Lateral variations within the sedimentary units are revealed 

by the microfacies analysis. Although the carbonate and evaporite units are 

laterally traceable for tens of kilometres between the studied sections, microfacies 

analysis reveals local lateral variations within the sedimentary basin for about 10 

to 15km lateral scale. For this purpose, the carbonate microfacies are analysed in 

detail to detect lateral variations. 

ii.  Change in water depth over time. Evidence for changes in water depth is 

observed throughout the succession, notably in the calcareous mudstone and 

carbonate units. Variations in the microfacies succession of the calcareous 

mudstone units are expressed chiefly by changing fossil content: the rotaliids 

group tends to decline in abundance from the lower to upper part of the formation; 

conversely, the percentage of bryozoans, bivalves and oysters increases toward 

the upper part (Figure 3.2). Ostracods vary in percentage terms in the cycles and 

include both smooth and nodulose forms. Based on the fossil percentages 

represented graphically through the succession in the Mamlaha area (Figure 3.2), 

it can be demonstrated that the water depth that prevailed at the time of 

accumulation of the calcareous mudstone units changed from relatively deep in 

the lower part of the formation to relatively shallow in the upper part, as 

demonstrated by the gradual decline of rotaliids and the increase of bryozoans, 

bivalves and oysters (Figure 3.2). Variation in water depths represented by the 
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carbonate units may also be inferred through the succession. Overall, these 

changed from mainly hypersaline to restricted deeper lagoons in the lower part to 

shallower lagoons and coastal settings in the upper part of the succession. 

iii.   Change in salinity over time. The abundance of rotaliids and miliolids at the 

lower part of the succession, and declining them through the succession are 

possibly indicative of salinity variations through time. Rotaliids and miliolids are 

indicative of hypersaline restricted lagoons and are documented from a number of 

modern hypersaline lagoons (Abou-Ouf et al., 1988; Hariri, 2008; Mohamed et 

al., 2013). This group of microfossils are declining through the succession, and 

stenohaline fauna (bryozoan), normal marine fauna (oyster) and brackish water 

ichnofacies (Skolithos) become abundant toward the upper part of the formation 

(Figure 3.2). 

iv.  Carbonate thickness over time. The carbonate units vary in thickness and 

frequency towards the upper part of the succession. The maximum preserved 

thickness of carbonate units (5 m) is recorded in the lower to middle part of the 

succession. By contrast, carbonate units are only 0.1to 0.2 m thick in the upper 

part. 

v.  Increasing siliciclastic input over time. Siliciclastic units increase in thickness, 

grain size and frequency upwards within the succession, with different types of 

ichnofossil such as Skolithos and Rhyzolithos, and sedimentary structures 

becoming more common. Red claystone (RC) is present in every cycles from the 

lower part of the succession; while towards the upper part, higher energy siltstone 

and sandstone components increase. 

In general, the facies changes observed record a transition from a fully marine 

carbonate-evaporite setting in the lower part, to a transitional between marine to 

fluvial settings in the upper part, and then to fluvial deposits of the Late Miocene 

Injana Formation. These variations are also recorded from the Miocene equivalent 

units in Iran from Gachsaran Formation of supratidal sabkha origin (equivalent to 

the Fatha Formation), to the Agha Jari Formation of fluvial origin (equivalent to 

the Injana Formation) (Pirouz et al., 2011). 
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3.7 Discussion 

The mixed carbonate-evaporite ramp deposits in the proximal areas of the 

Mesopotamian Basin were evidently subject to dramatic and frequent variations in 

depositional settings toward the top of the formation where siliciclastic deposits 

predominate. This variation is clearly observed from the lower to upper part of the 

succession. It records the progradation into the basin of siliciclastic detritus of 

continental origin. This significantly affected carbonate production and evaporate 

precipitation. 

Each cycle from the lower part of the succession typically passes from a calcareous 

mudstone unit at its base, to a shallowing-up carbonate package, and then to massive 

nodular evaporite that is itself capped by a red continental clastic units in many 

examples. This facies trend changes toward the upper part of the succession in which 

the marine deposits are reduced in thickness. 

Based on the results of this study, each cycle is shown to represent a regressive trend 

from calcareous mudstone at its base, grading up to shallow marine carbonates, and then 

to sabkha evaporites. The red clastic deposits prograded toward the basin and capped 

the evaporites at the top of each cycle. A new depositional model has been presented for 

the Fatha Formation for first time in this study and is illustrated in Figure 3.6. The 

depostional model has been constructed based on the outcomes, including the 

interpretations of the sedimentary facies and lateral/vertical variations of the cycles, of 

this study. Moreover, the lateral/vertical variations of the cycles has been shown in the 

model from marginal to basinal part of the basin. The sedimentary facies has been 

summerized as the following:   

The calcareous mudstone units (CM) at the base of the cycles were deposited in a low 

energy hypersaline lagoonal environment, as evidenced by hypersaline benthic 

foraminifera (rotaliids and miliolids) and ostracods. However, this depositional setting 

became gradually shallower through time toward the upper part of the succession, in 

which normal marine water and stenohaline organisms (bryozoa), oysters and brackish 

water ichnofacies (Skolithos) became more abundant.  

The carbonate sediments were deposited in a variety of environments along the basin 

margin including both low and high energy hydrodynamic settings. The detailed 
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microfacies thus represent lateral variations in the extent and morphology of the 

lagoonal complexes developed on the basin margin. The length scale of these variations 

was less than the spacing of the measured sections, as it is not consistently possible to 

trace individual microfacies from one section in any one cycle to the equivalent cycle in 

an adjacent section. This lateral variation in lagoonal and nearshore environments at a 

scale of tens of kilometres is represented in cartoon form in Figure (3.6). 

The skeletal mudstone, wackestone and packstone microfacies (SK1-SK7) at the base of 

the carbonate units represent deposits of still-restricted hypersaline environments as 

evidenced by the presence of restricted foraminifera (rotaliids and miliolids) and 

ostracods with evaporite pseudomorphs that indicate hypersalinity. The mollusc 

microfacies (M1-M3) represent very shallow water systems developed in shallow 

lagoons to intertidal or skeletal shoal settings. The deposition of skeletal peloidal and 

pelleted grainstone microfacies (NS1-NS2) occurred in moderate energy shallow 

lagoons. Sand shoals separated the restricted lagoons from the open ocean where non-

skeletal microfacies (NS3-NS5) were deposited, including peloidal, and ooidal 

packstone and grainstone microfacies. Along parts of the shoreline in protected 

embayments, algal bindstone and stromatolites (AG1-AG2) were deposited in the 

intertidal zone of restricted lagoons. 

The evaporite sediments at the top of the carbonates represent a regressive facies and 

were deposited in a variety of environments. The main abundant evaporite facies is 

nodular; including chicken-wire (CH) and enterolithic (EN) evaporites resulting from 

subaerial deposition in a coastal sabkha. Such nodular evaporites originate from 

repeated arid and high rainfall episodes when the original gypsum crystals formed 

within the capillary groundwater zone undergo repeated hydration and dehydration 

(Schreiber and Tabakh, 2000). Laminated evaporites (LE) were subaqueously deposited 

during flooding over the tidal flat. These emergent evaporates present at the basin 

margin contract markedly with subaqueous evaporites identified previously from basin-

centre settings, where laminated selenite evaporites and halite were deposited (Al -

Juboury and McCann, 2008). 

The initial accumulation of siliciclastic deposits derived from the hinterlands during the 

Miocene occurred during deposition of the Fatha Formation when the red clastic units 

started to prograde south-westward into the basin. The south-westward progradation and 

shoreline migration into the basin through time is represented by the overall variation in 
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thickness of the preserved succession from the basin margin to its centre: a thinner 

succession comprising fewer cycles is recorded at the basin margin. In addition, 

siliciclastic-dominated cycles are preserved around the basin margin and evaporite-

dominated cycles were best developed in the basin centre. The presence of climatically 

wet hinterlands and significant fluvial activity around the basin margin and its late-stage 

progradation towards the basin centre eventually resulted in a progressive termination of 

evaporite deposition, from a basin-margin to a basin-centre setting over time. 

A number of factors acted to influence sedimentation rates and the position of the 

shoreline through time. Marine-marginal sabkha deposits can prograde with a thickness 

of 1m by 1km of shoreline migration per thousand years (Schreiber and Hsü, 1980). 

Progradation may lead to a seaward thickening succession of peritidal facies (Hardie, 

1986). Furthermore, reduced evaporite deposition and increased fluvial activity from the 

basin margin through time ï illustrated by coastal progradation ï may also have been 

driven by an overall climate change from relatively arid to relatively more humid. 

Overall, progradation of the siliciclastic wedge progressively replaced carbonate-

evaporite sedimentation in the basin and changed the system to an overfilled fluvial 

basin by the late stages of Fatha deposition, after which fluvial facies of the overlying 

Injana Formation became dominant. 

Tectonics, sediment supply and relative sea level determined accommodation in the 

basin and collectively acted to determine the overall progradational (i.e. regressive) 

geometry of the formation. The position of the Miocene foreland basin meant that it was 

subjected to collisional forces between the Arabian and Eurasian plates. Increasing 

siliciclastic supply would have resulted from erosion of the uplifted areas of the 

developing fold and thrust belt. Indeed, the shallowing-upward trend of the Fatha 

Formation is typical of foreland-basin fills, indicating the significance of tectonic setting 

on basin stratigraphy (Baars and Stevenson, 1982; Sami and James, 1994; Brown, 

2002). A high rate of sediment supply outpaced the generated accommodation space 

across the basin.  
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Figure  3-6 The depositional model of the Fatha Formation showing different depositional 

environments on a gently ramp platform. The model is presenting the progradation and migration 

of the Miocene shoreline along three vertical sections A, B, and C. In addition, D and E block 

diagrams are maximized to show detailed depositional settings of two cycles and to represent the 

lateral variation possible within these.  



 

86 

3.8 Conclusion 

Deposition of the Miocene carbonate-evaporite cycles in the Kurdistan region from the 

Zagros foreland basin are interpreted to have accumulated in a very low angle ramp 

setting in which only inner ramp facies are recognized in the carbonate phase of each 

cycle. The carbonate ramp is recognized on the basis of lateral and vertical variations of 

the facies from relatively more offshore deposits of calcareous mudstone to shoreline 

and sabkha deposits closer to the basin margin. The main lithofacies divisions are 

calcareous mudstones, carbonates, evaporites and red siliciclastics. These facies are 

arranged in a number of cycles, each of which records a shallow upward trend. Cycles 

are capped by flooding surfaces. Each preserved depositional cycle has a facies 

arrangement which in its lower part is indicative of low-energy calcareous mudstone 

accumulation, and which passes up to moderate- to high energy shallow marine 

carbonates, which are in turn overlain by nodular evaporites and, in some cases, are 

capped by a red siliciclastic unit at the top of the cycle. Different carbonate 

environmental settings are recognized along the basin margin. Shoreline deposits range 

from high energy rippled and cross bedded carbonate grainstones to low energy 

stromatolite facies of protected embayments in a complex and laterally extensive 

lagoonal system. The vertical and lateral variations of the microfacies in an individual 

cycle and between the cycles have features in common. These features include 

microfacies variations in an upward shallowing trend within each cycle. 

The succession overall records a progradational shallowing upward succession. The 

preserved facies trend through the succession can be regarded as being due to a 

combination of variations in sea level, salinity, climate, carbonate-evaporite production, 

siliciclastic supply, tectonic subsidence rate and tidal flat progradation. The cycles can 

be traced and correlated regionally along the NW-SE trend of the foreland basin. The 

overall up-succession variation in facies was driven by increasing siliciclastic supply 

from the uplifting Zagros Mountains due to the collision between the Arabian and 

Iranian plates. As a result, a siliciclastic alluvial depositional system advanced into the 

basin causing regression of the shoreline. This may have been due to a progressive 

increase in relief or, additionally, to an increasingly humid/wet orographic climate 

response that could have been induced by the tectonic growth of the Zagros Mountains.  
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Figure  3-7 Scanning electron photomicrographs of the rotaliids foraminifera from the calcareous 

mudstone units of the Fatha Formation. 

A to E: Different species of Ammonia from different areas. F: An Elphidium species from Mamlaha 

section.  
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Figure  3-8 Scanning electron photomicrographs of the ostracod specimens from calcareous 

mudstone units of the Fatha Formation. 

A: A smooth ornamented ostracod specimen (700µm) from Mamlaha section. B: A highly ornamented 

ostracod specimen (600µm) from Basara section. C: A moderate ornamented ostracod specimen (700µm) 

from Mamlaha section. D: A closer view of the ornamentation of the previous sample (red square) from 

Takiya section. E: A highly ornamented ostracod specimen (1000µm) from Mamlaha section. F: A 

moderate ornamented ostracod specimen (750µm) from Sangaw section.  
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Figure  3-9 Scanning electron photomicrographs of extracted microfossils from the calcareous 

mudstone units of the Fatha Formation. 

A and B: Miliolid specimens (550 and 600µm) from Mamlaha and Basara sections, respectively. C: A 

gastropod specimen from Mamlaha section. D, E, and F: Bryozoa specimens from the upper unit of the 

succession.  
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Figure  3-10 Thin section photomicrographs of calcareous mudstone unit (CM) 

A:  A photomicrograph of calcareous mudstone (marl) facies (CM). The sample was taken at the 

base of an individual unit in which fossils are very small and quartz grains are rare. Unstained 

thin section from Mamlaha section.   

B: A photomicrograph of calcareous mudstone (marl) facies (CM). The sample was taken nearly 

at the middle part of an individual unit in which the fossils (rotaliids, the red arrows) and 

quartz grains (the white grains) are moderately abundant and increasing in sizes. 

Unstained thin section from Mamlaha.    

C: A photomicrograph of calcareous mudstone (marl) facies (CM). The sample was taken at the 

middle part of an individual unit where the fossils (the red arrow) and quartz grains (the 

white grains) are increasing. Unstained thin section from Mamlaha. 

D: A photomicrograph of calcareous mudstone (marl) facies (CM). The sample was taken from 

the top of the unit where the fossils (the red arrow), quartz grains (the white grains) and 

feldspar minerals (the blue arrow) are very abundant and large in sizes. Unstained thin 

section from Mamlaha.  

E: A field photograph of the Fatha cycles. The cycles grade up from greenish to bluish-grey 

calcareous mudstone unit (CM) at the base to a thin shallow carbonate and then to 

nodular evaporites (NE). The cycle capes by red clastic unit (RC) at the top of the cycles. 

The photo was taken from Basara section.  
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Figure  3-11 Field photographs and thin section photomicrograph of a thin cycle at the upper part 

of the succession. 

A: A field photograph of cycles at the upper siliciclastic-dominated part of the formation in 

Sangaw section. The cycle passes up from thin greenish-grey calcareous mudstone (10cm) 

at the base with trace fossils (C) to a thin bed of carbonate bed (5cm thick) and then caps 

by red claystone unit. 

B: A photomicrograph of quartz mudstone sub-microfacies (SK1b) of the thin carbonate bed of 

the cycle. 

C: A field photograph and closer view of the calcareous mudstone unit which includes trace 

fossil.  
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