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ABSTRACT 
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Thesis Title : Depositional and Diagenetic Controls on Porosity Evolution of the 

Miocene Dam Formation Carbonates - An Outcrop Approach. Al- 

Lidam Escarpment ï Eastern Saudi Arabia 
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Date of Degree : November, 2015 

 

The Miocene Dam Formation in the Al-Lidam area of eastern Saudi Arabia consists of a 

succession of mixed siliciclastic-carbonate sequences that were deposited during Miocene 

(Burdigalian) times. Stratigraphic equivalents of the Miocene Dam Formation occur as 

hydrocarbon reservoir intervals in the Arabian Plate in Iraq and Iran.  

Previous studies have demonstrated that reservoir quality in carbonate rocks is mainly 

controlled by depositional setting and post-depositional diagenesis. Carbonate minerals 

are more susceptible to diagenesis than are their siliciclastic counterparts. This diagenetic 

susceptibility is mainly due to the high chemical reactivity of carbonate minerals. 

Diagenetic processes can be either porosity enhancing and/or porosity destructive. 

In this study, based on description of the lithology, sedimentary structures, texture, fossil 

content, and diagenetic features, fifteen lithofacies were identified within the Miocene 

Dam Formation in the study area. These lithofacies were deposited on, a low angle 

dipping, carbonate ramp under supratidal, beach, intertidal and shallow subtidal 

conditions. Carbonate diagenesis has been examined using different analysis tools, 

including: thin-section petrography, SEM, XRD, XRF and cathodoluminescence. These 

analyses tools have shown that the studied succession, especially the intertidal grainstones 



xvii 
 

and packstones, are influenced by extensive meteoric diagenesis that led to formation of 

moldic and vuggy porosity. In addition to these dissolution related porosities, meteoric 

diagenesis is also observed in the form of meniscus, microstalictitic and equant calcite 

cement. Marine diagenesis was also observed, but it was restricted to the beach grainstone 

and subtidal quartz wacke-packstone lithofacies, in the form of aragonite and high 

magnesium calcite cement on the grain margins. Shallow burial conditions were inferred 

by grain contacts represented by point, suture and concavo-convex contacts. In some 

intervals, such as in the mud-dominated wackestones, hairline-thick fractures were 

observed. Mimetic dolomitization for the whole succession was also observed. The 

association of dolomite with evaporites minerals led to the interpretation that 

dolomitizationas sabkha-evaporative dolomitization model.   

Sequence stratigraphic approach was used in order to link the diagenetic processes to 

depositional setting and relative sea level fluctuations. Three fourth-order, shallowing-

upward sequences were identified in the study area, and they are separated by two 

sequence boundaries. A clear relation between sequence surfaces and diagenetic processes 

was observed; the meteoric related diagenetic processes and dolomitization increase 

upwards (towards the sequence boundary) in each sequence. Porosity and permeability 

measurements have shown that the highest values are associated with the high stand 

systems tract (HST) of each sequence, followed by the transgressive systems tract (TST) 

and the low stand systems tract (LST). This was attributed to the fact that the (HST) is 

dominated by more grainy sediments in association with dissolution related porosities, 

while the (TST) and (LST) are dominated by muddier sediments with less influence of 

meteoric dissolution.  The results of this study might help in understanding of diagenetic 
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processes, and consequently the porosity and permeability distribution within 

hydrocarbon reservoirs.  
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ϣЮϝЂϼЮϜ Ј϶Яв 

 

 

ЭвϝЫЮϜ бЂъϜ: ϱЮϝЊ сЯК Ϲгϳв ϞϜнϧЮϜ ϹϡК ϺϝЛв 
 

ϣЮϝЂϽЮϜ дϜнзК: 

 

:ЉЋϷϧЮϜ ϝуϮнЮнуϯЮϜ 
 

ϣугЯЛЮϜ ϣϮϼϹЮϜ ϵтϼϝϦ:  ϽϡгТнж2015  

аϜϹЯЮϜ ϣЧГзв сТ аϜϹЮϜ днЫϧв Ϧ ев днЫϧт ϣтϸнЛЃЮϜ ϣуϠϽЛЮϜ ϣЫЯггЮϜ ФϽІ сТ ϟЂϜмϽЮϜ ев ϣГЯϧϷв ϣтϽϷЊ ϤϝЛϠϝϧ

 ϣϳуУЋЮϜ сТ аϜϹЮϜ етнЫϧЮ ϣϛТϝЫгЮϜ ϤϝуϠнЂϽЮϜ .сзуЂнугЮϜ ϽЋЛЮϜ Ьы϶ ϥϡЂϽϦ сϧЮϜм ϤϝжнϠϼϝЫЮϜ ϟЂϜмϼ м ϣуϦϝϧУЮϜ

дϜϽтϜм ФϜϽЛЮϜ ев ЭЪ сТ БУзЯЮ ϤϝжϜϿ϶ ЭϫгϦ ϣуϠϽЛЮϜ. 

 бЫϳϧЮϜ бϧт ϣужнϠϽЫЮϜ ϼнϷЋЮϜ сТ дϜϿϷЮϜ ϣуКнж дϒ ϣЧϠϝЃЮϜ ϤϝЂϜϼϹЮϜ ϥϧϡϪϒ аϝЗзЮϜ ЭϡЦ ев сЃуϚϼ ЭЫЇϠ ϝлуТ

 ϤϝуЯгЛЮ ϣЎϽК ϽϫЪϒ ϤϝжнϠϽЫЮϜ дϸϝЛв .дϜϿϷЮϜ ϢϸнϮ пЯК ϽϪϕϦ сϧЮϜ ϢϽ϶ϝϧгЮϜ ϢϓЇзЮϜ ϤϝуЯгК пЮϜ ϣТϝЎъϝϠ сϡуЂϽϧЮϜ

ϣуϦϝϧУЮϜ ϟЂϜмϽЮϜ дϸϝЛв сТ ϝлϚϜϽЗж ев ϽϫЪϒ ϢϽ϶ϓϧгЮϜ ϢϓЇзЮϜ.  дϸϝЛгЮϜ бЗЛгЮ сϚϝуϲъϜ ЭЊцϜ пЮϜϜϻк оϿЛтм

Ϝ Йв ϣжϼϝЧв ϤϝжнϠϽЪϼнϷЋЮϜ ϣувϝЃв ЭЯЧϦ мϒ/м ϾϿЛϦ дϒ ϝвϖ ϢϽ϶ϓϧгЮϜ ϢϓЇзЮϜ ϤϝуЯгЛЮ еЫгтм .ϣуϦϝϧУЮϜ ϟЂϜмϽЮ. 

 ̪рϼнУϲцϜ онϧϳгЮϜм ̪ЁгЯгЮϜм ̪ϣуϠнЂϽЮϜ ЭЪϝукм ̪ϣтϽϷЋЮϜ ЉϚϝЋϷЮϜ СЊм пЮϖ ϜϸϝзϧЂϜ ̪ϣЂϜϼϹЮϜ иϻк сТ

сзуЂнугЮϜ аϜϹЮϜ ЭуЫЇϦ егЎ ϣтϽϷЊ ϣзϳЂ ϽЇК ϣЃг϶ ϹтϹϳϦ бϦ ̪ϢϽ϶ϓϧгЮϜ ϢϓЇзЮϜ ϱвывм   ϹЦм .ϣЂϜϼϹЮϜ ϣЧГзв сТ

 ϣуϛАϝІ ̪ϣтϹв еуϠ ̪ϣтϹв ФнТ ϟуЂϽϦ РмϽД ϥϳϦ ϣЏУϷзв ϣтмϜϾ ммϺ сϡуЂϽϦ ϼϹϳзв пЯК ϤϝзϳЃЮϜ иϻк ϥϡЂϽϦ

.ϣЯϳЎ ϣтϹв ϥϳϦм 

 ϣЧуЦϼ :ЩЮϺ сТ ϝгϠ ̪ϣУЯϧϷгЮϜ ЭуЯϳϧЮϜ ϤϜмϸϒ аϜϹϷϧЂϝϠ ϤϝжнϠϽЫЮϜ ϼнϷЋϠ ϣЧЯЛϧгЮϜ ϢϽ϶ϓϧгЮϜ ϢϓЇзЮϜ ϤϝуЯгК ЭуЯϳϦ бϦ

̪рϽϷЋЮϜ ЙГЧгЮϜ  ϣЛІцϝϠ Ϣ̭ϝЏϧЂшϜм сзуЃЮϜ ϸнуϳЮϜ Ѝувм ̪сзуЃЮϜ ϸнуϳЮϜ ϥϧЇϦ ̪сжмϽϧЫЮцϜ ϱЂϝгЮϜ ϽлϯгЮϜ

.ϣтϸнϪϝЫЮϜ  ϤϝуЯгЛϠ ϤϽϪϓϦ ϹЦ ̪ϣтϹв еуϡЮϜ ϣуϡуϡϳЮϜ ϤϝЧϡГЮϜ ϜϹтϹϳϦм ̪ϣЂмϼϹгЮϜ ϤϝЛϠϝϧϧЮϜ дϜ ϤϽлДϒ ЭуЮϝϳϧЮϜ иϻк

ϝЃв етнЫϦ пЮϜ Ϥϸϒ сϧЮϜм ϣϠϻЛЮϜ иϝугЮϜ еК ϣϯϦϝзЮϜ ϢϽ϶ϓϧгЮϜ ϢϓЇзЮϜ ϣтнϯУЮϜ ̪ϣуϡЮϝЧЮϜ ϣувϝЃгЮϜ :егЏϧϦ ϣУЯϧϷв Ϥϝув

ЭЫІ сТ ϝЏтϒ ϢϽ϶ϓϧгЮϜ ϢϓЇзЮϜ ϤϝуЯгК ϥЗϲнЮ ̪ϣужϝϠмϻЮϜ ϣЯЋЮϜ ϤϜϺ ϤϝувϝЃгЮϜ иϻк пЮϖ ϣТϝЎшϝϠм .ϣуϡуϡϲ Э϶ϜϹЮϜм 

сЮϹϧгЮϜ ϥзгЃЮϜ ̪сЯЋУгЮϜ РмϽЏПЮϜ :егЏϧϦ ϣϧзгЃЮϜ ев ИϜнжϜ  ϢϓЇзЮϜ ϤϝуЯгК ϝЏтϒ ЕϲнЮм .ϥуЃЮϝЫЮϜ ϥжϜнЫтϜм
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ϧгЮϜпЯК ЩЮϺ ϽЋϧЦϜ еЫЮм ̪ϣтϽϳϡЮϜ ϢϽ϶ϓ ϣуϡуϡϳЮϜ ϤϝЧϡГЮϜ сЪϜнЮϜ ϤϝЧϡАм ϣϛАϝЇЮϜ- ϣузПЮϜ ϣтϹгЮϜ ϥϳϧЮϜ днϧЃЪϝϠ

ϿϦϼϜнЫЮϝϠ  РмϽЗЮϜ ЬъϹϧЂъϜ бϦ .ϞнϡϳЮϜ Ѕвϝк пЯК ануЃузПгЮϜ сЮϝЛЮϜ ϥуЃЮϝЫЮϜ м ϥужнОϜϼцϜ ϥзгЂϜ ЭЫІ сТ ̪

АϝЧж сТ ϣЯϫггЮϜм ϞнϡϳЮϜ еуϠ ЬϝЋϦъϜ АϝЧзϠ ϣЯϳЏЮϜ еТϹЮϜ ϞϹϳгЮϜм ϣуАϝу϶ ̪ϣуГЧж ЬϝЋϦϜ- ЍЛϠ сТ .ϽЛЧгЮϜ

сТ ЬϝϳЮϜ нк ϝгЪ ̪ϤϝЧϡГЮϜ  ϝЏтϒ ЕϲнЮ ϹЦм .ϜϹϮ ϣЛуТϼ ϼнЃЪ ϥЗϲнЮ ̪еуГЮϜ ϝлуЯК егулт сϧЮϜ днϧЃуЪϜнЮϜ ϤϝЧϡА

 йжϓϠ ϣϧгЮϹЮϜ ϽуЃУϦ пЮϖ оϸϜ ϤϜϽϷϡϧгЮϜ дϸϝЛв Йв ϥувнЮмϹЮϜ ЙгϯϦ .ϤϝЧϡГЮϜ ЭЪ пЯК ϽϪϒ рϻЮϜм рϹуЯЧϧЮϜ ϥтϝвнЮмϹЮϜ

нЫϦ.ϽϷϡϧЮϜм ϣϷϡЃЮϜ РмϽД ϥϳϦ д 

 ϱГЂ онϧЃгЮ ϣуϡЃзЮϜ ϤϝϡЯЧϧЮϜм ϟуЂϽϧЮϜ Йв ϢϽ϶ϓϧгЮϜ ϢϓЇзЮϜ ϤϝуЯгК БϠϼ ЭϮϒ ев сЧϡГЮϜ ϭлзЮϜ ЭЃЯЃϦ аϜϹϷϧЂϜ бϦ

 ϸмϹϲ ϝглзуϠ ЭЋУтм ̪ϣЂϜϼϹЮϜ ϣЧГзв сТ пЯКϜ пЮϜ ЭϲϝЏϧϦ сϧЮϜм етнЫϧЮϜ ϣЛϠϜϼ ϤϝуЮϜнϧв ϣϪыϪ ϹтϹϳϦ бϦ ϹЦм .ϽϳϡЮϜ

ЕϲнЮм .еузϪϜ ЭЃЯЃϦ  ϤϜϺ ϢϽ϶ϓϧгЮϜ ϢϓЇзЮϜ ϤϝуЯгК .ϢϽ϶ϓϧгЮϜ ϢϓЇзЮϜ ϤϝуЯгКм ЭЃЯЃϧЮϜ ϱГЂϒ еуϠ ϣϳЎϜм ϣЦыК ϸнϮм

 ϣувϝЃгЮϜ ϤϝЂϝуЦ ϤϽлДϒ ϹЦм .ЭЃЯЃϦ ЭЪ сТ (ЭЃЯЃϧЮϜ ϸмϹϲ нϳж) ϜϸнЛЊ дϜϹтϿт ϥтϝвнЮмϹЮϜм ̪ϣужϝϠмϿЮϜ ϣЯЋЮϜ

ϣуЮϝЛЮϜ ϟуЂϽϧЮϜ ϣгЗжϒ Йв БϡϦϽϦ ϝуЯЛЮϜ буЧЮϜ дϓϠ ϣтϺϝУзЮϜм ЭЃЯЃϦ ЭЪ евϣвϹЧϧгЮϜ ϟуЂϽϧЮϜ ϣгЗжϒ ϝлуЯϦ ̪  ϣгЗжϒ бϪ евм

ϣЏУϷзгЮϜ ϟуЂϽϧЮϜ. дϒ пЮϖ ЩЮϺ оϿЛтм  ϣуЮϝЛЮϜ ϟуЂϽϧЮϜ ϣгЗжϒ  ϣТϝЎшϝϠ ϣуϡуϡϳЮϜ ϟЂϜмϽЮϜ ев ϹтϿгЮϜ ϝлуЯК егулт

зуГЮϜ ϟЂϜмϽЮϜ ϝлуЯК ϟЯПт ϣЏУϷзгЮϜм ϣвϹЧϧгЮϜ ϟуЂϽϧЮϜ ϣгЗжϜ дϜ ϝгуТ ̪дϝϠмϿЮϝϠ ϣЦыК ϝлЮ сϧЮϜ ϤϝувϝЃгЮϜ ϸнϮнЮ ϣу

 .ϣужϝϠмϿЮϜ ϤϝувϝЃгЯЮ ЭЦϒ ϸнϮм Йв 

 сЮϝϧЮϝϠм ϣуЎϼъϜ ϥϳϧЮϜ БУзЮϜ ϤϝжϜϿ϶ сТ ϢϽ϶ϝϧгЮϜ ϢϓЇзЮϜ ϤϝуЯгК ЙтϾнϦ блУЮ ϣЂϜϼϹЮϜ иϻк ϭϚϝϧж ев ϢϸϝУϧЂшϜ еЫгт

.ϣУЯϧϷгЮϜ ϟуЂϽϧЮϜ ϣгГжϜ сТ ϣУЯϧϷгЮϜ ϤϝувϝЃгЮϜ ЙтϾнϦ ϣТϽЛв ϝлϧГЂϜнϠ еЫгт 
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CHAPTER 1 

INTRODUCTION  

1.1 Introdu ction 

The susceptibility of carbonate rocks and sediments to post-depositional cementation and 

leaching, that affect the primary porosity and permeability values is higher than that of 

siliciclastics (Table 1.1) (Longman 1980; Moore 1997; Morad et al. 2012; Moore and Wade 

2013) . Non-structural hydrocarbon exploration in carbonate rocks is different from that of 

sandstones where the major pore system occurs as inter-granular pores between sand grains. 

Thus, the highest porosities in siliciclastic successions can be predicted as a function of 

depositional facies alone, and so exploration tends to focus on identification and delineation of 

sand bodies with only secondary emphasis placed on cementation, leaching and other 

diagenetic processes. In contrast, carbonate rocks, display a wide variety of pore types as 

described by Choquette and Pray (1970), that can form independently of depositional facies 

(Longman, 1980; Makhloufi et al., 2013; Morad, Ketzer, & De Ros, 2013; Tucker, 1993). 

Thus, for hydrocarbon exploration in carbonate rocks, equal emphasis should be given to the 

interpretation of depositional and diagenetic controls on porosity. Outcrop studies are one of 

the effective tools that have been used in hydrocarbon exploration (Thurmond et al., 2005).  
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Table 1.1: Comparison of diagenesis influence on porosity in both sandstones and carbonates (adapted from 

Choquette & Pray, 1970) 
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They overcome many of the limitations associated with subsurface well data (high vertical 

resolution but lack of information from inter-well spacing) and seismic data (low vertical 

resolution). Understanding and interpreting the depositional and post-depositional processes 

that initiated and influenced porosity in the reservoir-equivalent strata that are presently 

exposed at the surface will help in filling the gap between large-scale but low resolution 

seismic data and small-scale well data (Thurmond et al.2006).  

Well-exposed Miocene-age rocks in the Al-Lidam escarpment of eastern Saudi Arabia (Figure 

1.1) provide an excellent area for outcrop studies, where more than 40 outcrops of Miocene 

Dam Formation are well exposed. There, the Dam Formation occurs as a mixed clastic-

carbonate succession that was deposited during the Miocene (Burdigalian) time in a closed 

embayment (Alkhaldi, 2009), with a tidal setting that ranged from supra-tidal to inter-tidal and 

shallow sub-tidal (Irtem, 1986). 

Stratigraphic equivalents of the Miocene Dam Formation are hydrocarbon producing intervals 

in Iraq and Iran, and in some fields they act as seal rocks for underlying reservoirs (Al -juboury 

& Mccann, 2008).   

The carbonate sequences of the Miocene Dam Formation have been affected by the diagenetic 

processes in term of the dissolution of skeletal grains, cementation and other diagenetic 

processes (Alkhaldi, 2009; Irtem, 1986). 

Diagenetic processes that have an influence on the petrophysical properties of carbonate 

reservoirs occur in different diagenetic environments (Tucker, 1993; Flügel, 2010) (Figure 

1.2A). These diagenetic environments are: marine diagenetic environment, meteoric diagenetic 

environment, and burial diagenetic environment, with each environment having its own 

diagenetic processes and products (Figure 1.2B). 
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Figure 1.1: Generalized geologic map of the Arabian Peninsula, with the Miocene and Pliocene strata marked by 

dark yellow at the east with the red rectangle showing the location of the study area (after Powers, 1963). 
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Figure 1.2: (A) Sketch diagram shows the different diagenetic environments (Flügel, 2010). (B) Diagenetic 

environments and the type of pore water within different diagenetic environments (Cui, 2012). 
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1.2  Objectives 

Changes in relative sea level drive changes in pore fluid chemical composition that in turn 

control the early mineralogical stabilization and porosity evolution (Tucker, 1993; Morad et al. 

2012). Therefore, putting carbonate diagenesis into a sequence stratigraphic framework 

facilitates a better understanding of the distribution of diagenetic patterns in a carbonate 

succession and permits a degree of predictability.  

This study aims to investigate porosity and permeability evolution as a response to diagenetic 

processes and alterations of the Miocene Dam Formation carbonates that are cropping out in 

Al -Lidam area, Eastern Saudi Arabia, and as part of collaborative program between 

Geosciences Department (KFUPM), Center for Petroleum and Minerals (Research 

Institute/KFUPM), and Saudi Aramco. The study also tries to link the diagenetic processes to 

the sequence stratigraphic framework, which is established by another contemporaneous study 

(Bashri, 2015).   

1.3 Study Area 

The study area is located in the Eastern Province of Saudi Arabia, about 70 km to the west of 

Dammam city, north of Dammam-Ar Riyadh highway. It is located between 49 28ǋ 30ǌ & 

49  31ǋ 30ǌ East and 26 15ǋ 45ǌ & 26 14ǋ 15ǌ North (Figure 1.3). Outcrops of the Miocene 

Dam Formation are exposed in the study area and have a general strike NNW-SSE (Figure 

1.4). In association with Miocene outcrops, there are several sand dunes in the study area, 

which may reach up to 13 m height and 200 m width.    
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Figure 1.3: Satellite image showing the location of the Study Area. 
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Figure 1.4: Satellite image showing the measured outcrops in the study area. The studied outcrops are shown by yellow 

circles. 
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1.4 Tectonic Regime Related to the Study Area 

The present day Arabian Plate comprises all types of tectonic boundaries; extension and sea 

floor spreading along the Gulf of Aden and the Red Sea, collision along Bitlis Suture and 

Zagros, and transform movement along the Dead Sea. The Precambrian Arabian Shield 

bounds the asymmetric Arabian Plate basin to the west. The basin deepens gently eastward 

with the maximum depth reached at the front of the Zagros fore-deep zone (Konert et al., 

2001). 

The Precambrian Arabian Shield is formed by accretion of micro-continental terranes and 

island-arcs (Stoeser & Camp, 1985) overlain by post cratonic volcanics and sediments. The 

final Precambrian event  was the Amar collision (640ï620 Ma) that terminated  the Arabian 

Plate fusion along the north- trending Amar suture (Al -husseini, 2000). 

Stampfli  and Borel, 2002 developed a plate tectonic model for the entire planet to describe the 

tectonic setting of the Paleozoic and Mesozoic , using the platesô buoyancy, plate boundaries 

locations, and the distribution & geochemistry of magmatic bodies and mid oceanic ridges 

(MOR) spreading rates. The proposed time of Neo Tethys rifting initiation, according to their 

results, is in the Late Carboniferous to Late Early Permian and is concurrent with separation of 

the Cimmerian plate from Pangea and the closure of the Paleo Tethys (Figure 1.5). 

Muttoni et al., 2009 used paleo-magnetism and stratigraphy of Permian lateritic soil profiles in 

Iran and Pakistan to study the opening of the Neo Tethys; their results were similar to the 

Stampfli  and Borel model. After the opening of the Neo Tethys, highly variable (spatially and 

temporally) paleo facies were deposited in the Arabian Plate basins.  
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Figure 1.5: Orthographic projection explains the chronological stages of Neo Tethys creation and its relation 

to the Arabian Plate location (Stampfli and Borel, 2002). 
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During the Late Permian to Middle Triassic, a new passive margin developed with Neo-Tethys.  

Shallow-marine and arid evaporitic environments developed and a regional carbonate regime 

spread over the eastern Arabian Platform. This deposited the Late Permian Khuff Formation and 

its regional equivalents. During the Late Triassic to Early Jurassic, the southern part of the Plate 

and the southeastern edge of the Arabian Shield were uplifted and contributed massive floods of 

terrigenous clastics toward the northeast (Minjur and equivalent formations). In the late Middle 

Jurassic, a carbonate regime was dominant throughout the region, and even the western shelf of 

the Arabian Basin hosted reefal limestones and buildups (upper Dhruma Formation and the 

Tuwaiq Mountain limestone). During the Late Jurassic, in central Arabia, slow but progressive 

infill of the intrashelf basins took place through repetitive shoaling-upward carbonate cycles of 

Hanifa and Jubaila Formations. At the beginning of the Cretaceous, the Arabian Basin was 

rapidly infilled, first by carbonates and later by terrigenous clastics (Buwaib and Biyadh 

formations). Neo-Tethys became compressive and began to close during the Late Cretaceous, 

and shallow marine carbonates were deposited southward across Sinai into the depression that 

marked the proto-Red Sea rift (Ziegler, 2001). 

During Miocene time, there was repeated interchange between the dominance of shallow 

marine carbonates & evaporites and siliciclastics in the foreland areas of the Arabian Plate, 

with dominance of the deep marine facies in the northern & eastern fore-deep parts of the Neo 

Tethys margin (Ziegler, 2001). 

During the Miocene (Burdigalian) times, the Red Sea rifting took place and Arabia started to 

separate from Africa, and the Gulf of Aden also opened (Ziegler, 2001).    

Through collision of Arabia with Eurasia, inversion in the Palmyrides and the Sinjar uplift 

occurred during Miocene times as well as minor transpression in the Euphrates Graben (Sawaf 
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et al., 1993). Collision with Asia occurred at the eastern flank of the Arabian Plate which was 

indicated by the thrusting of the Sanandaj-Sirjan zone onto the Plate. As a result, a huge 

amount of continental to deltaic clastic deposits and shallow-marine shales were deposited in 

the Zagros fore-deep areas. Post-Asmari Miocene to Recent sediments reached a thickness of 

over 5,000 m in the Dezful Embayment of the Zagros Basin (Koop et al., 1982).  

Volcanic activity was widespread and prolonged in western Arabia beginning at about 12 Ma 

(Camp & Roobol, 1991) and represents a second phase of volcanic activity associated with the 

opening of the Red Sea. Historical eruptions (e.g. at Al Madinah in AD1256) show that 

volcanism is still in progress. Basaltic lava fields (harrats) extend intermittently from Yemen 

through western Saudi Arabia and Jordan, and as far north as southern Turkey. They have a 

total surface area of about 180,000 sq km and constitute one of the worldôs largest basalt 

provinces (Ziegler, 2001).  

The north-trending Hercynian lineaments of the Central Arabian Arch extend far north into the 

Zagros foredeep. They separate on the western (Iraqi) side the massive wedge of the Lower 

Fars clastics and evaporites from the eastern Gachsaran salt marshes of the Khuzestan 

Province, (Agha Jari and Dam formations) and shallow-marine carbonates (Guri Formation) in 

the Fars Province. The hypersaline deposits relate to a relative fall in sea level at the end of the 

Oligocene (Ziegler, 2001). The marine connection, or óTethyan Seawayô of Goff et al. (1995), 

became obstructed along the narrow foreland basin so that basinal evaporites began to 

precipitate in the former foredeep. Around the Arabian Arch, a halo of mainly continental 

(Hadrukh Formation) to transitional-marine sediments (Dam Formation) were deposited 

(Figure 1.6). In the interior of the Arabian Plate, age-equivalent lacustrine sediments belong to 

the Hofuf Formation (Ziegler, 2001).  
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Due to uplift of the western part of the Arabian Shield, rapid erosion and denudation of the 

interior occurred and vast amounts of gravel become incorporated into the Hofuf Formation.  

The clastic components are primarily quartz and igneous and metamorphic rock fragments, but 

sedimentary rock fragments (particularly from the Jabal Tuwayq escarpment) also occur. 

The Arabian Platform has three main structural elements. These are; (a) north-trending highs 

such as Qatar Arch and Ghawar Anticline; (b) northeast-trending structures such as Khleissia 

trend and (c) northwest-trending structures such as Maôrib and Azraq grabens (Konert et al., 

2001). The three main structural elements are shown in (Figure 1.7). The study area (al 

Lidam), which is the type locality of the Dam Formation, lies in the Arabian Basin which 

contains faults that follow the N-S trend. This basin contains the famous Ghawar Field which 

is the biggest oil field worldwide. 
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Figure 1.6: Paleofacies map of the Arabian Plate during the Miocene (Ziegler, 2001). 
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Figure 1.7: Location and major tectonic elements of the Arabian Plate (Konert et al., 2001). 
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CHAPTER 2 

LITERATURE REVIEW  

2.1  Previous studies Related to the Dam Formation 

 

The name of the Dam Formation was first used by Max Steineke and T.W. Koch for a coastal 

Miocene succession (Powers et al, 1966). The name first appeared, in formal sense, in a paper 

by Thralls & Hasson, (1956).  

The Miocene Dam Formation has been examined by several studies since the 1930ôs, 

especially in Qatar. Several of these studies are briefly described as follow;   

Steineke et al. (1958) described the details of the Dam Formation at its type section in Jabal 

Al -Lidam (Lat 26 21ǋ 42ǌ N. Long 49 27ǋ 42ǌ E.) where the lower part of the formation crops 

out. They stated that the Dam Formation at its type locality is composed of about 90m of pink, 

white and gray marl and red, green and olive clay with minor sandstone interbedding (Figure 

2.1). They described various marine fossils but the most important fossils, which were 

considered as marker fossils, are echinoids and specifically Echinocyamus sp. and Archaias 

sp. near the base of the formation. 

Powers et al. (1966) described the Dam Formation at its type locality, and stated that the Dam 

Formation is underlain by sandstones of the Hadrukh Formation, and overlain by clay, 

sandstone and gravel of the Hofuf Formation. 
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Figure 2.1: Dam Formation type section. (After M. Steineke and T. W. Koch, 1935). 
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Irtem (1986) studied the lower part of the Dam Formation in the Al -Lidam area. He could 

identify three upward deepening cycles. Theses cycles start by supra-tidal gypsiferous 

claystone, grading upward into inter-tidal sandstone and shallow sub-tidal thinly bedded 

oolitic grainstone at the top. He found closely spaced columnar stromatolites (2 to 5 cm in 

cross section and 3 to 20 cm in height) in association with the oolitic grainstone bed of the 

third cycle. Thus, he interpreted the stromatolites as being deposited in the same environment 

as the oolitic grainstone bed. 

 

Weijermars (1999) studied the surface geology, lithostratigraphy and the rate of growth of 

Dammam Dome. He described the Miocene Dam Formation at three locations (Table 2.1): 

Jebel Um Ar Rus (where the Dam Formation unconformably overlies the Rus Formation), 

Jebel Midra Al  Janubi (where Dam Formation unconformably overlies the Midra Member of 

Dammam Formation) and Jebel Midra Ash Shamali. At both Jebel Midra Ash Shamali and 

Jebel Midra Al  Janubi, he described the Dam Formation as a series of a mixed clastic ï 

carbonate sequences at the base that are overlain by stromatolitic beds. He reported the 

presence of various fossils including vertebrate bones and ungular teeth of Perissodactyl or 

Artiodactyl. At Jebel Umm Ar Rus, Peneroplis farensis has also been reported from the Dam 

Formation (Henson, 1950), and is used as an index fossil for basal Fars rocks of the Miocene 

in Iraq.  

 

Al -saad and Ibrahim (2002) studied aspects of stratigraphy, micropaleontology and paleo-

ecology of the Dam and found that its microfossils are predominantly benthic foraminifera and 

are represented by 38 species of which most are milioline and one is a larger form. 
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Table 2.1: Tertiary tectonostratigraphic time -table for the Dammam region (Weijermars, 1999). 
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They also stratigraphically subdivided the Dam Formation in Qatar into two new 

formal members. The basal Al -Kharrara Member [or Salwa member as defined by Dill  et al., 

2005] is made up of limestone, marl, and claystone, while the overlying Al -Nakhash Member 

is a cyclic assemblage of carbonate, evaporite, and algal stromatolite facies. This study 

grouped the lithofacies into four major types of which limestone, subdivided into six sub-

facies, is dominant. They concluded that Al -Kharrara member was deposited in warm (25°-

30°C), clear, shallow waters of the inner neritic zone (0-35 m) that had an elevated salinity 

(35%-50%) and a vegetated substrate. They also concluded that the Al -Nakhash member was 

probably formed in an oscillating, very shallow-marine environment (0-10 meters deep, 

including tidal flats), under warm climatic conditions that eventually led to the accumulation 

of evaporites and algal stromatolites. 

 

Dill et al. (2005) studied the Dam Formation at the Southern Dukhan Anticline, SW Qatar and 

they subdivided the Formation into seven members. Those are from bottom to top; Lower 

Salwa, Middle Salwa, Upper Salwa, Lower Al Nakahsh, Middle Al Nakhsh, Upper Al Naksh, 

and Abu Samrah Members. They noticed 54 different types of fossils within the seven 

members of Dam Formation, but they were dominated by bivalves, gastropods and 

foraminifera. Based on mineralogy, paleontology, chemical and isotope analysis, they 

interpreted the depositional environments of the Dam Formation. The Salwa members are 

composed of interbedded siliciclastics and calcareous sediments, which were interpreted as 

being deposited in meso- to micro-tidal environments. These environments grade up into 

macro-tidal conditions which resulted in the deposition of the Al Nakhsh members, and then to 

wave-dominated micro-tidal conditions which resulted in the deposition of Abu Samrah 
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Member. They mentioned that the stromatolites were found only in Al Nakhsh Members, and 

the maximum growth of the stromatolites was found in the Middle Al Nakhsh Member. 

 

Al -Enizi (2006) compared the Dam Formation foraminifera from Jebel Midra Al -Janubi with 

present day foaminifera from the Arabian Gulf. He identified 51 species from the Dam 

Formation (including Borelis melo melo, confirming a Middle Miocene age), and 47 species 

from the Gulf samples. He found that the foraminiferal diversity tended to increase with water 

depth and decrease with salinity. His study indicated that the Dam Formation foraminifera 

commenced deposition under adverse, hypersaline conditions during a slight marine 

transgression in the Middle Miocene. Succeeding normal salinity and small-scale marine 

transgressions led to an increase in foraminiferal diversity, with subsequent formation of 

foraminiferal grainstones, packstone and wackestones. 

 

Alkhaldi (2009) developed a high resolution sequence stratigraphic framework for the Dam 

Formation in the Al-Lidam Area. He described it as a mixed carbonateïsiliciclastic succession 

that was deposited during Middle Miocene within a closed embayment. He divided the Dam 

Formation in the studied outcrop into three composite sequences; he subdivided composite 

sequence 1 and 2 into high frequency sequences. He interpreted the lower part of each 

composite sequence to be comprised of TST, followed by a HST comprised of bio-clastic 

grainstone dominated channels. On the other hand, he interpreted the upper part of the two 

composite sequences as composed of TST, followed by a HST comprised of prograding banks 

and bio-clastic channels. 
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2.2 Literature Review Related to Carbonate Diagenesis 

Carbonate diagenesis has been a major topic of research for several decades, starting with the 

fundamental observations made by Sorby in the mid-19
th
 century. In the next pages, some studies 

about carbonate diagenesis are briefly shown.  

Longmann (1980) studied carbonate diagenesis textures from near surface environments. He has 

shown that most of the cementation and secondary porosity development in carbonate rocks 

occurs at relatively shallow depths in one of four major diagenetic environments; the vadose 

zone, meteoric phreatic zone, mixing zone, and marine phreatic zone. He also mentioned that the 

climate, changes in relative sea level, rate of subsidence and deposition and mineralogical 

composition of the sediments, are the major controls on porosity modification in carbonate rocks 

and sediments. 

 

Tucker (1993) has shown that the carbonate diagenesis can be integrated with the relative sea ï

level and climate, leading to linking between carbonate diagenesis and the sequence stratigraphy. 

Depending on the climate and pore filling fluids, he suggested that each system tract will be 

subjected to specific diagenetic processes. He also mentioned that the different dolomitization 

models can be tied in a sequence stratigraphic framework. 

 

Morad et al. (2012) linked the diagenesis and sequence stratigraphy of both siliciclastic and 

carbonate reservoirs. They used this integration as a powerful predictive tool in reservoir quality 

models. Their study proved that many diagenetic processes such as cementation, dissolution, 

clay minerals precipitation, intergranular porosity evolution, and even the mechanical diagenetic 
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processes are highly controlled and related to the sequence stratigraphic surfaces. They also 

stated that the climatic conditions dominating during subaerial exposure have a great influence 

on the type and extent of the diagenetic processs. 

 

 

 

 

 

 

 

 

 

 

 



24 
 

CHAPTER 3 

 

METHODOLOGY  

3.1  Introduction  

The methods used in this study consist of extensive field work and measurement and description 

of six sections, measurements of both porosity and permeability from core plugs, thin section 

preparation and description, X- Ray Diffraction (XRD) analysis of representative samples to 

identify the mineralogical components of the rock samples, X-Ray Fluorescence (XRF) analysis 

to recognize the elemental components and percentage in each sample. Scanning Electron 

Microscopy (SEM) imaging was also carried out on representative samples to clarify small scale 

diagenetic features and micro-porosity which canôt be seen under polarizing microscopy. 

Cathodoluminescence microscopy was also used to understand the fundamental diagenetic 

relationships between grains, matrix, cements, porosity evolution, and common replacement 

reactions that occur in the examined samples.  

3.2 Field Work  

The field investigation targeting the Burdigalian Dam Formation was carried out in the Al-

Lidam area, Eastern Saudi Arabia. Detailed description of six outcrop sections was conducted, 

and one hundred eight samples were collected during the field investigations. The field 

descriptions identified and described the sedimentary facies and structures and their lateral and 

vertical continuity. Diagenetic features that appear at outcrop scale were also described. 
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Outcrop high resolution photos were taken for documentation of lithofacies and sedimentary 

structures. A photomosaic was constructed so as to provide an overview of the study area and 

was integrated with high resolution proximal photos to show details of the lithofacies, 

sedimentary structures and diagenetic features. The interpreted stratigraphic and depositional 

sections of each outcrop based on measured sections and high resolution proximal photos were 

integrated with the distal outcrop photo using CS6 Software. 

Samples were collected from each outcrop on a bed by bed basis, to make a correlation between 

sedimentary units at different studied outcrops and to recognize the lateral change of lithofacies 

as well as diagenetic features across the studied traverse.  

3.3 Laboratory Work  

3.3.1 Porosity and Permeability Measurements 

Collected samples were examined slabbed, and photographed to show the texture and 

structures of the different facies at various scales. Core plugs were drilled and prepared from 

each sample for porosity and permeability measurements. 

Plugs taken were 1 inch (2.5 cm) in diameter and approximately 0.25 - 3 inch (0.0635 - 7.62 cm) 

in length. Porosity measurements were made for each core plug using Core Test TPI ï 219 

Helium Porosimeter, while permeability measurements were made using Hassler Core holder 

assembly permeameter.  

3.3.2 Thin-Section Petrography 

Thin sections were prepared from all samples using the standard thin section preparation 

technique. Samples are initially vacuum-impregnated with blue-dyed epoxy resin to assist in 
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the identification of porosity. Alizarin Red S stain was applied so as to differentiate calcite 

from dolomite. Detailed thin section petrography was carried out to identify the texture, 

mineralogy, grain types, bioclasts content, cement types, granulometry, and pore-type 

distribution and all diagenetic features that can be observed under optical microscopy. 

3.3.3 Scanning Electron Microscope (SEM) 
 

Eighteen samples were selected for scanning electron microscopy (SEM) to identify micro-

porosity, grain shape, cement, and matrix. SEM was performed in the fresh broken surface of 

selected samples. Samples were gold coated so as to avoid sample charging (Goldstein and 

Yakowitz, 1975). SEM is an essential aspect in this study to address the micro-scale 

heterogeneity within the lithofacies and to identify the small scale digenetic features that cannot 

be observed under optical microscopy. 

3.3.4 Powder X-ray Diffraction (XRD)  
 

Powder X-ray diffraction was performed on twenty five samples to identify the mineral 

composition for each lithofacies and the percentage of each mineral. Selected samples were 

crushed and powdered. Each of the powdered samples was placed in a sample holder with a 20 

ɛm square capacity. The scan range was fixed from 10 to 90 degrees to identify a wide range 

of minerals. The Standard Measurement software (Rigaku package) is synchronized with the 

personal computer (PC). The data were processed using PDXL2 integrated X-ray powder 

diffraction software to match the peaks with the minerals in the database of the ICDD PDF 

software.  
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3.3.5 Powder X-ray Fluorescence (XRF) 

Seventy eight samples were ground and prepared for XRF analysis.  Five to eight grams were 

taken to measure the chemical composition and to identify the major elements ratios in each 

sample. JEOL JSX-1000S ElementEyeÊ X-ray spectrometer with a 4 kW generator was utilized 

for this analysis. 

3.3.6 Cathodoluminescence 

Eight samples were examined under cathodoluminescence microscopy at Saudi Aramco, to 

distinguish different mineral species and to estimate their abundance; to interpret different 

mineral paragenetic sequences and different mineral generations (characterized by different 

crystallization conditions so by different trace elements resulting in different luminescence); ·to 

detect zoning in minerals because CL contrasts may be generated in some favorable cases by 

chemical contrasts of only a few ppm in activator elements such as Mn 
2+

 , REE, Fe 
3+

 , Ti 
4+

 , 

etc.  

The CL microscopy used for this study is CITL Cold Cathodoluminescence 8200 mk3 unit 

operated at (10 to 14 kv and 180 to 240 ɛa beam current) attached to Nikon microscope with 

Leica camera. 

3.4 Office Work  

 

Software packages were used in this study including Easy Core for drawing the stratigraphic 

sections, Adobe Photoshop CS6 for constructing the photomosaic and Adobe Illustrator for 

drawing the depositional model. 

 

http://www.jeol.de/electronoptics-en/products/electron-and-ion-optics/x-ray-analytics/jsx-1000s.php
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Figure 3.1: Methodology chart of this study 
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CHAPTER 4 

SEDIMENTOLOGY AND LITHOFACIES  

4.1 Dunham Classification 

The Dunham classification system for carbonate sediments and rocks was devised by Robert J. 

Dunham in 1962, and refined by Embry and Klovan in 1971 (Figure 4.1) to include 

sediments that were organically bound during deposition. Dunhamôs scheme focuses on the 

depositional fabric of carbonate rocks, and divides them into four main groups based on relative 

proportions of mud-supported vs. grain- supported particles. His efforts deal with the question of 

whether or not the grains were originally in mutual contact; and therefore self-supporting, or 

whether the rock is characterized by the presence of frame builders and organic binders.  

 

4.2 Depositional Lithofacies 

Using Dunhamôs classification, the Dam Formation in the study area was described in term of 

texture, color, bioturbation, lithology, sedimentary structures, and bio-component. The described 

lithofacies are as follow: 

4.2.1 Channelized Medium Sandstone Facies (f 1): 

Description: greenish grey, medium grained, medium to well sorted, extensively bioturbated 

sandstone with a sharp base that cuts through the underlying lithofacies (f 4). The channel ranges 

in thickness from 0.3 ï 2.0 meters, with a 9.0 meter width.  
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Figure 4.1: Dunham Classification for carbonate rocks (modified from Dunham, 1962). 
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Bioturbation has partially obscured the sedimentary structures such as bidirectional cross-

bedding. This lithofacies appears only in outcrop No 23 (Figure 4.2A & 4.2B) (see the map in 

Figure 1.4).  

Interpretation: the sharp boundary at the base of this lithofacies with the channel shape shows 

that it was deposited under subaqueous flow condition with high energy that led to cut through 

the underlying facies. The bidirectional current indicates tidal influence during deposition of this 

lithofacies. Thus, this lithofacies is interpreted as estuarine fill deposits (Lasemi et al., 2012).  

 

4.2.2 Interbedded Mudstone and Evaporites Facies (f 2): 

Description: Reddish to greenish mudstone interbedded with beige to white color evaporite beds 

(Figure 4.3A). It was found in outcrop 2, 23, and 8 (see the map in Figure 1.4) with a thickness 

ranging from 0.5 m to 1.2 m. The mud shows some mud cracks while the evaporite beds are 

partially dissolved, which has led to deformation of the overlying beds and formation of nodules 

of chicken wire anhydrite (Figure 4.3B). Stratigraphically, in the western part of the study area 

(outcrop 23 and 8, see the map in Figure 1.4) this facies overlies the cross bedded   grainstones (f 

11 & f 15) that are pervasively dolomitized as shown by XRD analysis (Figure 4.3C) and 

underlies sandstone-mudstone facies (f 4) while in the eastern part (outcrop 2 and 1, see the map 

in Figure 1.4) the overlying siliciclastic facies are absent. 
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Figure 4.2: (A) outcrop photograph of estuarine fill facies (f 1) cut through underlying facies (f 4). (B) Intense 

bioturbation withi n estuarine fill facies. 
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Figure 4.3: (A) outcrop photograph of Interbedded mudstone and evaporite facies (f 2). (B) Hand specimen showing the 

dissolution of anhydrite and formation of chicken wire anhydrite. (C) XRD diffractogram shows pervasively dolomitized 

grainstone facies (f 11) that underlies (f 2). 
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Interpretation:  the fine grain size of the mudstone indicates deposition in a low energy 

environment. The mud cracks and the red color indicate influence of oxidizing subaerial 

exposure. The association with evaporites indicates deposition from hypersaline water under arid 

climate condition. The deposition of evaporites from sea water led to the incorporation of 

calcium ions into the evaporite minerals, and consequently an increase in the Mg: Ca ratio of the 

interstitial fluids (Tucker and Wright, 1990). Those Mg ï rich fluids served to dolomitize the 

underlying beds. From previously mentioned features, this facies was interpreted as sabkha 

deposits.   

 

4.2.3 Stromatolites (f 3): 

Description:  Stromatolites are layered bio-chemical accretionary structures formed in shallow 

water by the trapping, binding and cementation of sedimentary grains by microbial mats 

of micro-organisms, especially cyanobacteria (Riding, 1999). This facies is abundant in all 

outcrops, and it was found at different stratigraphic levels with a thickness ranging from 5 cm up 

to 50 cm.  

Several morphologies of stromatolites were found in the study area including; columnar, conical, 

branching, stratiform, and domal, stromatolites (Figure 4.4A, 4.4B). Tepee structures and mud 

cracks were found in association with some stromatolite morphologies, especially the conical 

stromatolites. 

Interpretation:  The presence of stratiform laminites indicates deposition under low energy 

environments while the domal stromatolites indicate a relatively higher energy (Boggs, 2006). 
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Figure 4.4: (A) Outcrop photograph of domal stromatolites at outcrop 1. (B) Columnar stromatolite at outcrop 16. 
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The presence of conical and domal stromatolite indicates a deposition in relatively deeper water 

with greater accommodation space than did the stratiform types (Swart et al., 2009). The 

association of stromatolites with mud cracks and tepee structures indicate subaerial exposure. 

This facies were interpreted as it was deposited in the shallow intertidal to supratidal 

environments.  

 

4.2.4 Interbedded Cross-bedded Sandstone and Mudstone Facies (f 4): 

Description: reddish to greyish, slightly cracked mudstone beds interbedded with light grey to 

yellowish, fine grained, bioturbated, wavy bedded calcareous sandstone beds (Figure 4.5A and 

4.5B). This facies has a highly variable thickness, ranging from less than 1 m to about 3.4 m. 

This facies was found in the western part of the study area (outcrops 23, 8 and 16), but was not 

seen in the eastern part (outcrops 1 and 2) (see the map in Figure 1.4). It has been cut by 

estuarine fill sandstone (f 1) in outcrop 23 and it overlies the mudstone-evaporite facies (f 2) in 

outcrop 23 and 8. It is capped by stromatolite facies (f 3) in outcrops 8 and 16.  

Interpretation:  the alternation between mud and sand indicates that there were fluctuations in 

energy during deposition, with mud being deposited during periods of low energy conditions as 

inferred by fine grain size, and sand being deposited during periods of relatively higher energy 

processes as inferred by wavy bedding and coarser grain size. The desiccation cracks within mud 

indicate subaerial exposure, while the wavy bedding in the sandstones indicates shallow water 

conditions. According to these evidences, this facies was interpreted as it was deposited in 

shallow intertidal environment (Lasemi et al., 2012). 

 



37 
 

 

 

 

Figure 4.5: (A) Outcrop photograph of interbedding between mudstone and sandstone (f 4) at outcrop 8. (B) Desiccation 

cracks of mudstone and wavy bedding of sandstone. 
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4.2.5 Interbedded Cross-bedded Coarse Limestone and Mudstone Facies (f 

5): 

Description: yellowish to greyish, trough cross bedded packestone- grainstone interbedded with 

thin layers of fine massive mudstone beds. This facies is only found in the eastern part of the 

study area (outcrops 1 & 2) (see the map in Figure 1.4) with a maximum thickness of 0.6 m at 

outcrop 2. This facies is underlying the stromatolite facies (f 3) in the upper part of section 2 

with tepee structures (Figure 4.6A). In the middle of section 1, itôs capped by planar crossï

bedded skeletal oolitic grainstone (Figure 4.6B). The fine mudstone is mainly massive with some 

desiccation cracks. Otherwise, the coarse limestone is highly variable, with planar cross-bedded 

skeletal packstone and fine ï grained oolitic grainstone that contain quartz grains and rain drop 

impressions at its top surface. 

Interpretation : The same depositional conditions of previous facies (f 4) are represented here 

but with only minor siliciclastic sediments present. This rhythmic lithofacies was most probably 

deposited in an intertidal zone. The skeletal oolitic and oolitic packstone and grainstone, 

respectively, were deposited during the high energy periods of either tide or ebb currents 

whereas the fine muddy member was deposited in the current slack period. The V-shaped tepee 

structure denotes the peritidal depositional system and exposure (Kendall & Warren, 1987). The 

mud cracks and rain drop impressions indicate an intermittent subaerial exposure, while quartz 

grains existence reflects proximity to clastic shoreline. 
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Figure 4.6: (A) Outcrop photograph of interbedded coarse Limestone ï Mudstone interbedding facies (f 5) with tepee 

structure. (B) Skeletal oolitic grainstone (f 9) overlies (f 5). 
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4.2.6 Intra ïformational Limestone Conglomerate (f 6): 

Description: light grey to yellowish, 10 cm to 125 cm thick, consists of muddy pebbles (from 

f2) as well as skeletal oolitic grainstone pebbles (from f 9). The roundness of the pebbles ranges 

from well-rounded to sub rounded to angular (Figure 4.7A and 4.7B), and generally show a 

fining upward trend.  This facies was found in all outcrops of the study area at different 

stratigraphic levels with distinctive erosional surface at the base.  

Interpretation:  the erosional surface at the base of this facies, and the intra-formational pebbles 

and their finning upward trend, indicates erosional process by storm event followed by re-

deposition (tempestites) (Lasemi et al., 2012). This facies was found at different stratigraphic 

levels with different internal features that were interpreted as deposited within different 

depositional setting.  In section 23, carbonate tempestites are interlayered with interbedded 

sandstone and mudstone rhythmites (f 4), which was mainly deposited in intertidal zone. Then, it 

is overlain by combination type of stromatolites and cut by estuarine channels. According to its 

stratigraphic location and its light brown muddy intraclasts that are similar to the underlying 

muddy layers, tempestites in section 23 are interpreted as supratidal to intertidal (Friedman, 

1993). On the other hand, in section 8, tempestites are overlained by trough cross bedded oolitic 

grainstone which contains spherical type of stromatolite (f 11) and would be interpreted to be 

deposited most probably in the upper shore face zone. Consequently, tempestites were 

interpreted as been deposited within the lower shoreface (Friedman, 1993).  

4.2.7 Trough Cross ï Bedded Sandstone (f 7): 

Description: greenish to yellowish grey, trough cross- bedded fine grained sandstone with 

erosive base (Figure 4.8A). This facies is only found in outcrops 16 and 19 (see the map in 
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Figure 1.4), with thicknesses ranging from 0.4 m up to 2.8 m.  This facies shows some 

bioturbation features such as Skolithos and Ophiomrpha trace fossils (Figure 4.8B), as well as 

some calcite geodes.  

Interpretation:  The trough cross bedding structure indicates deposition under high energy 

conditions. Alternating between greenish and yellowish beds indicates oscillation between 

oxidizing and reducing conditions. Ophiomorpha, in addition to the previously mentioned 

features, indicates deposition in an upper shore face environment (Pemberton et al., 2012). 

 

4.2.8 Herringbone Cross-Bedded Skeletal Oolitic Grainstone (f 8): 

Description: yellowish grey to light grey, 0.1 to 0.6 m thick, bidirectional (herringbone) cross-

bedded with mud drapes, reactivation surfaces (Figure 4.9 A, B and D) and keystone vugs 

(Figure 4.9 E), coarse grained skeletal oolitic grainstone. This facies observed throughout the 

entire study area. In some locations it shows planar cross bedding sets with reactivation surfaces 

between them. In the eastern part of the study area, this facies is associated with the interbedded 

cross-bedded coarse limestone and mudstone facies (f5). In thin-section ooids are the dominant 

components, although quartz grains, pelloids and aggregates also occur (Figure 4.9 C)  

Interpretation : the observed associated physical sedimentary structures of this facies suggest 

that it formed within a tidal setting. The mud drapes on the cross bedding surfaces, the 

reactivation surfaces and the clear herringbone cross bedding are all diagnostic tidal deposit 

features (Eriksson and Simpson, 2004).  Keystone vugs indicates periodic exposure and drying 

out of sediments. Previous observations in addition to the associated facies, suggest deposition in 

shallow water conditions, guided by flood and ebb tide currents in the intertidal zone.  
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Figure 4.7: (A) Intra ïformational Limestone Conglomerate (yellow arrow) (f 6) with skeletal oolitic grainstone pebble. (B) 

Intra ïformational Limestone Conglomerate (yellow arrow) (f 6) showing finning upward trend of mud pebbles. 
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Figure 4.8: (A) Trough cross-bedded sandstone (f 7) with sharp erosive base and Skolithos trace fossil. (B) Ophiomorpha 

burrows in the trough cross bedded sandstone (f 7). 
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Figure 4.9:  (A) Herringbone cross bedding (yellow arrows) in the middle of outcrop 2. (B) Mud drapes (yellow arrows) 

within the toughs. (C) Thin-section photomicrograph showing partially dissolved ooids, peloids and skeletal molds. (D) 

Reactivation surfaces (dotted line) at the lower part of outcrop 16. (E) Keystone vugs (yellow arrow) within (f 8) at 

outcrop 8. 
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4.2.9 Planar Cross ï Bedded Skeletal Pelloidal Grainstone 

Description: white to beige colored, planar cross-bedded with a variable thickness that ranged 

from 0.25m to 0.75 m. This facies has been observed in outcrops 1, 2 & 19 (see the map in 

Figure 1.4) in more than one stratigraphic position (Figure 4.10A). In some locations it shows 

mud drapes on the cross bedding surfaces, keystone vugs and tangential bottom sets (Figure 4.10 

C). In thin-section itôs dominated by skeletal grains (bivalves and foraminifera), peloids in 

addition to rare ooids (Figure 4.10B).  

Interpretation : The planar cross bedding indicate a subaqueous deposition by the migration of 

straight-crested bedforms driven by unidirectional currents (Boggs, 2006). The fine grain size 

and the superficial scattered ooids suggest the presence of a medium strength transporting 

current. Keystone vugs suggest deposition under periodic subaerial exposure conditions. The 

association of interbedded heterolithic facies (f 5) and herringbone grainstone facies (f 8) suggest 

that this facies is most probably deposited in the lower intertidal zone (Lasemi et al., 2012). 

 

4.2.10   Trough Cross-Bedded Aggregate Intraclast Oolitic Grainstones (f 10): 

Description: light grey to yellowish color, trough crossïbedded with some flaser bedding 

(Figure 4.11A). Stromatolites were found in association with this facies in outcrops 8 and 19. It 

has a thickness range from 0.25 m up to 1.0 m, and occurs in outcrops 2, 8, 16 and 19 (see the 

map in Figure 1.4) in association with planar and herringbone cross-bedded grainstone facies (f 8 

& f 9), carbonate conglomerates (f 6) and massive skeletal wackestone facies (f 13). Thin 

sections of this facies show a dominance of ooids and skeletal grain molds. Peloids and 

aggregates are also present but less common (Figure 4.11B).   
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Figure 4.10:  (A) Planar Cross-Bedded Skeletal Peloidal Grainstone facies (f 8) with high angle planar cross-bedding, and 

overlying (f 5) facies and underlying (f 11) facies. (B) Thin-section of Planar Cross-Bedded Skeletal Peloidal Grainstone (f 

5) with dominance of peloids, and foram and bivalve molds. (C) Keystone vugs (yellow arrow) within (f 9) facies at 

outcrop 1. 
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Figure 4.11: (A) Outcrop photograph for the Trough Cross-Bedded Aggregate Intraclast Oolitic Grainstones facies (f 10) 

showing trough cross-bedding and flaser bedding. (B) Thin-section photomicrograph of the same facies show the different 

components; G= grain aggregate, O= ooid, P= peloid. 
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Interpretation:  the presence of ooids, intraclasts, and grain aggregates indicate deposition in a 

relatively high energy, shallow marine environment. The dominance of grain-supported texture, 

in addition the presence of ooids, peloidal packstone (f 11) intraclasts, and grapestones, infer a 

relatively high energy shallow marine depositional settings (Palma et al., 2007). The presence of 

this facies in association with subtidal skeletal wackestone and intertidal planar and herringbone 

cross bedded grainstones, in addition to previous observations, lead to the interpretation that this 

facies mainly represents subaqueous carbonate sand waves in upper shoreface depositional 

setting.  

4.2.11  Massive Peloidal Skeletal Packstone (f 11): 

Description: white to beige colored, 0.4 m thick, and contain some vugs, rich in skeletal grains. 

It was only found in the eastern part of the study area (outcrop 1 &2). This facies overlies the 

planar cross-bedded grainstone facies (f 9). Skeletal grains are dominated by mollusks (bivalves 

and gastropods) in the form of internal molds. It also contains coral fragment. This facies is 

intensively bioturbated by vertical and horizontal burrows (Figure 4.12A). Thin sections show 

the dominance of peloids and foraminifera, and dissolution of most of the skeletal grains forming 

moldic and vug porosity (Figure 4.12B). 

Interpretation:  the abundance of macro- and microfossils in this facies, beside the apparent 

absence of major physical current sedimentary structures would initially seem to suggest a 

skeletal bank (biostrome) depositional setting. However, the abundance of broken gastropods, 

bivalve and coral fragments, indicate that all components in this facies are allochthonous rather 

than autochthonous. The adjacent planar cross-bedded grainstone facies (f 9) (lower intertidal) in 

addition to the intensive bioturbation, which mainly had destroyed all previously existing 

sedimentary structures, point to a middle intertidal depositional environment (Rankey, 2012). 
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Figure 4.12: (A) Vertical and horizontal burrows  (yellow arrow) within the Massive Pelloidal Skeletal Packstone facies (f 

11). (B) Thin-section photograph of the same facies show the dominance of forams (f), and peloids (p) and dissolution of 

skeletal grains. (C) Coral fragment (yellow arrow) within (f 11) facies. 
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4.2.12   Channelized Planar Cross ï Bedded Skeletal Oolitic Grainstone (f 12): 

Description: yellowish grey to beige color, very coarse grained, planar cross-bedded grainstone 

that are 0.7m thick and 2.3 m width with erosive base that cut through planar cross-bedded 

grainstones (f 9) (Figure 4.13A). It was found only in outcrop-23. Thin-sections show good 

preservation of the ooids and skeletal grains (dominantly bivalves and foraminifera). The 

porosity is dominated by interparticle and intraparticle porosity (Figure 4.13B).  

Interpretation:  the coarse grain size of ooids, erosive base and planar cross bedding structures 

indicates deposition under high energy condition. This facies is interpreted as a tidal channel that 

cut through intertidal zone represented by (f 9) facies.  

 

4.2.13   Massive Quartz Skeletal Pelloidal Wack-Packstone (f 13): 

Description: white to light grey, bioturbated by vertical and horizontal burrows, 1.1 m to 3.5 m 

thick (the thickest and one of most dominant facies in the study area). It was found in outcrops 1, 

2, 23, and 8 (see the map in Figure 1.4) with a thickness decreasing westward. It, always, 

stratigraphically overlies the interbedded mudstone-evaporite facies (f 2) with sharp surface 

separating them (Figure 4.14A). This facies, in some locations, contains zones of well-rounded 

muddy intra-formational pebbles that have a fining upward trend. Thin-sections contain pellets 

and dissolved skeletal grains as the main components, in a muddy matrix. Skeletal grains are 

represented by bivalves and foraminifera. Quartz grains are also present in thin-section (Figure 

4.14B). 

 

 



51 
 

 

 

 

 

Figure 4.13: (A) Outcrop photograph for the Channelized Planar Cross-Bedded Skeletal Oolitic Grainstone (f 12) show 

the erosive base and planar cross-bedded grainstones (f 9). (B) Thin-section of the same facies show less dissolution effects 

on this facies and microbial encrustation. 
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Figure 4.14: (A) outcrop photograph for the Quartz Skeletal Peloidal Wacke-Packstone facies (f 13) with the intra-

formational clasts (arrow) overlying (f 2) facies with a sharp boundary. (B) Thin-section of the same facies (f 13) shows 

the dissolution of skeletal grains, and abundance of peloids and scattered quartz grains. 
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Interp retation:  The abundant mud present in this facies, as well as its massive layers with the 

absence of physical current structures, suggest a general low energy environment in which 

sediments could settle out of suspension. The presence of abundant Peloids in this facies is a 

good indicator for shallow, low energy subtidal carbonate systems (Flügel, 2010). This facies, 

with the absence of exposure indications, was probably deposited below fair-weather wave base 

in the outer ramp zone. The intra-formational mud pebbles (at the base of this facies) are 

interpreted to have been deposited during short-lived storm events (Lasemi et al., 2012).  

 

4.2.14   Massive Skeletal Wackestone (f 14): 

Description: dark gray colored, massive, mound shaped, 2m width and about 1m thick, 

carbonate body. This facies cuts through massive skeletal packstone (f 11) and planar cross-

bedded grainstones (f 8) (Figure 4.15A), and only occurs in outcrop 1. In thin section, it has 

wackestone texture, with skeletal (foraminifera & bivalves) grains as the dominant components. 

Most of these skeletal grains are dissolved (Figure 4.15B).  

Interpretation:  The dark color of the mud in this facies could be attributed to the high 

percentage of organic materials within it. Both the absence of current physical structures & 

bioturbation and the pure skeletal components, indicate an insitu skeletal build up. The domal 

architecture, the environmental indications of adjacent facies, the cross cutting relationship with 

these facies in addition to previous observations lead to the interpretation that this facies is most 

probably an inner ï mid ramp skeletal mound (Flügel, 2010). 
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Figure 4.15: (A) Outcrop photograph show the mound shape of the Massive Skeletal Wackestone (f 14). (B) thin-section of 

the same facies shows dissolution of skeletal grains. 

 

 

 



55 
 

4.2.15   Dipping Planar Cross ï Bedded Skeletal Oolitic Grainstone ( f 15): 

Description: creamy to white colored, 0.4 m thick with keystone vugs, internally laminated 

between ooid ï and skeletal- dominated laminae (Figure 4.16A). The upper surface of this facies 

shows rain drop impressions (Figure 4.16B). This facies always overlies the trough cross-bedded 

grainstones (f 10) or herringbone cross-bedded grainstone (f 8). Thin-section of this facies shows 

grainstone texture, with dominance of pelloids, ooids, and skeletal grains (bivalves). The main 

porosity types are inter-granular, moldic and shelter porosity (Figure 4.16C). 

Interpretation:  The keystone vugs are most probably air pebbles that were trapped during 

deposition, indicating the shallowness and exposure of this facies. The rain drop impressions 

confirm this suggestion and, furthermore, give evidence of exposure. The parallel horizontal 

lamination, in addition to the fine grain size of this facies suggests a turbulent flow with high 

energy environment. Moreover, the existence of primary current lineation on the top of the layers 

indicates deposition in the upper flow regime, too. The early cementation, the adjacent facies, the 

good sorting of ooids, the shells accumulations in addition to previous observations strongly 

signify a surf \ swash foreshore beach deposition (Tucker, 2001). 
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Figure 4.16: (A) Outcrop photograph of the Planar-bedded Skeletal Oolitic Grainstone facies (f 15). (B) Plan view of (f 15) 

showing rain drops (circles) and current lineation (arrow). (C) Thin-section of the same facies shows dissolution of the 

skeletal grains and micritization of ooids. 

 

 


























































































































































































