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ABSTRACT 

 

Full Name : Baharudin Fahmi 

Thesis Title : Quantifying The Dynamics Of Mixed Siliciclastic And Carbonate 

System Of The Toarcian Marrat Formation, Saudi Arabia: Insights 

From 3d Stratigraphic Forward Modeling 

Major Field : Geology 

Date of Degree : May 2024 

 

A mixed siliciclastic and carbonates system provides a unique opportunity to study the 

interaction of two competing systems, clastic influx and carbonate factories, in organizing 

a depositional system. The Toarcian Marrat Formation represents an ideal mixed 

carbonate-siliciclastic system developed under transgressive–regressive sequence. Despite 

extensive outcrop-based studies, understanding and quantifying the controlling processes 

behind the development of evolution of this mixed carbonate-clastic system is still a great 

challenge. Here, we performed a process-based stratigraphic forward modeling approach 

to unravel the interplay between different allogenic and autogenic factors contributing in 

the formation of different sequence architectures in the Marrat Formation. From the best-

fit scenario, a more realistic reference model was developed, and calibrated. Our results 

reveal distinct aggradation–progradation geometries within the Marrat Formation that 

show a good agreement with the outcrop and subsurface observations. Furthermore, the 

accurate quantification of sediment supply enables a more precise spatial delineation of 

siliciclastic and carbonate distributions across the basin, particularly to capture along strike 
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variability. Sensitivity analysis indicates that sediment supply and carbonate production 

exert greater control compared to sea level changes on dictating the sedimentary 

architecture and dynamics. These findings offer valuable insights for mixed systems in 

enhancing regional understanding on the spatio-temporal heterogeneity of the Marrat 

Formation and aid in identifying potential petroleum reservoirs, subtle stratigraphic traps 

and informing exploration strategies by reducing the uncertainties. 

Keywords: Marrat Formation, Mixed siliciclastic and carbonates, Stratigraphic Forward 

Modeling 
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 ملخص الرسالة 

 الاسم الكامل : بحر الدين فهمي 

عنوان الأطروحة : القياس الكمي لديناميكيات النظام المختلط من الفلزات السيليسية والكربوناتية لتكوين مرات الطورسي،  

الطبقية المستقبلية ثلاثية الأبعادالمملكة العربية السعودية: رؤى من النمذجة    

 المجال الرئيسي: الجيولوجيا 

2024تاريخ الحصول على الدرجة : مايو   

 

يوفر النظام المختلط من فتات السيليكات والكربونات فرصة فريدة لدراسة التفاعل بين نظامين متنافسين، التدفق الفتاتي  

نظامًا مثاليًا مختلطًا من الكربونات  Toarcian Marrat ومصانع الكربونات، في تنظيم نظام الترسيب. يمثل تكوين

تراجعي. على الرغم من الدراسات المكثفة القائمة على النتوءات،  -متجاوز   والسيليسيليكات تم تطويره في ظل تسلسل

هنا،   فإن فهم وقياس عمليات التحكم وراء تطور هذا النظام المختلط من الكربونات الفتاتية لا يزال يمثل تحديًا كبيرًا.

لتي  أجرينا نهجًا للنمذجة الطبقية المستقبلية القائمة على العملية لكشف التفاعل بين العوامل الخيفية والذاتية المختلفة ا

تساهم في تكوين أبنية تسلسلية مختلفة في تكوين مارات. ومن السيناريو الأفضل، تم تطوير ومعايرة نموذج مرجعي  

ية متميزة للتدرج والتقدم داخل تكوين مارات والتي تظهر توافقًا جيدًا مع  أكثر واقعية. تكشف نتائجنا عن أشكال هندس

الملاحظات النتوءية وتحت السطحية. علاوة على ذلك، فإن التحديد الكمي الدقيق لإمدادات الرواسب يمكّن من تحديد  

تحليل  يشير  الضربات.  تباين  لالتقاط  سيما  لا  الحوض،  عبر  والكربونات  السيليكا  فتات  لتوزيعات  دقة  أكثر  مكاني 

الحساسية إلى أن إمدادات الرواسب وإنتاج الكربونات تمارس سيطرة أكبر مقارنة بالتغيرات في مستوى سطح البحر  

في إملاء البنية والديناميكيات الرسوبية. تقدم هذه النتائج رؤى قيمة للأنظمة المختلطة في تعزيز الفهم الإقليمي حول 

عدم التجانس المكاني والزماني لتكوين مارات والمساعدة في تحديد الخزانات النفطية المحتملة والمصائد الطبقية الدقيقة 

 .وإرشاد استراتيجيات الاستكشاف عن طريق تقليل حالات عدم اليقين

الكلمات المفتاحية: تكوين مرات، خليط من فتات السيليكات والكربونات، النمذجة الطبقية المستقبلية 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

Mixed siliciclastic and carbonate sediment possesses its own uniqueness. One of them is 

the interplay between two competing systems of clastic influx and carbonate factories in 

organizing a depositional environment (Mount, 1984; Zonneveld et al., 2012). Changes in 

sedimentation pattern and sequence architecture are sensitive to the complex interplay of 

various factors, such as climatic variations, tectonic activity, and sea-level fluctuations 

(Catuneanu, 2002, 2006; Jervey, 1988; Miall, 2010; Posamentier & Allen, 1999; 

Posamentier & Vail, 1988; Schlager, 2005). Yet, understanding the sequence architecture 

and geometry at a regional scale remains challenging. Limited datasets make geological 

interpretations difficult and highly uncertain. Moreover, the challenge of heterogeneity 

frequently encountered in typical mixed siliciclastic and carbonate systems increases the 

complexity of geological interpretation. Recent developments in mixed siliciclastic and 

carbonate system on applying stratigraphic forward modeling (SFM) provide a powerful 

tool for quantitative analysis in predicting sedimentary architecture and geometry, predict 

lateral and vertical variations of lithology and facies under high resolution of stratigraphic 

order (Baharudin et al., 2024; Borgomano et al., 2020; Hawie et al., 2017; Shabani et al., 

2022; Zhang et al., 2019). Such research that integrates the multi-disciplinary and multi 

scale constrain to build the geological model and estimate the sediment source to sink was 
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studied in Levant margin with stratigraphic forward modeling approach to estimate the 

siliciclastic and carbonate infill in the Levant Basin (Hawie et al., 2017). The research 

explored and tested several scenarios for achieving best fit modeling in the basin such as 

single to multiple source scenario, quantification of siliciclastic source and insitu carbonate 

production and bring assumption from modern river as an analogue to the input parameters. 

Other studies also applied process based numerical modeling on mixed siliciclastic and 

carbonate of Albian Burgan – Kazhdumi succession to explore the lithology and facies 

distribution (Shabani et al., 2022). The research builds more precise regional sequence 

stratigraphy and stratigraphic architecture by integrating multi-disciplines and multi-scales 

of seismic and well data as data validation. The result helps guide the petroleum plays and 

stratigraphic potential in deltaic systems. Moreover, (Baharudin et al., 2024) applied 

numerical process based modeling to tested impact of sea level in greenhouse period and 

icehouse period to understand both characters in sedimentation and stratigraphic 

architecture as depicted in several simulated model scenarios.  

The Toarcian Marrat Formation in Saudi Arabia is an ideal mixed siliciclastic and 

carbonate system due to its deposition during a transgressive-regressive depositional 

sequence, which led to the development of carbonate during the transgression phase 

(Murris, 1980; Powers et al., 1966). An integrated approach utilizing sedimentology, 

seismic stratigraphy, and biostratigraphy was employed to investigate the stratigraphic 

evolution of the 3rd and 4th ordered sections in Marrat Formation, Saudi Arabia (Al-

Hussaini et al., 2021; Al-Mojel et al., 2020). Although sedimentary environments and 

sequence stratigraphy architecture have been the primary focus of previous studies, there 

has been limited research on the quantification of these aspects through stratigraphic 
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forward modelling. Our study documents the best-fit reference model for the Marrat 

Formation using a stratigraphic forward modeling (SFM) approach. By testing multiple 

geological assumptions and plausible scenarios, we aim to construct a best fit reference 

geological model. Parameters tested include sediment sourcing scenarios, quantification of 

sediment supply and water discharge, quantification of carbonate production, sea level, 

subsidence, and wave energy. Following the proposed best-fit reference case model we 

also quantify the controlling parameters response to the sequence architecture and 

geometry based on sensitivity analysis. Through conducting numerous simulations and 

testing a range of parameters that influence each other, the sensitivity of the most influential 

parameters can be evaluated. The objectives of this research are to predict sequence 

architecture at the third stratigraphic order with limited datasets and to determine the 

outcomes of testing various geological assumptions or scenarios applied to the 

sedimentation processes of the Marrat Formation. The presented study also focuses on how 

main input parameters such as supply sediment, carbonate production, subsidence, sea 

level changes, wave energy, sediment transport coefficient response to the architecture and 

internal geometry of the model while achieving close match with observed data. 

Furthermore, the study provides insights into the variability of regional-scale geometries, 

considering lateral and vertical texture/facies heterogeneity. It also emphasizes the use of 

numerical process-based modeling to quantify the parameters that control sedimentation. 
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1.2 Problem Statement 

Understanding the sequence architecture and geometry at a regional scale remains 

challenging. Limited datasets make geological interpretations difficult and highly 

uncertain. Moreover, the challenge of heterogeneity frequently encountered in typical 

mixed siliciclastic and carbonate systems increases the complexity of geological 

interpretation. Considering several research findings, the research question related to this 

thesis can be outlined as follow:  

• What controls the sedimentation processes and sequence architecture in the Marrat 

Formation (e.g., along strike variability)? 

• How to improve our quantitative understanding on the development and evolution 

of the Marrat Formation with stratigraphic forward modeling? 

• How to minimize uncertainty in 3D stratigraphic forward modelling? 

• How 3D stratigraphic forward modelling can provide novel insights to petroleum 

prospectivity of the Marrat Formation?  

1.3 Objective 

The main objectives of this proposed thesis are summarized as follow: 

• To understand the interplay between siliciclastic and carbonate sedimentation in 

Marrat Formation. 

• To test multiple scenarios that best-fit with the deposition in Marrat Formation 

with stratigraphic forward modelling. 



5 

 

• To understand the impact of different input parameters governing the 

sedimentation using sensitivity analysis with stratigraphic forward modelling. 

• To build sequence architecture (lateral and vertical lithology/facies variations) that 

captured the distribution of reservoir/source rock potential with stratigraphic 

forward modelling.  

1.4 Thesis Structure 

This thesis is primarily presented as an alternate, journal-style, format which 

include four introductory and complimentary chapters: (i) Chapter 1 as an introduction of 

the whole thesis; (ii) Chapter 2 serves as literature review of the different topics covered 

in this thesis; and (iii) Chapter 5 highlights and summarizes the main findings of this study 

and provides potential direction and recommendation for future study. Furthermore, the 

other two chapters (Chapter 3, Chapter 4) contain original contributions of this study 

which are intended to be self-contained with their own introduction, geological framework, 

research methodology, results, discussion and conclusion (summarized below). 

Throughout the thesis, some information may be repetitive, and this is unavoidable due to 

the nature of the thesis. The following section summarized the chapters that contain 

original contribution in this thesis: 

CHAPTER 3 Testing Geologic Assumptions and Plausible Scenarios for Best 

Fit Reference Model in Marrat Formation using Stratigraphic Forward Modeling 

This chapter presents, for the first time, the discussion on the multiple scenarios 

and geologic assumptions to get the best fit reference model by using stratigraphic forward 

modeling approach in Marrat Formation. By exploring the role of eustasy, subsidence, 
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supply sediment, carbonate production and wave energy to generate sequence architecture. 

This study also demonstrated the best fit reference model calibrated with actual data 

(outcrop data). Furthermore, the study proposes insight into a variability of regional-scale 

geometries expected lateral and vertical lithology and facies variations. 

CHAPTER 4 Quantitative Controls on the Sequence Architecture and 

Geometries of the Marrat Formation using Stratigraphic Forward Modeling 

In this chapter, the complex sequence architecture and geometry are influenced by 

autogenic and allogenic processes. performed a process-based stratigraphic forward 

modeling approach to unravel the interplay between different allogenic and autogenic 

factors contributing to the formation of different sequence architectures in the Marrat 

Formation. The quantification of the controlling parameters response to the sequence 

architecture and geometry based on sensitivity analysis. Through conducting numerous 

simulations and testing a range of parameters that influence each other, the sensitivity of 

the most influential parameters can be evaluated. The presented study focuses on how main 

input parameters such as supply sediment, carbonate production, subsidence, sea level 

changes, wave energy, sediment transport coefficient response to the architecture and 

internal geometry of the model while achieving close match with observed outcrop data. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Study Area  

The research area focused in central area of Arabian platform. The platform was located 

on a passive margin setting. During Early Jurassic Period situated close to equator and 

deposited in broad epeiric platform spanning over 1000 km from a continental area to a 

shallow-marine environment within the tropical belt during the Early Jurassic (Murris, 

1980; Powers et al., 1966). The formation is characterized by a variety of depositional 

settings, consisting of non-marine to marine clastic, shallow marine clastic/carbonate 

platform, shallow marine carbonate platform and deep marine carbonate (Ziegler, 2001). 

The study encompassed a region of approximately 250,000 square kilometers, with 

dimensions of 600 kilometers by 500 kilometers (Figure 1). 
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Figure 1. (A,B) Paleogeography map during the Early Jurassic period depicting the 

different depositional environments.The study area covers the exposed Arabian shield, 

non-marine to marine clastic, shallow marine clastic/carbonate, shallow marine carbonate 

platform, and deep marine carbonate. Modified after (Ziegler, 2001). (C) Geology map 

showing the measured section and well section done by (Al-Hussaini et al., 2021; Al-Mojel 

et al., 2020) 

2.2 Geological Background  

2.2.1 Paleogeographic and tectonic frameworks 

The research area focused on the outcrop section in the central part of Arabian Platform. 

The platform was located on a passive margin. Deposited in a broad epeiric platform from 

a continental area to a shallow marine (Murris, 1980; Powers et al., 1966) (Figure 1). The 

Arabian Plate was experienced by Zagros rifting during Late Permian to Middle Triassic 



9 

 

that has implication to thick carbonate deposition in the platform and intrashelf 

environments and continued until Early Jurassic. During late Triassic to Early Jurassic 

period was no deposition because of the collision of Iranian Plate with Eurasia through 

Zagros Suture called as Kimmeridgian orogeny and marked by Minjur unconformity 

(Beydoun, 1993; Sharland et al., 2001; Ziegler, 2001). The first major transgression 

occurred during the Late Triassic and Early Jurassic. Regional equivalents formation 

during this time including Mus Formation in Iraq, Marrat Formation in Kuwait, Saudi 

Arabia, United Arab Emirates, Qamchuqa Formation in Syria, and Nirim Formation in 

Levant. During this time, MFS J09 and MFS J10 to intra-J20 marked the maximum 

transgression period. There were two unconformities bounded the Saqra group, first was 

during the Early Jurassic occurred at the lowermost of Marrat Formation, marking the 

hiatus around 20 Ma, resulting the contact in form of paleosoil between Triassic and 

Toarcian sediments and the second was during Late Jurassic to Early Cretaceous. The base 

unconformity of Marrat Formation might be related to the uplift platform and erosion by 

Karoo rifting between Madagascar and East Africa and might be related with the separation 

of the Indian Plate with African-Arabian Plate (Delvaux & Weiss, 2001; Grabowski Jr & 

Norton, 1995; Khalifa, 2007). The top Marrat Formation also marked by a major 

unconformity, called Toarcian-Aalenian hiatus that considered as significant hiatus event 

across Arabian Platform. This unconformity marks the boundary between the Marrat and 

Dhruma Formations, with the latter representing the Middle Jurassic period. Thus, hiatus 

might be resulted from a combination of factors, including a major sea-level fall and large 

tectonic uplifts (Al-Husseini, 1997; Al-Mojel et al., 2022; Haq, 2018; Haq & Al-Qahtani, 

2005; Le Nindre et al., 2003; Simmons et al., 2007; Simmons & Davies, 2018).  
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2.2.2 Paleoclimate 

During the Toarcian (Jurassic period), the Arabian Plate was located near or at the equator, 

resulting in warm and humid to semi-humid climates that later evolved to arid to semi-arid 

conditions. The deposition was controlled by global sea-level changes but also controlled 

by regional climate changes experienced in humid to warm climates during regression 

period and more arid during transgression period. The impact of humid to warm condition 

during regression affecting the high terrigenous input to the deposition of fluvial sandstone 

and shallow marine red shales deposition within bifrons Zone. There were short period of 

arid to semi-arid condition experienced during Toarcian provoked the forming of anhydrite 

deposit in Marrat Formation (Al-Aswad, 1995; Konert et al., 2001; Murris, 1980; Sharland 

et al., 2001). 

2.2.3 Stratigraphy and regional depositional history 

The distribution of Marrat Formation is extensive in the Khashm adh Dhibi region, reached 

maximum thickness around 111 and 142 meters (Powers, 1968; Powers et al., 1966). 

Marrat Formation characterized by its unconformable at base with the clastic Upper 

Triassic Minjur Formation and unconformable on top position with the Bajocian-Bathonian 

Dhruma Formation (Fischer et al., 2001; Manivit & Le Nindre, 1990). Marrat Formation 

exhibits a complex lithological composition, consisting of interbedded sandstones, 

mudstones (claystone), with limestone and anhydrites intercalated in lower part and upper 

part Formation (Al-Hussaini et al., 2021; Al-Mojel, 2020; Farouk et al., 2018; Le Nindre, 

2022; Manivit et al., 1985; Jacques Manivit & Le Nindre, 1990; Powers et al., 1966; 

Powers, 1968; Vaslet et al., 1983) (Figure 2). The Marrat Formation has been subdivided 

into the lower member, middle member, and upper member.  



11 

 

 

Figure 2. General stratigraphic chart showing stratigraphic position of Marrat Formation 

and its overlain and underlain Formation. The lithologies of the Minjur Formation, Marrat 

Formation and Dhruma Formations were obtained from (Al-Hussaini et al., 2019; Powers, 

1968; Powers et al., 1966)  

The lower member is characterized by an Early Jurassic unconformity, distinguished by a 

prominent iron-stained surface overlaying the Late Triassic Minjur Sandstone, with several 

sections displaying paleosols. This distinctive lower member may attain a thickness of up 

to 47 meters. Consisted of greenish – green colour, fine-grained to silt grain, succeeded by 

sandy marl and dolomitic limestone. Characterized by low abundance of faunal 
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assemblages in comparison to other members of the Marrat Formation. The deposition 

environments ranging from continental to intertidal-subtidal settings (Al-Husseini, 2009; 

Al-Mojel, 2020; El-Sorogy et al., 2017; Farouk et al., 2018; Le Nindre, 2022; Manivit et 

al., 1985; Jacques Manivit & Le Nindre, 1990; Powers et al., 1966; Vaslet et al., 1983). 

The dolomitic limestone is rich in fossils and characterized by bioturbation mainly in the 

initiation of middle member of Marrat Formation. This is followed by a succession of 

reddish mudstone and siltstone layers, which lack any distinguishable fossil remains. The 

uppermost section of this member is marked by calcareous shale, which contains a 

relatively low abundance of fauna. The thickness of this member ranges up to 40 meters, 

and it was formed in a depositional environment that ranges between subtidal and intertidal 

lagoon environment. The significance of middle Marrat member is established through the 

examination of ammonite fossils, with a focus on Protogrammoceras sp. and Bouleiceras 

sp. at the base of the member. It has been noted that there is a substantial reduction in the 

thickness of the middle member of Marrat Formation towards the southern areas. In this 

region, there are reddish mudstones replaced by sandstone-rich deposits (Powers, 1968; 

Powers et al., 1966). While, the upper part of Marrat Formation is a bioturbated limestone. 

It was deposited under a lagoonal environment. This member is overlain by a 7 meters 

thick layer of evaporite in form of anhydrite. This anhydrite layer has been identified by 

(Powers, 1968) which belongs to the Middle Jurassic period. In general, the Marrat 

Formation depicts a transgressive-regressive cycle, with the indication of Bouleiceras 

Horizon, located at the base of the Middle Marrat and identified as the maximum flooding 

surface (MFS J09) and maximum flooding surface (MFS J10) lying at the base of the Upper 

Marrat by the indication of Nejdia Horizon (Le Nindre, 2022). 
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Figure 3. The schematic diagram shows the depositional environment of Marrat Formation. 

The facies were laid down in a broad and flat, inner platform depositional environment.The 

evolution of Marrat formation starting from lower Marrat (C), Middle Marrat (B), Upper 

Marrat (A). Lower Marrat and Middle Marrat modified from (Al-Mojel, 2020) and Middle 

Marrat data modified from (Al-Hussaini et al., 2021). 

2.3 Previous Studies 

Steineke in 1937 was initially introduced to the Marrat Formation, however, it was 

subsequently documented by Bramkamp and Steineke in 1952 (Arkell et al., 1952). Powers 
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and McClure, along with Manivit, extensively documented a more thoroughly of outcrop 

reference section in the Khashm Ad-Dhibi (24° 14′ N), and later divided the Formation 

into three members, namely Lower Marrat , Middle Marrat, and also Upper Marrat 

Formation (Manivit & Le Nindre, 1990; Powers et al., 1966). Another work focused on the 

analysis of conceptual sequence stratigraphic model and high-resolution sequence-

stratigraphic framework (Al-Hussaini et al., 2021; M. Al-Husseini, 2009; Al-Mojel et al., 

2020; El-Sorogy et al., 2017; Farouk et al., 2018; Manivit et al., 1985; Manivit & Le 

Nindre, 1990; Le Nindre et al., 2022; Osman et al., 2020; Vaslet et al., 1983, 1988). Marrat 

Formation served as reservoir units located in the northeastern regions of Saudi Arabia and 

Kuwait (Al-Eidan et al., 2009; Al Sharhan & Nairn, 2003). Moreover, Marrat Formation 

also served as source rocks in Iraq and Kuwait (Abdullah & Connan, 2002; Aqrawi et al., 

2010). Based on outcrop studies, it has been suggested that Toarcian Oceanic Anoxic Event 

(T-OAE) took place in shallow marine siliciclastic red beds within the middle Marrat 

Formation and bring an insight that there will be possibility source rock  potential across 

the Arabian plateform (Alnazghah et al., 2022). 

The other study offers a more quantitative approach to evaluate the sedimentary deposition 

within the intrashelf basins situated along the Eastern Margin of the Arabian Plate, which 

includes the Toarcian Marrat basin and Hanifa basin. This approach utilizes computer 

simulation modeling techniques to provide a deeper understanding of the sedimentary 

processes involved in the basin's evolution (De Keyser & Kendall, 2014). The findings 

indicated that during the Lower to Middle Jurassic, the Arabian plate margin experienced 

two distinct phases of carbonate margin progradation and basinward infilling, as evidenced 

by onlapping sedimentation in Kuwait, Saudi Arabia, the UAE, and Oman. At the end of 
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the Middle Jurassic, there was an uplift and exposure of the Tuwaiq and Dhruma 

Formations, followed by erosion along the plate margin. The margin eventually collapsed, 

resulting in a drowning unconformity. Meanwhile, a base-level fall occurred outside the 

platform margin of the Arabian intrashelf basin, leading to accumulation of the Arab 

Formation and Hith evaporites. 

In recent years, various stratigraphic forward modeling techniques have been extensively 

utilized to evaluate the general configuration and sedimentary architecture, as well as to 

predict the vertical and also horizontal changes with high-resolution stratigraphy 

(Borgomano et al., 2020). Using stratigraphic forward modeling can help to quantify the 

general concept of sequence stratigraphy by simulating sedimentary processes and 

deposition over time to test the carbonate sedimentary systems (CSSs), especially on 

shallow-water carbonate platforms (Borgomano et al., 2020). The results showed that 

stratigraphic forward modeling can be used to interpret sea-level changes and subsidence 

rates from carbonate sedimentary archives, and to estimate how much of the actual 

accommodation parameters are preserved in the sedimentary records. Additionally, a study 

conducted by (Hawie et al., 2017) utilized a variety of data sources including seismic data, 

well data, and outcrop data to quantify deposition process of mixed siliciclastic and 

carbonate system in the Middle to Upper Miocene along the northern Levant frontier 

region. The integration of data from geomorphological and hydrological databases , along 

with diffusion-based forward stratigraphic modeling, can aid in determining the ranges for 

sediment load, water discharge, and diffusion coefficients related to lithology (Syvitski et 

al., 2003; Syvitski & Milliman, 2007) with diffusion-based in forward stratigraphic 
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modelling help to assess the ranges for sediment load, water discharge and diffusion 

coefficients related to lithology (Borgomano et al., 2014; Burgess et al., 2006). 

(Al-Wazzan et al., 2021) presented a study that involved simulating the integration of 

sedimentary and study ecological processes, including carbonate production in relation to 

depth, time, wave energy, and sediment transport, to illustrate the evolution of a Jurassic 

carbonate ramp system within at a 2nd to 3rd sequence stratigraphic order. Later work on 

Marrat Formation by (Hawie et al., 2021) conducted additional research on the Marrat 

Formation, with the aim of quantifying the impact of key controlling factors such as 

subsidence, eustacy, grain size, carbonate production rates, and wave energy on the 

development of Mesozoic carbonate systems in tropical settings. In addition, the study by  

(Hawie et al., 2021) integrated the simulated model with basin modeling to evaluate and 

reduce risk in reservoirs, cap rocks, charges, stratigraphic traps assessment in the Marrat 

Formation. (Shabani et al., 2022) utilized a stratigraphic forward modelling approach to 

predict the Burgan-Kazhdumi mixed siliciclastic-carbonate systems of the Albian and 

assess new exploration prospects. According to (Milliman & Syvitski, 1992) the analysis 

of modern rivers was used to estimate the source of sediment that has filled the Burgan-

Kazhdami basin with siliciclastic sediments from southern Arabia. The modeling results 

demonstrate that the distribution of fluvial sand sediment and carbonate is consistent with 

well data, with approximately 80% of the model calibrated to the observed data. 
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Figure 4. The Simulated facies generated by stratigraphic forward modelling of Burgan-

Kazhdumi mixed siliciclastic-carbonate systems of the Albian.Comparison from simulated 

well data and actual wells along well section showing good consistency with approximately 

80% (Shabani et al., 2022). 

2.4 Stratigraphic Forward Modeling Principles 

Stratigraphic forward modeling (SFM) is a numerical modeling technique that utilizes 

geological data from both surface and subsurface to simulate the sedimentary architecture 

in various systems, including carbonate, siliciclastic, or mixed siliciclastic and carbonate 

systems (Borgomano et al., 2014, 2020; Burgess et al., 2006; Granjeon, 2014). Numerous 

software allows simulation of stratigraphic forward modeling, some programs specialized 

either carbonate (Borgomano et al., 2014, 2020) or mixed siliciclastic – carbonate. One of 

three-dimensional stratigraphic modeling program developed by Beicip Franlab, 

DionisosFlow™, was employed to simulate the model. The software models sediment 
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transport by solving a diffusion equation, which correlates sediment flow with the 

depositional slope and a transport coefficient specific to the environment, also known as 

the diffusion coefficient. DionisosFlow is designed for the characterization of sedimentary 

basins at a regional scale (tens to hundreds of kilometres), and over geological time spans 

(tens of thousands to tens of millions of years) (Franlab, 2021). The model aims to simulate 

and quantify the interplay among various factors, such as subsidence, sediment flux or 

carbonate production, and eustatic variations, in a mixed siliciclastic and carbonate system 

(Borgomano et al., 2014, 2020; Burgess et al., 2006; Granjeon, 2014).  The modern 

analogue studies such as modern delta or modern carbonate production help understanding 

the impact of the design on the modeling of sedimentary system and the application of 

numerical modeling by using DionisosFlow™ specially in applying sedimentary lithology 

and facies distribution along the modern analogue studies and describing numerical model 

by using time resolution (thousand to million years) and space resolution (tens to hundreds 

of kilometres) (Franlab, 2021). The idea of having modern observation is to build the 

stratigraphic forward model on a regional scale first order physical laws which simulate 

sedimentary process, basin deformation, sediment transport, sediment production along 

large area (simulated area greater than tens kilometers with cell size greater than hundreds 

of meters) and long period of time spans (simulated time interval greater than a few tens of 

thousands of years and time step longer than a few thousands of years) (Gvirtzman et al., 

2014; Harris et al., 2016; Hawie et al., 2017). 

Stratigraphic forward modeling aims to assess the key features of sedimentary basins, 

specifically focusing on determining the geometry, lithology and facies of sedimentary 

unit. The approach involves simulating the erosion, transportation, and deposition of 
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sediment caused by natural sedimentary processes across large spatial and temporal scales. 

These sediments, comprising natural materials moved by gravity and water flow, are 

characterized as large-scale sedimentation. The quantity of sediment within each numerical 

cell depends on erosion, production, transportation, and deposition mechanisms 

(Gvirtzman et al., 2014; Harris et al., 2016; Hawie et al., 2017). The stratigraphic model 

integrates two mechanisms: Linear slope-driven diffusion, known as hillslope creep, where 

transport is proportional to slope and Nonn-linear diffusion driven by water discharge and 

slope, termed water-discharge-driven transport. Empirical transport laws integrate gravity 

driven and water driven diffusion equations, incorporating both linear and non-linear slope-

driven diffusion equations. These are collectively known as water driven transport 

equations and are expressed in equation (1) (Hawie et al., 2015; Tucker & Slingerland, 

1994; Willgoose et al., 1991). 

𝑄𝑠 = 𝐾𝑠𝑖
∇ h − 𝐾𝑤𝑖

 𝑄𝑤
𝑚𝑆𝑛          (1) 

The equation for sediment discharge, Qs (km2/y), is dependent on several factors, including 

the diffusion coefficients of hill slope (Ks) (km2/y) and Kw water diffusion coefficient, 

Water discharge (Qw) (km2/y), basin slope gradient (S), elevation (h), and the transported 

lithology (i) (Granjeon, 2014). Additionally, the constants m and n are included in the 

equation, with values between 1 and 2. The diffusion coefficient parameters change based 

on particle type in both terrestrial and marine settings (Granjeon, 2014; Tucker & 

Slingerland, 1994). 

Three primary environmental parameters are considered in stratigraphic forward modeling: 

Accomodation, sediment production (siliciclastic and insitu carbonate production) and 
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sediment transport. The Accommodation (responsible to subsidence and eustasy). 

Represents the overall available area for sediment deposition. Variations in 

accommodation are influenced by fluctuations in base level and tectonic processes such as 

subsidence, uplift, compaction, flexure and salt diapirism. Sedimentary supply 

encompasses both clastic sediment and in situ carbonate production. It is derived from the 

integration of structural depth and paleobathymetry maps and resulting in a calculation of 

subsidence or accommodation map. 

 

Figure 5. Schematic diagram of accommodation which refers to sum of eustasy and 

subsidence or sediment thickness and bathymetry. 

Sediment in situ production refers to the creation of carbonate sediment directly within the 

model. This is achieved by incorporating laws governing carbonate production, which 
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consider various ecological factors such as water depth, wave energy, temperature, and 

surface illumination (as illustrated in Figure 5). Sediment transport delivered by water 

driven, slope driven or even via wave action. These actions apply macro-scale sediment 

transport laws as Lane’s balance (1995), typically represented by diffusion equations 

(equation 1). These laws dictate how sediments are eroded, moved, and settled across the 

basin. Subsequently, calibration is conducted by adjusting all input parameters such as 

carbonate production, wave characteristics, and reworking parameters. The simulated 

result aims to accurately replicate the overall geometry and distribution of lithology and 

facies as identified through sequence stratigraphic framework (Granjeon & Joseph, 1999b). 
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CHAPTER 3 

Testing Geologic Assumptions and Plausible Scenarios for Best-

Fit Reference Model in Marrat Formation using Stratigraphic 

Forward Modeling 

Abstract 

A mixed siliciclastic and carbonate system in Marrat Formation, records significant 

changes in texture and sequence architecture. Their sedimentation governs by interplays 

between two competing systems clastic influx and carbonate factories in organizing a 

depositional system. Constructing a geological model that aligns with the stratigraphic 

framework and can be validated with real datasets remains a challenge. By employing a 

numerical process based stratigraphic forward modeling approach, we test geologic 

assumptions and plausible scenarios to provide the best fit simulated reference model. We 

investigate the influence of eustasy, subsidence, sediment supply, transport sediment, 

carbonate production, and wave energy on simulating the sequence architecture and 

geometry in Marrat Formation. The findings demonstrated the best fit reference model with 

double sediment supply sources scenario filling the basin. The simulated model observed 

aggradation–progradation geometries within the Marrat Formation in 3rd stratigraphic 

order. The simulated model shows good agreement with the outcrop and subsurface 

observations. Furthermore, the accurate quantification of multiple parameters enables a 

more precise spatial delineation of siliciclastic and carbonate distributions across the basin, 

particularly to capture along strike variability. These findings offer valuable insights for 

mixed systems in enhancing regional understanding on the spatio-temporal heterogeneity 
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of the Marrat Formation and aid in identifying potential petroleum reservoirs, subtle 

stratigraphic traps and informing exploration strategies by reducing the uncertainties. 

Keywords: Marrat Formation, Mixed siliciclastic and carbonates, Stratigraphic Forward 

Modeling 

3.1 INTRODUCTION 

Mixed siliciclastic and carbonate sediment possesses its own uniqueness. One of which is 

the interplay between two competing systems of clastic influx and carbonate factories in 

organizing a depositional environment. Changes in sedimentation pattern and sequence 

architecture are sensitive to the complex interplay of various factors, such as climatic 

variations, tectonic activity, and sea-level fluctuations. (Catuneanu, 2002, 2006; Jervey, 

1988; Miall, 2010; Posamentier & Allen, 1999; Posamentier & Vail, 1988; Schlager, 

2005a). Yet, understanding the sequence architecture and geometry at a regional scale 

remains challenging. Limited datasets make geological interpretations difficult and highly 

uncertain. Moreover, the challenge of heterogeneity frequently encountered in typical 

mixed siliciclastic and carbonate systems increases the complexity of geological 

interpretation. 

The Toarcian Marrat Formation in Saudi Arabia is an ideal mixed siliciclastic and 

carbonate system due to its deposition during a transgressive-regressive depositional 

sequence, which led to the development of carbonate during the transgression phase. 

During the Toarcian (Early Jurassic period), Marrat Formation was deposited in a large 

epeiric tropical environment that covered the Arabian Platform. This transgression phase 

extended all the way up to the Triassic-Jurassic unconformity (Murris, 1980; Powers et al., 
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1966). An integrated approach utilizing sedimentology, seismic stratigraphy, and 

biostratigraphy was employed to investigate the stratigraphic evolution of the 3rd and 4th 

ordered sections in Marrat Formation, Saudi Arabia (Al-Hussaini et al., 2021; Al-Mojel et 

al., 2020; Farouk et al., 2018; Manivit et al., 1985; Manivit & Le Nindre, 1990; Y. Le 

Nindre et al., 2022; Powers, 1968; Powers et al., 1966; Vaslet et al., 1983). Although 

sedimentary environments and sequence stratigraphy architecture have been the primary 

focus of previous studies, there has been limited research on the quantification of these 

aspects through stratigraphic forward modelling. Such research that integrates the multi-

disciplinary and multi scale constrain to build the geological model and estimate the 

sediment source to sink was studied in Levant margin with stratigraphic forward modeling 

approach to estimate the siliciclastic and carbonate infill in the Levant Basin (Hawie, et al., 

2017). The research explored and tested several scenarios for achieving best fit modeling 

in the basin such as single to multiple source scenario, quantification of siliciclastic source 

and insitu carbonate production and bring assumption from modern river as an analogue to 

the input parameters. Other studies also applied process based numerical modeling on 

mixed siliciclastic and carbonate of Albian Burgan – Kazhdumi succession to explore the 

lithology and facies distribution. The research builds more precise regional sequence 

stratigraphy and stratigraphic architecture by integrating multi-disciplines and multi-scales 

of seismic and well data as data validation. The result helps guide the petroleum plays and 

stratigraphic potential in deltaic systems (Shabani et al., 2022). Moreover, (Baharudin et 

al., 2024) applied numerical process based modeling to tested impact of sea level in 

greenhouse period and icehouse period to understand both characters in sedimentation and 

stratigraphic architecture as depicted in several simulated model scenarios.  
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Recent times, utilizing a process-based modeling approach, such as stratigraphic forward 

modeling, can assist in constructing geological models by testing various geological 

assumptions and scenarios aligned with the sequence stratigraphic framework. These 

models are calibrated with observed outcrop data and well data. Our study documents the 

best-fit reference model for the Marrat Formation using a stratigraphic forward modeling 

approach. By testing multiple geological assumptions and plausible scenarios, we aim to 

construct a best fit reference geological model. Parameters tested include sediment 

sourcing scenarios, quantification of sediment supply and water discharge, quantification 

of carbonate production, sea level, subsidence, and wave energy. The objectives of this 

research are to predict sequence architecture at the third stratigraphic order with limited 

datasets and to determine the outcomes of testing various geological assumptions or 

scenarios applied to the sedimentation processes of the Marrat Formation. Furthermore, the 

study proposes insight into a variability of regional-scale geometries as lateral and vertical 

texture/facies heterogeneity. 

3.2 GEOLOGICAL SETTING 

The research area focused on the outcrop section in the central part of Arabian Platform. 

The platform was located on a passive margin. Deposited in a broad epeiric platform from 

a continental area to a shallow marine (Murris, 1980; Powers et al., 1966) (Figure 6). The 

Arabian Plate was experienced by Zagros rifting during Late Permian to Middle Triassic 

that has implication to thick carbonate deposition in the platform and intrashelf 

environments and continued until Early Jurassic. During late Triassic to Early Jurassic 

period was no deposition because of the collision of Iranian Plate with Eurasia through 

Zagros Suture called as Kimmeridgian orogeny and marked by Minjur unconformity 
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(Beydoun, 1993; Sharland et al., 2001; Ziegler, 2001). The first major transgression 

occurred during the Late Triassic and Early Jurassic. Regional equivalents formation 

during this time including Mus Formation in Iraq, Marrat Formation in Kuwait, Saudi 

Arabia, United Arab Emirates, Qamchuqa Formation in Syria, and Nirim Formation in 

Levant. During this time, MFS J09 and MFS J10 to intra-J20 marked the maximum 

transgression period (Sharland et al., 2001).  

 

Figure 6. (A,B) Paleogeography map during the Early Jurassic period depicting the 

different depositional environments.The study area covers the exposed Arabian shield, 

non-marine to marine clastic, shallow marine clastic/carbonate, shallow marine carbonate 

platform, and deep marine carbonate. Modified after (Ziegler, 2001). (C) Geology map 

showing the measured section and well section done by (Al-Hussaini et al., 2021; Al-Mojel 

et al., 2020). 
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In Saudi Arabia, the distribution of Marrat Formation is extensive, especially in the 

Khashm adh Dhibi region, reached maximum thickness around 111 and 142 meters 

(Powers, 1968; Powers et al., 1966). Marrat Formation characterized by its unconformable 

at base with the clastic Upper Triassic Minjur Formation and unconformable on top 

position with the Bajocian-Bathonian Dhruma Formation (Fischer et al., 2001; Manivit & 

Le Nindre, 1990). Marrat Formation exhibits a complex lithological composition, 

consisting of interbedded sandstones, mudstones (claystone), with limestone and 

anhydrites intercalated in lower part and upper part Formation (Al-Hussaini et al., 2021; 

Al-Mojel, 2020; Farouk et al., 2018; Le Nindre, 2022; Manivit et al., 1985; Jacques Manivit 

& Le Nindre, 1990; Powers et al., 1966; Powers, 1968; Vaslet et al., 1983) (Figure 7). The 

Marrat Formation has been subdivided into the lower member, middle member, and upper 

member.  

The lower member is characterized by an Early Jurassic unconformity, distinguished by a 

prominent iron-stained surface overlaying the Late Triassic Minjur Sandstone, with several 

sections displaying paleosols. This distinctive lower member may attain a thickness of up 

to 47 meters. Consisted of greenish – green colour, fine-grained to silt grain, succeeded by 

sandy marl and dolomitic limestone. Characterized by low abundance of faunal 

assemblages in comparison to other members of the Marrat Formation.  
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Figure 7. General stratigraphic chart showing stratigraphic position of Marrat Formation 

and its overlain and underlain Formation. The lithologies of the Minjur Formation, Marrat 

Formation and Dhruma Formations were obtained from (Al-Hussaini et al., 2019; Powers, 

1968; Powers et al., 1966)  
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Figure 8. Outcrop photographs of Marrat Formation consist of upper Marrat member, 

middle Marrat member and lower Marrat member. The red beds found in middle Marrat 

member characterized by a succession of reddish mudstone and siltstone layers, which lack 

any distinguishable fossil remains.  

The uppermost section of this member is marked by calcareous shale, which contains a 

relatively low abundance of fauna. The thickness of this member ranges up to 40 meters, 
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and it was formed in a depositional environment that ranges between subtidal and intertidal 

lagoon environment. The significance of middle Marrat member is established through the 

examination of ammonite fossils, with a focus on Protogrammoceras sp. and Bouleiceras 

sp. at the base of the member. The dolomitic limestone is rich in fossils and characterized 

by bioturbation mainly in the initiation of middle member of Marrat Formation. This is 

followed by a succession of reddish mudstone and siltstone layers, which lack any 

distinguishable fossil remains. It has been noted that there is a substantial reduction in the 

thickness of the middle member of Marrat Formation towards the southern areas. In this 

region, there are reddish mudstones replaced by sandstone-rich deposits (Powers, 1968; 

Powers et al., 1966). While, the upper part of Marrat Formation is a bioturbated limestone. 

It was deposited under a lagoonal environment. This member is overlain by a 7 meters 

thick layer of evaporite in form of anhydrite. This anhydrite layer has been identified by 

(Powers, 1968) which belongs to the Middle Jurassic period. In general, the Marrat 

Formation depicts a transgressive-regressive cycle, with the indication of Bouleiceras 

Horizon, located at the base of the Middle Marrat and identified as the maximum flooding 

surface (MFS J09) and maximum flooding surface (MFS J10) lying at the base of the Upper 

Marrat by the indication of Nejdia Horizon (Le Nindre, 2022). 
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Figure 9. The conceptual model of the depositional environment of Marrat Formation. The 

facies were laid down in a broad and flat, inner platform depositional environment. The 

evolution of Marrat formation starting from lower Marrat (C), Middle Marrat (B), Upper 

Marrat (A). Upper Marrat member and Lower Marrat member modified from (Al-Mojel, 

2020) and Middle Marrat member data modified from (Al-Hussaini et al., 2021). 
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3.3 RESEARCH METHOD 

3.3.1 Dataset 

The Marrat Formation has been extensively studied with published datasets available from 

both outcrop and well data. One such dataset is the measured section of the Marrat 

Formation, which was taken along a north-south transect south of Riyadh in central Saudi 

Arabia (Figure 6) based on published data (Al-Hussaini et al., 2021; Al-Mojel, 2020) and 

2 well data from Riyadh well and Khurais well (Al-Mojel, 2020). The data consist of 

lithostratigraphic, sequence stratigraphy, biostratigraphy (Manivit & Le Nindre, 1990). 

The data from the Marrat Formation, including information on facies, depositional 

environment, and depositional models, have been interpreted and are available for use. This 

data was obtained from both outcrop and well data, and a stratigraphic measured section 

was measured along a north-south transect south of Riyadh in central Saudi Arabia (Al-

Hussaini et al., 2019; Al-Mojel, 2020) (Table 1).  

Table 1. Geological data are utilized for stratigraphic modeling and subsequently 

calibrated to improve the accuracy of the model 

Whole 

data  

Data Type Data Location Coordinate Reference 

12 

reference 

outcrops 

 

Outcrop section 

logs 

 

Sequence 

stratigraphy 

 

Facies 

Ushaiger section 

Kumayt Qarayan section 

Khashm adh Dhibi_2 section 

Khashm adh Dhibi section 

Wadi Al Jufayr section 

Faridat Balum section 

X: 515706    Y: 2805435 

X: 804901    Y: 792485 

X: 612669.2 Y: 2691397 

X: 611557.8 Y: 2680675 

X: 619815.4 Y: 2643481 

X: 626053.3 Y: 2622822 

Al-Hussaini et al., 2021 

Al-Hussaini et al., 2021 

Al-Hussaini et al., 2021  

Al-Mojel et al., 2020 

Al-Mojel et al., 2020 

Al-Mojel et al., 2020 
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Khashm Al Khalta section 

Khashm Disman section 

Wadi Birk section 

Fara'id al Ahmar section 

Khashm Munayyifiyah section 

Khashm Abu Al Jiwar section 

X: 620236.8 Y: 2608828 

X: 624905.7 Y: 2591588 

X: 638986.1 Y: 2558650 

X: 613436.4 Y: 2495312 

X: 590802.2 Y: 2453209 

X: 576089.3 Y: 2415667 

Al-Mojel et al., 2020 

Al-Mojel et al., 2020 

Al-Mojel et al., 2020 

Al-Mojel et al., 2020 

Al-Mojel et al., 2020 

Al-Mojel et al., 2020 

 Biostratigraphy Khashm adh Dhibi section  Jacques Manivit & Le 

Nindre, 1990 

2 

reference 

wells 

Well logs (GR 

log) 

Sequence 

stratigraphy 

Riyadh well 

Khurais well 

X: 635683 Y: 2735616 

X: 804902 Y: 2792485 

Al-Mojel et al., 2020 

Al-Mojel et al., 2020 
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Figure 10. Correlating sequence stratigraphy from surface to subsurface by utilizing 

gamma-ray logs covering southwest to northeast trajectory (Khasm Ad Dhibi to Khurais 

area) (modified after Al-Mojel et al., 2020). 

3.3.2 Methodology 

The aim of employing stratigraphic forward modeling is to generate simulations of various 

parameters in order to assess different assumptions and examine the influence of various 

contributing factors in controlling basin stratigraphy observed at present day. The model 

design or conceptual model of the depositional environment will be utilized to measure the 

geological processes by integrating all available data as a constraint for input parameters. 

The input parameters were categorized into two groups: basin conditions and sediment 

characteristics. A robust framework of quantified basin condition parameters was 

established based on a validated depositional model representative of the study area, to test 

and compare multiple scenarios. In this study, the general workflow and methodology are 

as follows: (i) comprehensive understanding and determination of various parameter values 

through reliable literature sources. (ii) Although running the simulation is a crucial step, 

many parameter values remain uncertain, making it difficult to explore the impact of each 

process individually through trial-and-error approaches. Therefore, an iterative process is 

required. (iii) The resulted prediction model will be calibrated with the available data such 

as outcrop data or well data. However, manual calibration through a trial-and-error 

approach can be very time-consuming in this context. The stratigraphic forward modelling 

will use Dionisos software as the primary platform to run the simulation. In addition, Petrel 

software will be utilized for data preparation, as well as the creation of 3D basemaps and 

bathymetry. The stratigraphic forward modeling process will consist of four primary 
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stages, starting with the preparation of data, followed by the analysis of input parameters 

and data processing. The third stage will involve stratigraphic forward modeling, and the 

final stage will be the calibration of the model (Figure 11).  

3.3.3 Data Preparation  

The initial stage of data preparation involves selecting and gathering raw data. For this 

study, 12 outcrop measured sections were chosen based on previously published data (Al-

Hussaini et al., 2021; Al-Mojel, 2020) and 2 well data from Riyadh well and Khurais well 

(Al-Mojel, 2020). The data consist of sedimentology and stratigraphy analysis, sequence 

stratigraphic framework, facies and deposition environment, biostratigraphy data and 

conceptual geological model. Sequence stratigraphic correlations were conducted 

throughout the studied sector using a third order framework based on sedimentological, 

biostratigraphic, and well log data. Biostratigraphic data provides important information 

for defining the age boundaries of the studied stratigraphic unit, as well as insights into the 

depositional bathymetry during the formation's deposition. A thorough understanding of 

the geological concepts of the study area will be crucial for the success of the forward 

stratigraphic modelling stage. 

3.3.4 Input Parameter 

3.3.4.1 Basin Condition (Domain or boundary definition) 

The model's parameters are specified within the confines of a boundary of 600 km × 500 

km with cell sizes of 6 km × 5 km and simulated with time intervals of 100 kyrs to examine 

the broader third-order sequence of the sedimentary architecture. The Marrat Formation's 

chronostratigraphic framework relies on biozones (Ammonite zones) linked to Tethyan 
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time charts and sequence stratigraphic schemes. The Marrat Formation's total duration was 

approximately 3.7 million years (Al-Mojel, 2020; Jacques Manivit & Le Nindre, 1990). 

All input parameters are interpreted from ancient strata of Marrat Formation and selected 

within the natural range of equivalent parameters observed in the modern environment. 

The initial bathymetry of the Marrat Formation will be modeled based on the 

paleogeographic map represented by water depth, (Ziegler, 2001). Calculation of 

subsidence rate estimated from the ratio of apparent accommodation rate and sedimentation 

rate from stratigraphic record (outcrop and well log data) refer to (Borgomano et al., 2020) 

(Figure 11). The simulated model did not consider the sediment compaction and subsidence 

by sediment load because will intricate the modeling. 
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Figure 11. A. Initial bathymetry cover the area from low land area, marginal area to shallow 

marine area with water depth up to 20 meters water depth. The initial bathymetry of the 

Marrat Formation generated based on the paleogeographic map (Ziegler, 2001). B. 

Calculation of subsidence rate estimated from the ratio of apparent accommodation rate 

and sedimentation rate from stratigraphic record (outcrop and well log data) refer to 
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(Borgomano et al., 2020). Note: The subsidence value estimation is based on the average 

from the margins to the center of the basin. 

3.3.4.2 Sea level 

The eustatic sea level curve used in the study will be based on the relative and global sea 

level changes observed in the Arabian Plate (Haq, 2018) in 3rd sequence stratigraphic order 

(Figure 12). 

 

Figure 12. The eustatic sea level curve used in the study will be based on the (A) regional 

sea level and (B) global sea level changes observed in the Arabian Plate (Haq & Al-

Qahtani, 2005) in 3rd sequence stratigraphic order. The Marrat Formation was deposited 

during a significant rise in sea level, whereas in the middle Marrat, there was initially a 

drop in sea level. 

3.3.4.3 Ecological Restriction (Wave impact) 

Wave energy distribution plays a dual role in the modelling: firstly, It influences sediment 

transport as one of the parameters in the diffusion equation and secondly, it is used to 

ecological limitations to specific simulated sediment types, like establishing distinct reef 

zones according to different levels of wave energy (Graus & Macintyre, 1989; 
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Montaggioni, 2005). This study determined wave parameters based on the paleogeographic 

location of Kuwait during the Early Jurassic period. It was determined that the primary 

wave direction originates from the northeast and extends towards the southwest, aligning 

with the direction of progradations (Al-Wazzan et al., 2021). The estimated range for the 

wave base values is 10–15 m as there was no direct connection to the open ocean during 

the Early Jurassic period. Range of wave energy in the simulation range from 30 - 110 

kW/m2 (Gerdes et al., 2010, Al-Wazzan et al., 2021). 

3.3.4.4 Sediment Characteristics 

Different methods of defining sediment classes exist based on the model's spatial and 

temporal resolution. When dealing with regional stratigraphic models featuring grid cells 

spanning several kilometers, a greater degree of simplification becomes necessary. In 

exploration scale and reservoir scale models, usually distinguish between sediment classes 

based on their grain size, assigning them with different diffusivity values, while keeping 

generalized production values constant (Al-Salmi et al., 2019; Hawie et al., 2015). The 

following parameters including to the sediment characteristics: 

3.2.4.5 Sediment class definition 

The transport and distribution of sediments are primarily influenced by properties such as 

grain size and density (Sangster et al., 2019). The grainsize categories used in this study 

include sand, silt and clay for siliciclastic sediments (Wentworth, 1922), and medium 

carbonate, and mud carbonate for carbonate sediments (Dunham, 1962) (Figure 13). 
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Figure 13. Sediment class definition in stratigraphic forward model consist of five sediment 

classes are medium carbonate , mud carbonate, sand, silt, shale based on siliciclastic and 

carbonate producing process. The sediment classes will classified to depositional facies 

model in the reference model (terestrial, deltaic and shoreface, offshore prodelta and 

carbonate lagoon. 

3.3.4.6 Carbonate production depth profiles and rates 

The production laws for in-situ carbonate are dependent on multiple factors, such as depth, 

influx of siliciclastic sediments, wave energy, and climatic conditions. In tropical climates, 

the forming of carbonate is a result of the interplay of various factors (Schlager, 2005b). 

The production rates of carbonate tend to decrease as water depths increase, and this is 

generally observed in tropical climates controlled by interplay of various factors. The 

carbonate factory in Marrat Formation included as Tropical factory (T-factory) 

characterized by being light dependent and higher sediment production. The carbonate 

factory consists of sediments with a medium grain size that have a broader profile of 

production rates (1-0.9 (/), 50 -100 m/Ma) and occur in water depths ranging from shallow 

to slightly deeper (0-60 m). The deposition of carbonate mud is possible in both shallow 

marine/lagoonal settings and deeper slope to basinal environments with of production rates 
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(1-0.9 (/), 25-80 m/Ma), provided that the system remains unaffected by high wave 

energies (Hawie et al., 2015). Hence, carbonate mud values have remained consistent 

regardless of depth. With the production rates (0.9 (/), 80 m/Ma) (Figure 14). The carbonate 

production profile did not incorporate water salinity as a simulation parameter for 

simplifying the model. 

 

Figure 14. A. Carbonate production rate vs depth. The carbonate production represents a 

typical shallow water – lagoonal area where the usual trend is for carbonate production to 

decrease as water depth increases. B. Carbonate production rate varies from medium-grains 

carbonate about 50-100m/My and mud carbonate reach 25-80m/My.  

3.3.4.7 Siliciclastics input 

During the late Early Jurassic period, around the Toarcian age, the eastern Mediterranean 

region experienced backarc rifting, as noted by (Beydoun, 1993; Sharland et al., 2001; 

Ziegler, 2001). This was accompanied by a significant uplift in the central and southern 

regions of the Arabian plate (Sharland et al., 2001). Furthermore, according to (Ziegler, 

2001) the sediment sources in the study area were mainly located in two directions, with 
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one source transporting sediments from west to east and the other from south to north. This 

sediment routing system was facilitated by a fluvial channel, which transferred the 

sediments to the basin. The source from southern Arabia tends to fill the basin. Estimating 

factors like catchment or drainage areas, sediment discharge or supply, water discharge is 

crucial for enhancing the precision of the outcomes achieved with stratigraphic forward 

modeling (SFM). 

3.3.4.8 Transport properties 

Empirical transport laws integrate gravity driven and water driven diffusion equations, 

incorporating both linear and non-linear slope-driven diffusion equations. These are 

collectively known as water driven transport equations and are expressed in equation (1) 

(Hawie et al., 2015; Tucker & Slingerland, 1994; Willgoose et al., 1991). 

𝑄𝑠 = 𝐾𝑠𝑖
∇ h − 𝐾𝑤𝑖

 𝑄𝑤
𝑚𝑆𝑛          (1) 

The equation for sediment flux, Qs (km2/y), is dependent on several factors, including the 

diffusion coefficients of hill slope (Ks) (km2/y) and water discharge (Kw) (km2/y), basin 

slope gradient (S), elevation (h), and the transported lithology (i). Additionally, the 

constants m and n are included in the equation, with values between 1 and 2. The diffusion 

coefficient parameters change based on particle type in both terrestrial and marine settings 

(Granjeon & Joseph, 1999b; Hawie et al., 2013, 2015, 2016, 2018; Hawie, Callies, et al., 

2017; Nagle et al., 2021). 

3.3.4.9 Water discharge and catchment area 

The empirical relationships established from the analysis of present-day global drainage 

systems have been utilized to estimate sediment transport in ancient systems by various 
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studies (Milliman & Syvitski, 1992b; Sømme et al., 2009; Syvitski et al., 2003; Syvitski & 

Milliman, 2007). According to the observation of 280 modern rivers by (Milliman & 

Syvitski, 1992b) water discharge volume (Qw) increases as the drainage area increases. 

Similarly, the volume of sediment supply or sediment load also increases as drainage area 

or catchment area and relief (R) increases. Marrat Formation used modern river analogue 

with similar characteristics as wave to river dominated delta in Senegal Delta with sediment 

discharge = 760 km3/My and water discharge = 600 m3/s. The range estimation for Marrat 

river system range between 750 km3/My – 5000 km3/My (sediment discharge) while 500 

m3/s – 5000 m3/s (water discharge) (Figure 15).  

 

Figure 15. The global relationship between sediment discharge as a function of catchment 

area and relief (R) and water discharge as a function of catchment area for rivers.The 

Marrat river system is denoted by a yellow circle (Milliman & Syvitski, 1992). 
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Figure 16. The assessment of sediment supply within the Marrat Formation across its 

various members indicates that the middle Marrat member demonstrates a notably higher 

supply compared to the other members. 

Table 2. Input parameters for initial deterministic scenario model. 

Parameter Value Reference 

Domain length (x axis) (km) 500  

Domain length (y axis) (km) 600  

Grid spacing (km) 5x5  

Run period (Ma) 0.1  

Time Steps (My) 3.7  

Gradient slope paleo 

bathymetry 

Less than 0.1  

Sea level change Relative sea level Arabian 

Platform 

Haq & Alqahtani, 2005 

Subsidence Differential subsidence - 

Sediment input setting 

(siliciclastic) 

  

source sediment 2 source scenarios (west to east) Sharland et al., 2001; Ziegler, 

2001 

Width (km) 25  

sediment discharge (km3/My) 750 - 5000  - 
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water discharge (m3/s) 500 - 5000 - 

sediment grains (mm) 0.5 (sand)  

0.125 (silt) 

0.004 (clay) 

0.3 (medium carbonate)  

0.003 (carbonate muds)  

(Wentworth, 1922) 

 

 

(Dunham, 1962) 

sediment proportion (%) 

 

10 (sand)  

25 (silt)  

65 (clay) 

 

Transport Process Parameter 

for each sediment 

  

Gravity driven Diffusion 

Coefficient (km2/kyr) 

0.25 - 250 (continental sand) 

0.8 - 500 (continental silt)  

1.7 - 750 (continental shale)  

0.00 1 (continental f-carbonate)  

0.001 (continental m-carbonate)  

1 - 70 (marine sand) 

90 - 750 (marine silt) 

305 – 1500 (marine clay) 

0.005 (marine medium-carb.)  

0.005 (marine mud-carbonate)  

(Burgess et al., 2018) 

(Shabani et al., 2022a) 

 

 

 

 

(Al-Wazzan et al., 2021a) 

 

Water driven Diffusion 

Coefficient (km2/kyr) 

6.8 - 250 (continental sand)  

8 - 500 (continental silt)  

750 - 15 (continental shale)  

 0.005 (continental medium-

carbonate)  

0.005 (continental mud-

carbonate)  

(Burgess et al., 2018) 

(Shabani et al., 2022a) 

(Al-Wazzan et al., 2021a) 

 

(Shabani et al., 2022a) 
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3.3.5 Model Calibration 

The final stage of the process involves the quantification and evaluation of the model's 

performance in order to determine its accuracy. The calibration of the models is achieved 

through the use of detailed depth/thickness grids derived from three major outcrops data 

and one well data. To assess the validity of the model, virtual outcrops and wells generated 

1 - 600 (marine sand) 

5 - 700 (marine silt) 

10 – 2750 (marine clay) 

0.5 (marine medium carbonate)  

0.5 (marine mud carbonate) 

(Granjeon, 2019) 

 

Wave Diffusion Coefficient 

(km2/kyr) 

0.5 - 0.05 (continental sand, silt, 

shale) 

0.5 - 0.05 (continental medium - 

mud carbonate)  

0.5 - 0.05 (marine sand, silt, 

shale) 

0.5 - 0.05 (marine medium – 

mud carbonate)  

(Al-Wazzan et al., 2021a) 

(Al-Salmi et al., 2019; Hawie 

et al., 2023). 

 

 

Wave Energy (kW/m) 

Wave base (m) 

Wave propagation azimuth (0) 

30 - 100 

10 - 15 

90 (east - west) 

(Al-Wazzan et al., 2021) 

 

Sediment input setting 

(carbonate) 

  

Carbonate production time Medium carbonate (50 - 100 

m/Ma) 

Mud carbonate (20-80 m/Ma) 

 

Carbonate production vs water 

depth 

Medium carbonate (10-60 m) 

Mud carbonate (0-to deeper) 
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from the simulated stratigraphic forward model will be compared with actual outcrops and 

wells that were not used as input in the simulation database. The evaluation process 

depends on a conceptual model of the basin and calibration data acquired from outcrop 

observations, wells, or seismic data. Once the reference model has been constructed to 

align with the conceptual model in regard to its geometry and architecture, the next step 

involves adjusting the simulation parameters to align it with the observed real data. In this 

stage, the accuracy of the calibrated model is confirmed by contrasting the simulated model 

with real observed data (well data or outcrop data) at specific control points. This particular 

study utilizes outcrop data and well data to calibrate and validate the simulated lithologies 

and facies, by comparing them with lithology and facies logs. The thickness of the 

simulated model is validated by comparing them with the thickness observed in outcrops 

or well data, considering their estimated depositional age. The general methodology 

employed in the study area is illustrated in the figure below (Figure 17). 
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Figure 17. The general methodology employed in the study area. The methodology devided 

into four main stages: data preparation stage, input stage, process stage and output stage. 

In the data preparation stage, the data taken from published data (Al-Hussaini et al., 2021; 

Al-Mojel, et al., 2020). 
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3.4 RESULTS 

3.4.1 Best Fit Scenario for Marrat Formation 

The best fit scenario for Marrat Formation was achieved with multiple iteration and several 

geological assumptions testing several plausible scenarios that works with the geological 

process within Marrat Formation back at that time. The best fit reference model was built 

referring to several published data and applying modern analogue (recent river system and 

modern shallow water carbonate production). We calibrated the simulated stratigraphic 

model with observed outcrop log data and well log data covering north to south area of 

Marrat Formation from surface to subsurface. The calibration of reference model presented 

as cross sections across the model grid, as oblique strike direction (north - south direction) 

and dip direction (west east direction). The stratigraphic boundary corresponds to a 

sequence boundary and maximum flooding surface adapted from (Al-Mojel et al., 2020; 

Sharland et al., 2001)  providing chronostratigraphic evolution within simulated model. 

The model simulated between 183 Ma to 179.3 Ma. The simulated model is subdivided in 

three stages of sedimentary units or members which represent as: Lower Marrat member 

(183 Ma – 181.5 Ma), Middle Marrat member (181.5 Ma – 180.1 Ma), Upper Marrat 

Member (180.1 – 179.3 Ma). Those corresponding with the significant sea level rise. The 

model provides a comprehensive representation of sedimentary unit evolution on the 

development of mixed siliciclastic and carbonate on Marrat Formation.  

Phase 1: Drowning of Early Toarcian platform and development of carbonate inner ramp 

within aggradation – progradation sequence (Lower Marrat member 183 Ma – 181.5 Ma) 
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The initial deposition unit was an epeiric platform covering continental area (marginal 

area) to a shallow marine (Murris, 1980; Powers et al., 1966) marking the hiatus around 20 

Ma, resulting the contact in form of paleosoil between Triassic and Toarcian sediments. 

This unconformity event modeled as an initial bathymetry in typical flat geometry. The 

first part represents a sea level rise with an amplitude up to 88 meters which coincided with 

the drowning of land and showing aggradation - progradation sequence and observed onlap 

termination to the basin margin (Figure 15A). The sedimentary unit was mainly composed 

of fine grain sediment dominated by shale 70%, silt 20% and sand 10% observed in Khasm 

Ad-dhibi outcrop while in Riyadh well and Khurais well dominated by shale up to 85% in 

the basinal. The thickness is about 55 meters, and it keeps constant from proximal to the 

basinal. On top of that unit, deposited carbonate adjacent with the vicinity of deltaic 

geometries with thickness around 20 meters. The carbonate distributed in the vicinity of 

marginal area and can be observed in Khasm Ad-dhibi outcrop which dominated by 

medium grain carbonate while in more basinal area observed in Riyadh well and Khurais 

well dominated by mud carbonate (Figure 12 & 15). The facies observed in this phase are 

located in deltaic to offshore prodelta facies and turn into inner ramp carbonate facies 

(Figure 16B). The bathymetry of both units ranges between 10-80 meters. The unit 

terminated by the MFS-J09 event will initiate the deposition of subsequent Middle Marrat 

member. 



51 

 

 

Figure 18. The simulated model in Lower Marrat member (183 Ma - 181.5 Ma). Highlight 

the sediment proportion in each lithologies (arrow direction is the source sediment supply). 
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Phase 2: Development of siliciclastic deposition within progradation – retrogradation 

sequence (Middle Marrat member 181.5 Ma – 180.1 Ma) 

The unit developed during significant sea level drop and gradual sea level rise, 

characterized by an amplitude of sea level up to 10 meters. The unit exhibits slightly incline 

progradation to the basin area and turns to retrogradation before sequence boundary. The 

sedimentary unit was mainly composed of shale 60%, silt 20% and sand 10% observed in 

Khasm Ad-dhibi outcrop while in Riyadh well and Khurais well dominated by shale up to 

85% in the basinal. The thickness is about 40-50 meters, and it keeps constant from 

proximal to the basinal (Figure 18). During sea level drop, nearly half of the area was 

exposed and eroded. Consequently, more than 50 % of the area is occupied by terrestrial 

facies and marine transition - deltaic and shoreface facies (Figure 22B). The bathymetry of 

these units ranges between 20-30 meters. The unit terminated by the sequence boundary 

event will initiate the deposition of subsequent Upper Marrat member. 
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Figure 19. The simulated model in Middle Marrat member (181.5 Ma – 180.1 Ma). 

Highlight the geometry of delta deposited by sand up to 65% and silt up to 25% while shale 

dominated in the basinal area up to 65% (arrow direction is the source sediment supply). 

Phase 3: Development of carbonate within second aggradation - progradation sequence 

(Upper Marrat member 180.1 Ma – 179.3 Ma) 
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Phase 3 represents a notable shift in the depositional system compared to the previous 

phase. Source sediment shift from siliciclastic to significant carbonate production impact 

the carbonate sediments deposited during this phase. The unit deposited during gradual sea 

level rise could promote enough accommodation space for the deposition of carbonate 

sediments. The carbonate sediments consisted of medium carbonate deposited in vicinity 

of Khasm Ad-dhibi outcrop to the south of Khasm Disman outcrop with carbonate 

proportion up to 100%. While mud carbonate deposited in the Khasm Ad-dhibi to the basin 

area, Riyadh well and Khurais well with sediment proportion up to 80% (Figure 21). 

Mostly medium carbonate growth in marginal areas with water depth range between 10-20 

meters. While mud carbonate deposited deeper range between 20-60 meters. The simulated 

facies observed in this unit is located in carbonate inner lagoon (Figure 22B).  The 

bathymetry of this units ranges between 60-80 meters. The unit terminated by the sequence 

boundary event as a remark for Aalenian unconformity and subsequent Dhruma Formation. 



55 

 

 

Figure 20. The simulated model in Upper Marrat member (180.1 Ma – 179.3 Ma). 

Highlight the geometry of delta and shoreface deposited by sand up to 30% and silt up to 
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20% while carbonate dominated in the marine transition area up to 100% and mud 

carbonate following to the basinal (arrow direction is the source sediment supply). 

3.4.2 Sediment Proportion and Distribution  

The sediment proportion and distribution were observed through the map view generated 

by the simulated model in several well location point. In the southern part of the area, the 

proximal region displays fine-grained sediment proportions characterized by a silt 

lithology ranging between 45-65%, alongside minor occurrences of sand-shale lithology 

identified in specific locations such as Wadi Birk area, Khasm Disman area, Khasm Al 

Khalta area, and the Faridat Balum area. In contrast, the sediment source from the western 

part of the region is characterized by a prevalence of sand lithology, particularly notable in 

the Ushaiger and Kumayt Qarayan areas. The proportion ranging between 45-55% and the 

remaining is shale and carbonate proportion. As one moves towards the more basinal 

regions, the sediment composition is predominantly characterized by shale lithology, with 

proportions ranging between 50-60%. This pattern is notably observed in areas such as 

Wadi Al Jufyar, Khasm Ad-dhibi, as well as in the Riyadh and Khurais wells. The 

distribution of carbonate lithologies observed in widespread area, with carbonate 

proportion between 45–10%. Carbonate deposits are notably prominent in the western 

region, particularly in the Ushaiger and Kumayt Qarayan areas. In the southern part, 

carbonate presence is observed in locations such as Khasm Disman, Khasm Al Khalta, and 

Khasm Ad-dhibi, while in the central region, it is notable in the Riyadh and Khurais wells. 

Additionally, carbonate occurrences of less than 10% are observed in Khasm Disman. 
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Figure 21. The map view of the simulated model displays the distribution of sediment 

proportions in a pie chart. This distribution notably emphasizes a high proportion of silt 

content in the proximal area, while carbonate sediments are also widespread across the 

region. 

 

 

  



58 

 

 

Figure 22. The map view of the best fit simulated model of lithology distribution and facies 

distribution. A. Showing the double sediment sources filling the basin, followed by the 

carbonate production developed in the the basin. B. Facies distribution in each member. 

Highlight significant facies changes from siliciclastic to mixed siliciclastic and carbonate 

facies.  
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3.4.3 Simulated Model Validation 

The simulated model effectively depicted the sequence architecture during the initial 

formation of the Marrat Formation which show the aggradation - progradation sequence 

geometries observed from strike section and dip section of Marrat Formation while the 

thickness of each sequence observed in simulated isopach map. The simulated model 

demonstrates good alignment in terms of thickness and lithology, enabling the reproduction 

of third-order sequence geometries and stratigraphic architectures within Marrat Formation 

based on the conceptual model outlined in the reference. The thickness and lithology 

calibration of the simulated model with observed data from outcrop data and well data in 

Saudi Arabia reached up to 90% accuracy for lithology prediction and up to 95% (Figure 

24) for thickness prediction (Figure 25). Thickness error was observed to be approximately 

10%, primarily occurring when the unit terminates at the sequence boundary and due to 

additional sediment input from exposed areas into the basin. 
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Figure 24. Observed lithology data observed in outcrop and well in Marrat Formation 

versus simulated model. The results show good calibration up to 95% for the thickness and 

90% for the lithology. 
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Figure 25. Observed isopach map generated from outcrop and well data in Marrat 

Formation versus isopach map from simulated model. The results show good calibration 

up to 95% for the thickness and 90% good thickness distribution. 
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3.5 DISCUSSION 

3.5.1 Testing Plausible Scenario for Best Fit Model in Marrat Formation 

Multi source system and Carbonate Production  

Through the utilization of a stratigraphic forward modeling approach, we investigated 

several plausible scenarios and geological assumptions applied to Marrat Formation. The 

inherent constraints within available data introduce considerable uncertainties in assessing 

sediment volumes and lithological proportions within the basin. Nevertheless, through the 

improvement of the geological model and the application of modern analogues, we can 

effectively quantify the source system's influence on basin filling. Furthermore, (Hawie, et 

al., 2017) employed modern analogues to establish assumptions and quantify the sediment 

sources responsible for filling the basin in the Levant region. The result shows best fit 

plausible scenario quantifying multi source system from modern river analogue (Nile, 

Arabia, Latakia river system). Other studies also used similar approaches to estimate the 

simulated volume estimation in Burgan-Kazhdumi unit, northeast Kuwait with modern 

river analogue and yield good agreement with actual thickness (Shabani et al., 2022).  

Notably, the modern river and wave deltaic settings was similar with the depositional 

characteristics observed within the Marrat Formation (Al-Hussaini et al., 2021). The 

typical character of deposition system in Marrat Formation was lowland covering marginal 

area to shallow marine to deep marine area (Sharland et al., 2001; Ziegler, 2001). The 

scenario is based on two sediment sources: Source 1 in the southern part and Source 2 in 

the western part (Ziegler, 2001), along with carbonate production. We set initial ranges for 

sediment supply and water discharge, using the Senegal Delta river system as a 

comparison, and looked at how carbonate production changes over time and depth. The 
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range value for the plausible scenario established from constant sediment supply (Qs) = 

500 km3/My - 2000 km3/My – 5000 km3/My), constant water discharge (Qw) = 700 m3/s 

– 2000 m3/s – 5500 m3/s and constant carbonate production in specific time interval (range 

between: medium carbonate production = 50 – 100 m/My and mud carbonate production 

= 25 – 80 m/My). The quantification of  river system guided by the relationship of sediment 

discharge and water discharge on several modern river (Milliman & Syvitski, 1992). The 

range between (sediment supply = 500 – 5000 km3/My and water discharge (500 – 5500 

m3/s). The analogue from Senegal delta river system and its properties as a reference case 

(value of sediment supply =760 km3/My & value of water discharge = 600 m3/s) (Figure 

16).  

However, the Senegal river system proved insufficient to fill the basin due to its low 

estimated sediment supply and sediment transported by water discharge (Figure 20). The 

most suitable model was found in Scenario No. 6, with sediment supply ranging between 

1450 and 1800 km3/My and water discharge of 5500 m3/s. Significant sediment supply 

variations occurred during the middle Marrat deposition. The sediment supply ranged 

between 2700 km3/My from southern source sediment and 2000 km3/My in the western 

section. This corresponds to the sequence boundary event during the sea level drop at the 

middle Marrat member (181.5Ma - 180.1Ma). Carbonate production tends to decrease as 

siliciclastic sediment input interrupted carbonate production while filling the 

accommodation space, as illustrated in the mixed siliciclastic and carbonate system model 

in the greenhouse period (Baharudin et al., 2024). Additionally, the rates of carbonate 

production for mud carbonate were set at 25 – 80 m/My and medium carbonate at 50 – 100 

m/My. The observed results showed better agreement with the actual thickness depicted in 
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(Figure 26). The values for sediment supply and water discharge within the typical range 

observed in modern river systems (Milliman & Syvitski, 1992). Moreover, the carbonate 

production rate has been adjusted to match the actual carbonate thickness, consistent with 

similar cases from the Jurassic and Cretaceous periods across the Arabian plate (Schlager, 

1998). 
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Figure 26. The plausible scenario model tested to see how the sediment supply and water 

discharge filling the basin. Scenario No. 6 highlights the best plausible scenario to filling 

the basin. 

Subsidence testing 

Alternative scenarios were tried for the subsidence parameter to see how the model 

responded to the subsidence that occurs during sedimentation. Several studies have 

discussed how differential subsidence impacts the Arabian platform margin, leading to 

lateral variations in energy levels that in turn influence the distribution of sedimentation 

(Alsharhan & Kendall, 1986) and also effect of sediment loading to the basin with total 

subsidence in the Marrat Formation (Toarcian  - Aalenian) up to 200 meters (Le Nindre et 

al., 2003). The scenario without subsidence investigated in this study revealed that the 

model was unable to fill the accommodation to match the actual thickness (Figure 23A). 

The subsidence tested in this study following to the subsidence assessment as reported by 

(Hughes, 2006) involves a preliminary assessment of each formation within a similar 

Lower Jurassic section, utilizing the latest available absolute dating for each formation. 

Subsidence rates are reported for many Jurassic formations, including the Marrat 

Formation, which has rates ranging from 25.6 to 31 m/My.  

The subsidence estimate was calculated within the average value in the Marrat Formation 

with subsidence rates of 20 m/My and 25 m/My, while the others divided the average value 

in each member with subsidence rates of 16 m/My in Upper Marrat, 25 m/My in Middle 

Marrat, and 54 m/My in Lower Marrat. The decreasing rate from the lower to upper Marrat 

suggests that during this period, the Marrat was influenced by thermo-tectonic subsidence. 
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The observed results demonstrate that the scenarios with averages of 20 and 25 m/My 

throughout the Marrat Formation fail to correspond with the actual thickness, however the 

third scenario does (Figure 25). The subsidence rate reported by Le Nindre et al. (2003) for 

the marginal to central trough was very low (0 to 3 m/My) (Le Nindre et al., 2003). This 

rate is too low to generate accommodation in the modeling when combined with global sea 

level changes and sediment influx. We believe that the best fit scenario model with actual 

thickness and a sequence architecture incorporating subsidence estimation is necessary. 

The subsidence rate shows how the subsidence rate decreases over time. These might have 

broader regional implications as accommodation changes caused by the interaction of 

differential subsidence, sea level changes, and sediment supply in each formation. 

Furthermore, the sequence architecture within the simulated model is consistent with 

regional studies from the Jurassic and Early Cretaceous periods (Droste & Van 

Steenwinkel, 2004; Pratt & Smewing, 1990).  
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Figure 27. Scenario model incorporating subsidence testing (B) and without subsidence 

testing (A). B. Scenario model D using differential subsidence in each member, the 

subsidence rate shows increase over time. The best fit result with actual thickness shows 

in scenario model D. 

3.5.2 Sequence Architecture and Lithology and Facies Distribution 

The 3D forward stratigraphic model acquired the evolutionary processes of the Marrat 

Formation spans from 183 Ma – 179.3 Ma. The simulated model was consistent with the 

input of the data, whatever the range of input parameter it will consistently generate the 

simulated model constraint by its input value. The best fit simulated model successfully 

captures the heterogeneity of lithology variation across Marrat Formation. The simulated 

model also match with the observed on outcrop data measured stratigraphic section across 
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north – south direction (Al-Hussaini et al., 2021; Al-Mojel, et al., 2020). The simulated 

model observed in three stratigraphic sequence order shows distinct aggradation – 

progradation sequence on Lower Marrat member during sea level rise. The simulated 

sequence architecture also match with the simulated sequence observed in NW-SE Middle 

Marrat by (De Keyser & Kendall, 2014).  

The model observed thick sediment about 50 meters in central area (Khasm Ad-dhibi) and 

thins out to the most northern section and southern section. This geometry also proved in 

measured stratigraphic section (Al-Hussaini et al., 2021; Al-Mojel, et al., 2020). The 

simulated facies observed in this unit was located in the deltaic – offshore prodelta the 

facies (marine environment to the center of the basin in the vicinity of Khasm Ad-dhibi 

and changing facies going up dip into northern Kumayt Qarayan and Ushaiger area) and 

southern section (observed in the Wadi Al-Jufyar, Faridat Balum, Khasm Khalta and 

Khasm Disman area) into deltaic and shoreface facies (Figure 22). This simulated model 

contradicts the interpretation provided by (Al-mojel et al., 2022) which suggested that the 

Lower Marrat formation was deposited in a non-marine region (fluvial-coastal plain), 

instead deposited in a marine environment (based on forward model testing). During late 

sea level rise deposited carbonate in the inner lagoon facies. And the carbonate pinch-out 

into silt - sand lithology in the southern area (Khasm Al-Khalta and Khasm Disman area). 

Middle Marrat member deposited during sea level drop observed significant progradation 

sequences deposited in the deltaic to offshore prodelta facies. The deltaic facies observed 

in the Wadi Al Jufyar to the southern part section while prodelta facies observed in the 

Khasm Ad-dhibi section. The thickness of the sequence slightly continuous from proximal 

to distal section. By this simulated model in Middle Marrat member also contradicts the 
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interpretation provided by (Al-mojel et al., 2022) which suggested that the Middle Marrat 

formation was deposited in a non-marine region (coastal plain), instead deposited in a 

marine environment (based on forward model testing). While Upper Marrat Formation 

suggested widely distributed of carbonate with aggrading to prograding sequence. The 

distribution continues in the southern section until Khasm Disman area and northern 

section to the Ushaiger area.  

The heterogeneity of lithology and facies variation was successfully captured by this best-

fit simulation. Adding the complexity of the mixed siliciclastic and carbonate system in the 

Marrat Formation. The actual geometry of Marrat Formation from the seismic scale in the 

northwest – southeast Kuwait (Al-Wazzan et al., 2021) showing continuity of aggradation 

– progradation – aggradation sequence also shows onlapping packages of Lower Marrat 

member and prograding Middle Marrat member and turning point to onlapping package on 

Upper Marrat member matched with the simulated model from SFM. 
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Figure 28. (A) Stratigraphic section from northern to southern area based on observed 

outcrop data (B) Simulated model from stratigraphic forward modeling shows continuous 

thickness and good agreement in sequence architecture. 
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3.5.3 General Implications of the Model 

Stratigraphic forward modeling proves to be an exceptionally potential exploration tool as 

its ability to test multiple geological assumptions and plausible scenarios that can construct 

a best fit reference geological model. The presented first reference case stratigraphic model 

provided comprehensive quantitative geological process-based model to understand Marrat 

depositional systems, interplay between siliciclastic and carbonate system and its 

interaction with different controlling parameters response to stratigraphic architecture and 

geometries. Furthermore, the study successfully captured lateral and vertical texture/facies 

heterogeneity in regional-scale geometries under third sequence stratigraphic framework. 

Regarding energy exploration, the study helps simulated models exhibit an aggradation – 

progradation sequence including distinct lithology and facies variations, which can have 

important implications for facilitates comprehensive interpretation and construction of an 

optimized geological model, identifying and conceptualize the petroleum prospect area to 

more thoroughly.  

Nevertheless, this research is facing substantial uncertainties arising from limitations in 

data, particularly within the lack of tectonic subsidence studies, global and regional 

eustasy, variable ecological constraints on carbonate production, etc. Future improvements 

to the simulation model are introducing complexity and generating higher resolution 

models (4th to 5th sequence order), which are essential for delineating and derisking 

petroleum systems. Several improvements need to be addressed including high-resolution 

sequence stratigraphy data, biostratigraphy analysis for build reliable paleobathymetry, 

cyclostratigraphy analysis for detailed sea-level proxies, calibrating and verifying models 

with seismic data, and uncertainty analysis assessment. 



73 

 

3.6 CONCLUSION 

The stratigraphic forward model accurately reproduces the geometries and stratigraphic 

architectures of the Toarcian Marrat Foramtion. This approach has proven powerful in 

testing and predicting scenarios to gain a quantitative understanding of regional studies 

regarding the sedimentation process, sequence architecture, texture, and facies distribution 

by integrating data and established conceptual models. The findings demonstrated the best 

fit reference model with double sediment supply sources scenario filling the basin. The 

simulated model observed aggradation–progradation geometries within the Marrat 

Formation in third stratigraphic order. The simulated model shows good agreement with 

the outcrop and subsurface observations. Furthermore, the accurate quantification of 

multiple parameters enables a more precise spatial delineation of siliciclastic and carbonate 

distributions across the basin, particularly to capture along strike heterogeneity. These 

findings offer valuable insights for mixed systems in enhancing regional understanding on 

the spatio-temporal heterogeneity of the Marrat Formation and aid in identifying potential 

petroleum reservoirs, subtle stratigraphic traps and informing exploration strategies by 

reducing the uncertainties. 
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CHAPTER 4 

Quantitative Controls on the Sequence Architecture and 

Geometries of the Marrat Formation using Stratigraphic 

Forward Modeling 

Abstract 

A mixed siliciclastic and carbonates system provides a unique opportunity to study the 

interaction of two competing systems, clastic influx and carbonate factories, in organizing 

a depositional system. The Toarcian Marrat Formation represents an ideal mixed 

carbonate-siliciclastic system developed under transgressive–regressive sequence. Despite 

extensive outcrop-based studies, understanding and quantifying the controlling processes 

behind the development of evolution of this mixed carbonate-clastic system is still a great 

challenge. Here, we performed a process-based stratigraphic forward modeling approach 

to unravel the interplay between different allogenic and autogenic factors contributing in 

the formation of different sequence architectures in the Marrat Formation. From the best-

fit scenario, a more realistic reference model was developed, and calibrated. A wide range 

of plausible scenarios impact the sequence architecture and geometry also quantified such 

as eustasy, subsidence, sediment supply, transport sediment, carbonate production, and 

wave energy. The sensitivity analysis shows that sediment supply and carbonate production 

are the most controlling parameters compared to sea level changes on dictating the 

sedimentary architecture and dynamics. These findings offer valuable insights into 

understanding more precise regional sequence stratigraphic and the main characteristics of 
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sedimentary basin with multiple parameter contributions on the basin filling and sequence 

architecture variation.  

 

Keywords: Marrat Formation, Mixed siliciclastic and carbonates, Stratigraphic Forward 

Modeling 

 

4.1 INTRODUCTION 

Sedimentation patterns and sequence architecture are influenced by several variables, 

including climate changes, tectonic activity, and sea level oscillations (Catuneanu, 2002, 

2006b; Jervey, 1988; Koeshidayatullah et al., 2016; Miall, 2010; Posamentier & Allen, 

1999; Posamentier & Vail, 1988; Schlager, 2005a). Mixed siliciclastic-carbonate deposits 

are sedimentary formations that contain both siliciclastic and carbonate components. 

Mixing patterns occur at many scales, including bed/core plug, lithofacies, well-log, and 

stratigraphic/seismic, leading to considerable vertical and lateral fluctuations. Mixing can 

occur as both compositional fluctuations and variations within individual layers (Borer & 

Harris, 1991; Budd & Harris, 1990; Chiarella et al., 2012, 2017; Doyle & Roberts, 1983; 

Zuffa, 1980). As a result, mixing between the two heterolithic components can occur in a 

variety of patterns and sizes, depending on relative sea-level fluctuations and the climate 

during both greenhouse and icehouse times. Sediment patterns are heavily influenced by 

sea level variations. They can even control the development of large shelf incisions and 

inhibit the progradation of deltas by developing incised valleys and channeling sediment 

away from the delta front (Haq, 1991; Jervey, 1988; Talling, 1998). The sedimentation 

patterns seen during both greenhouse periods demonstrate a remarkable amount of 
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complexity and variety, which can be correlated to the many geological processes that were 

controlling at the time (Algeo et al., 2014; Burgess, 2018; Burgess et al., 2022; Harris et 

al., 2020; Sømme et al., 2009). 

The Marrat Formation in Saudi Arabia is an ideal mixed siliciclastic and carbonate system 

due to its deposition during a transgressive-regressive depositional sequence, which led to 

the development of carbonate during the transgression phase. It contains evidence of 

greenhouse deposits deposited during the Toarcian Early Jurassic (Murris, 1980; Powers 

et al., 1966). Marrat Formation is characterized by multiple reservoir units in northeastern 

region of Saudi Arabia and Kuwait. Furthermore, Marrat Formation has source rock 

potential that found in Kuwait (Abdullah & Connan, 2002; Al-Eidan et al., 2010; Al 

Sharhan & Nairn, 2003; Aqrawi et al., 2010; Huc, 2016). In recent times, most studies on 

Marrat Formation concentrated on the sedimentary process, depositional environments and 

sequence stratigraphy architecture and characteristics based on outcrop data (Al-Hussaini 

et al., 2021; Al-Mojel et al., 2020; El-Sorogy et al., 2017; Farouk et al., 2018; Le-Nindre 

et al., 1990, 2022; Manivit et al., 1985; Powers, 1968; Powers et al., 1966; Vaslet et al., 

1983). Recent developments in mixed siliciclastic and carbonate system on applying 

stratigraphic forward modeling (SFM) provide a powerful tool for quantitative analysis in 

predicting sedimentary architecture and geometry, predict lateral and vertical variations of 

lithology and facies under high resolution of stratigraphic order (Baharudin et al., 2024; 

Borgomano et al., 2020; Hawie et al., 2017; Shabani et al., 2022; Zhang et al., 2019).  

Recent research has employed numerical stratigraphic forward modeling to examine 

plausible scenarios and develop an optimal best-fit reference model that validated with 

actual data for the Marrat Formation. This study integrates multi-scale and multi-constraint 
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datasets to derive the interpretation and build the best-fit model from diverse parameters 

utilizing a numerical stratigraphic forward modeling approach (Baharudin et al., in prep.). 

Yet, there has not been a significant focus on numerical modelling investigating the role of 

controlling parameters on the response of sequence architectures and geometry. Following 

the proposed best-fit reference case model we aimed to quantify the controlling parameters 

response to the sequence architecture and geometry based on sensitivity analysis. Through 

conducting numerous simulations and testing a range of parameters that influence each 

other, the sensitivity of the most influential parameters can be evaluated. The presented 

study focuses on how main input parameters such as supply sediment, carbonate 

production, subsidence, sea level changes, wave energy, sediment transport coefficient 

response to the architecture and internal geometry of the model while achieving close 

match with observed outcrop data. However, this study highlights the numerical process-

based modeling on quantifying the controlling parameters in sedimentation. Understanding 

Marrat Formation is the focus of our investigation, and integrating with these processes is 

crucial for understanding stratigraphic succession in the mixed siliciclastic and carbonate 

system. 

4.2 GEOLOGICAL FRAMEWORK 

The research area focused on the outcrop section in the central part of Arabian Platform. 

The platform was located on a passive margin. Deposited in a broad epeiric platform from 

a continental area to a shallow marine (Murris, 1980; Powers et al., 1966) (Figure 30). 

Marrat Formation characterized by its unconformable at base with the clastic Upper 

Triassic Minjur Formation and unconformable on top position with the Bajocian-Bathonian 

Dhruma Formation (Fischer et al., 2001; Manivit & Le Nindre, 1990). Marrat Formation 
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exhibits a complex lithological composition, consisting of interbedded sandstones, 

mudstones (claystone), with limestone and anhydrites intercalated in lower part and upper 

part Formation (Al-Hussaini et al., 2021; Al-Mojel, 2020; Farouk et al., 2018; Le Nindre, 

2022; Manivit et al., 1985; Jacques Manivit & Le Nindre, 1990; Powers et al., 1966; 

Powers, 1968; Vaslet et al., 1983) (Figure 31). The Marrat Formation has been subdivided 

into the lower member, middle member, and upper member. The deposition environment 

of the study area covers from shallow marine clastic/carbonate to shallow marine carbonate 

platform (Ziegler, 2001). 

 

Figure 29. (A,B) Paleogeography map during the Early Jurassic period depicting the 

different depositional environments. The study area covers the exposed Arabian shield, 

non-marine to marine clastic, shallow marine clastic/carbonate, shallow marine carbonate 

platform, and deep marine carbonate (modified after, Ziegler, 2001). (C) Geology map 
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showing the measured section and well section done by (Al-Hussaini et al., 2021; Al-mojel 

et al., 2022). 

4.3 RESEARCH METHOD 

The proposed reference model on Marrat Formation by (Baharudin et al,. in prep.) will be 

tested by sensitivity analysis approach. The method used sensitivity analysis to determine 

the most influence parameter in the modeling simulation (Agrawal et al.,2015; Hawie et 

al., 2015). The number of input parameters are necessary to build basin models in terms of 

stratigraphic architecture and its geometry (e.g. sediment supply, carbonate production, sea 

level changes, transport parameter, wave actions and others). Sensitivity analysis was 

performed through arranging the minimum and maximum value of several parameters to 

see their complex interactions in the process controlling basin filling. This quantification 

then helps to determine the most influential parameters for the modeling.  

The sensitivity of stratigraphic models generated using Cougar FlowTM . Response Surface 

Modeling (RSM) involves running multiple models where uncertain parameters are 

adjusted. These adjustments generate a response surface, depicting how the models respond 

to these variations (Box & Draper, 2007; Box & Wilson, 1951). The objective of RSM is 

to estimate the relationship between uncertain parameters and simulation outcomes. This 

research utilizes Latin hypercube sampling RSM, which involves conducting simulations 

with randomly sampling values for the uncertain parameters within predetermined 

maximum and minimum range of value. This allows for predicting the model's response to 

various values of the uncertain parameters (Delaplace et al., 2013). To validate the 

accuracy of the generated RSM, a limited number of confirmation runs are conducted, and 

their outcomes are compared with the RSM developed by (Lacroix, S., & Albadi, 2012).   
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4.3.1 Input sensitivity parameter 

Define uncertainty parameter 

Several parameters will be tested in sensitivity analysis. These parameters are sea level 

changes, sediment supply, carbonate production, sediment transport, wave action.  

Table 3. Uncertain range for the input parameters 

Input Parameters Initial value Minimum Value Maximum Value 

Sea Level Sea level period 3.7 My Global Sea 

level Haq 

curve, 2005 

-25% min 25% max 

Sediment 

Supply 

Source-1 southern area 

Source-2 western area 

2000 

2800 

1500 

2000 

3000 

3600 

Carbonate 

Production 

Carbonate prod vs time 

(medium carbonate) 

Carbonate prod vs time 

(mud carbonate) 

100 

 

50 

70 

 

0 

150 

 

100 

Sediment 

transport 

coefficient 

 

Sand cont. gravity coef. 

Shale cont. gravity coef. 

Carbonate cont. gravity 

coef. 

250 

750 

0.005 

125 

400 

0.01 

500 

1500 

0.001 

Wave action  30 0 100 

 

Experimental Design 

This design will explore the whole range of the uncertain parameter’s definition, taking 

into account its distribution law by using Latin hypercube to conduct multi-realization (20 

simulation). The Experimental Design approach is employed in stratigraphic simulations 

to create a range of plausible parameter combinations from a multidimensional distribution. 

Latin hypercube design offers random sampling of each design variable with each similar 
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weight, ensuring uniform distribution across the designated design domain space without 

correlations between variables. This method enables sampling of the entire uncertain 

domain, with the sampling size typically limited by computational resources and time 

constraints (Agrawal et al,. 2015; Hawie et al., 2015). 

Quantification of Controlling factors 

After the initial multi-realization loop, a subset of the environmental parameters that exert 

the most significant influence on thickness calibration is chosen as uncertain in the 

subsequent automated sensitivity loop. The global sensitivity analysis shows the total and 

primary effect and the main interactions on the variation of the response. The primary effect 

is the effect on the variation of the response (the extracted maps) when the parameter is the 

only one varying. The total effect is the effect of the variation of the parameter on the 

response when all parameters are varying. This process also generated simulated models 

in each simulation of experimental design.  
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Figure 30. The general methodology employed in the study area. The methodology is 

divided into four main stages: Input of best fit model, define uncertain parameter, process 

sensitivity looping by response surface and controlling factors result in global sensitivity 

analysis plot (modified after Franlab, 2021).  
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4.4 RESULTS 

4.4.1 Reference Model: Geometry and Lithology and Facies Distribution  

The reference model was compared with observed outcrop data and well data along Marrat 

Formation covering Riyadh area to the Khurais area. The lithology and facies model 

presented as good match with geometry and sequence architecture compared with high-

resolution sequence-stratigraphic cross section of the Marrat Formation along the outcrop 

data (Figure 29). Initially, within the lower Marrat Formation, the model noted a transition 

from basinward aggradation to progradation, characterized by the presence of deltaic facies 

that gradually shift into prodelta facies. However, the influx of sediment from western 

sources leading to additional progradation complicates the basin-filling process, 

particularly inhibiting the development of adjacent prodelta facies. However, as sea level 

rise, the sediment supply get push landward and developed continuous inner carbonate 

lagoon as marked by MFS-J09. Middle Marrat Formation mark the significant drop of sea 

level which lead the high sediment supply influx the basin coming from both southern and 

western sources highlight the progradation – retrogradation sequence with changing in 

deltaic to offshore prodelta facies. While in the Upper Marrat the deposition happens 

during sea level stand leading carbonate aggradation – progradation (Figure 36 B). 
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Figure 31. The reference model of Marrat Formation. Showing geometry of lithology and 

facies distribution along aggradation – progradation sequence. Reference model having 

good match with geometry and architecture under third sequence staratigraphic framework. 
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4.4.2 Global Sensitivity Analysis 

In this study, generated 20 simulations to test the reference model following the Latin 

hypercube sampling method. The simulation also generated 20 simulation models. The 

statistical analysis from each simulated model response to thickness showing good 

response with mean value is 174 meters while the mean ± standard deviation value between 

170 – 178 meters.    

 

Figure 32. Results of the global sensitivity analysis in the study area. (A) Bar plot showing 

thickness variations for 20 models. (B) Good confidence interval plot for 20 models. 

In terms of global sensitivity analysis, the most influential parameters from the simulated 

model observed in different periods are represented by color (red as Upper Marrat 179.3 

Ma-180.4 Ma, green as Middle Marrat 180.4 Ma - 181.6 Ma, and blue as Lower Marrat 

181.6 Ma - 183 Ma) (Figure 31). The most important controlling factors are sediment 

supply and carbonate production, particularly mud carbonate production. Carbonate 

production was the most important characteristic in the Upper Marrat member. In the 

middle and lower Marrat members, sediment supply will be the most influential parameter. 

This finding notably observed that sea level changes don’t have significant parameters 

response to the modeling.  
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Figure 33. Global sensitivity analysis showing the most influential parameters in different 

periods represented by its color (red color for 179.3 Ma-180.4 Ma, green color for 180.4 

Ma - 181.6 Ma, blue color for 181.6 Ma – 183 Ma). The bar plot highlights that supply 

sediment (S2) is the most influential parameter. 

4.5 DISCUSSION 

4.5.1 Controls on Stratigraphic Architecture in The Marrat Formation  

The sensitivity testing indicates that the carbonate production and sediment supply 

parameters have the most effect on the modeling. This indicates that the simulated model 

will provide more successful results when both parameters are adjusted more accurately 

compared compared to real data.  When comparing our simulation results to high resolution 

sequence stratigraphy analysis from measured outcrop sections along Jabal Tuwaiq 

outcrops, we found good match sequence architecture under the third sequence 

stratigraphic framework (Al-Mojel et al., 2020). The model observed aggradation – 

progradation sequence along with varying the sediment supply and carbonate production 

over the time period. While sea level variation influences the facies migration from 

terrestrial - deltaic – offshore prodelta and carbonate inner lagoon facies. The sediment 

input variation differs in each period of time that will response to the accommodation 
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space. Better adjusting the rate of the input both sediment supply and carbonate production 

with the rate of accommodation space (sea level and subsidence) resulting good match with 

the sequence architecture (Catuneanu, 2002; Curray, 1964; Posamentier & Allen, 1999).  

The simulated model identified an aggradation-progradation sequence in the Lower Marrat 

member coinciding with a rise in sea level. On the basin margin, onlapping geometries 

were also observed. Our quantification involved balancing the rate of sediment supply with 

the rates of sea level rise and subsidence, resulting in a good response in terms of 

stratigraphic architecture. This aligns with previous reports indicating that differential 

subsidence of the Arabian Platform contributes to onlapping geometries over the 

underlying Minjur unconformity (Stewart et al., 2016; Yousif & Nouman, 1997). 

Subsequently, a notable discovery in the middle Marrat member was the clear observation 

of progradation from delta to offshore delta plain. This was notably attributed to a high 

sediment supply originating from both the southern and western sediment source areas. 

Possibly triggered by significant CO2 emissions resulting from the Karoo-Ferrar volcanic 

activity, this severe disruption is also thought to have led to a shift in humid climate belts 

towards mid and high-latitudes, as well as global increases in weathering rates (Dera et al., 

2009, 2015). These time intervals coincided with the Toarcian Oceanic Anoxic Event (T-

OAE), suggesting a period of marine anoxia occurring alongside the deposition of Marrat 

red beds (Alnazghah et al., 2022). These beds, interpreted as shallow marine deposits as 

we argue and tested with the simulated stratigraphic forward model. Moreover, within the 

Upper Marrat member, there existed a carbonate inner lagoon. The deposition rate of 

carbonate, matching the accommodation space (sea level and subsidence) during that 

period, resulted in carbonate aggradation. Subsequently, as the sea level gradually declined, 
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the carbonate began to prograde into the basin. In general, the sequence architecture 

observed in the simulated model aligns with findings from regional studies conducted 

during the Jurassic and Early Cretaceous periods (Droste & Van Steenwinkel, 2004; Pratt 

& Smewing, 1990). 

4.5.2 Influence of Global and Regional Eustatic Sea Level (Accommodation 

space variations)  

Referring to sea level changes in the Arabian Platform as outlined by (Haq & Al-Qahtani, 

2005), we investigated how these changes affected our model's sequence architecture and 

geometry. We found that the differences between regional and global sea levels were 

minor, as there wasn't much variation in the sequence architecture and thickness. 

Interestingly, sea level changes alone didn't cause big shifts in the sequence architecture. 

However, we did notice that when sea levels significantly dropped, our model tended to 

prograde more towards the basin. This trend was especially clear in the Upper Marrat 

carbonate, which showed a noticeable carbonate progradation towards the basin (Figure 

38). Our results suggest that the Marrat Formation's development is mostly influenced by 

changes in regional sea levels, instead of global sea level that have significant sea level 

drop. As reported by (Hallam, 2001) that absence of any significant erosion and incision 

during this extended hiatus indicates that there was no significant drop in sea level during 

this period. This hiatus, widespread across the Tethyan region, may instead be linked to 

thermal doming in the North Sea. 
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Figure 34. Regional sea level vs Global Sea level. Both models show similar sequence 

architecture and thickness, meaning that sea level alone couldn’t impact the sequence 

architecture. (A) Upper Marrat member showing carbonate progradation while (B) 

Showing significant difference in progradation sequence in Middle Marrat member. 

4.5.3. Influence of Coefficient Transport to the Sequence Geometries  

The quantification of sediment load and water discharge needed to fill the basin by 

transporting sufficient sediment. Employing numerical stratigraphic forward modeling 

methods incorporates diffusion processes that depend on various factors such as the 

diffusion coefficient, water flow, and slope (Granjeon, 2014; Granjeon & Joseph, 1999; 

Gvirtzman et al., 2014). The concept of diffusion laws combines the diffusion coefficient 
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value in transporting sediment through alluvial, river, floodplains mountains foreland basin 

(Slingerland & Smith, 2004). However, estimating the diffusion coefficient is challenging 

as it calculated from the relationship of grain, shape, size, accommodation space 

(Gvirtzman et al., 2014).  

The proposed scenario investigates the role of diffusion transport in shaping sequence 

architecture and geometry. The diffusion coefficient across scenarios 7 to 14 was adopted 

from reference models in various studies to determine the most appropriate value for this 

study (Burgess et al., 2006; Granjeon, 2019; Harris et al., 2016; Prince & Burgess, 2013; 

Shabani et al., 2022; Zhang et al., 2019). Most scenarios resulted in a progradation 

sequence and fail to match to the actual thickness calibration. However, scenarios with low 

terrestrial Kgravity values (ranging from 0.001 to 80) failed to produce the best-fit 

sequence architecture and geometry (Scenarios 7, 8, 9, 11, 12). In Scenario 10, where 

terrestrial Kgravity was very low (0.001), sediment tended to accumulate in the source area 

rather than being transported to the basin. Conversely, marine Kgravity had minimal 

impact on sequence architecture and geometry. Nonetheless, we observed that high 

terrestrial Kgravity values (ranging from 500 to 1500) and high terrestrial Kwater values 

(ranging from 250 to 750) had a greater influence on sequence architecture and geometry. 

This corresponds well with sediment input estimated at 2700 km3/My and water discharge 

ranging from 5000 m3/s. It is estimated that the drainage area in the Marrat Formation 

during the Toarcian periods was from low to moderate land, ranging from 100 meters to 

500 meters. As observed in Scenario 14, this model emerged as the best-fit reference 

model. The diffusion coefficient, similar to the model proposed by (Burgess et al., 2006), 

was applied across deltaic to deep marine settings. However, applying the diffusion 
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coefficient in similar settings sometimes necessitates adjusting the range of values to better 

align with observed actual data. In summary, maintaining a constant diffusion coefficient 

can lead to achieving the actual thickness, sequence architecture, and geometry, provided 

that the sediment transport values remain realistic within the range observed in modern 

river sediment and water discharge, as outlined by (Milliman & Syvitski, 1992), without 

overestimating, particularly under extreme water discharge conditions. 
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Figure 35. Summary of modeling result at 179.3 Ma. The scenario model applied several 

diffusion coefficients to reach the best fit with actual thickness data and good agreement 

with sequence architecture and geometry.  

4.5.4 Effect of Carbonate Production and Wave Action 

Incorporating in situ carbonate production, wave transport, gravity transport, and water 

influx (Hawie et al., 2015) plays a crucial role. The estimation of carbonate production 

involves assessing the carbonate accumulation ratio per time or employing a reference case 

model with a similar geological setting. A study conducted by Al Wazzan (2021) in Kuwait 

indicates that Early Jurassic carbonate production ranged from 120 to 200 m/My, aligning 

with the reference case of the Jurassic and Cretaceous periods across the Arabian plate 

(Schalger et al., 1998). According to our findings, carbonate production of medium-grained 

carbonate, ranging from 50 to 100 m/My, occurs across a wide of water depths, from 

shallow to slightly deeper (0-60 meters), with production rates ranging from 1 to 0.9 (/). 

Consequently, carbonate mud values have remained consistent regardless of depth, with 

production rates ranging between 0.9 (/) and a rate of 25 to 80 m/My. This rate of carbonate 

production aligns well with our best-fit model, which corresponds to a conceptual reference 

model. Our estimation takes into account ecological factors, particularly the impact of 

wave energy on carbonate production, which exhibits lateral distribution based on energy 

levels along the shelf. When applying a low wave energy of 30 kW/m, lithology 

distribution does not match the actual data adequately. However, employing a moderate 

wave energy value of 110 kW/m yields a more varied distribution of sediments and appears 

to better correspond with the actual data. We argue, in agreement with (Hawie et al., 2015) 

that the Marrat system remains unaffected by high wave energies.  
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Figure 36. The simulated model shows the response of different wave action in distributing 

the lithology.  

4.5.5 Potential and limitations of the modeling 

Stratigraphic forward modeling proves to be an exceptionally potential exploration tool as 

its ability to test multiple geological assumptions and plausible scenarios that can construct 

a best fit reference geological model. The presented first reference case stratigraphic model 

provided comprehensive quantitative geological process-based model to understand Marrat 

depositional systems, interplay between siliciclastic and carbonate system and its 

interaction with different controlling parameters response to stratigraphic architecture and 

geometries. Furthermore, the study successfully captured lateral and vertical texture/facies 

heterogeneity in regional-scale geometries under third sequence stratigraphic framework. 

Regarding energy exploration, the study helps simulated models exhibit an aggradation – 

progradation sequence including distinct lithology and facies variations, which can have 

important implications for facilitates comprehensive interpretation and construction of an 
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optimized geological model, identifying and conceptualize the petroleum prospect area to 

more thoroughly.  

The availability of comprehensive data significantly facilitates the interpretation and 

construction of an optimized geological model. Nevertheless, this research is facing 

substantial uncertainties arising from limitations in data, particularly within the lack of 

tectonic subsidence studies, uncertainty of global and regional eustasy, variable ecological 

constraints on carbonate production, and the absence of distributed well data point, seismic 

data, etc. However, the proposed model in this study provides a reference case model for 

quantitatively comprehending the evolution of the Marrat Formation through geological 

time by testing several scenarios that best fit with the reference conceptual model. 

Furthermore, the model offers insights into the interplay between siliciclastic and carbonate 

system during the development of the basin, as its responses to various parameters such as 

eustatic sea level, subsidence, supply sediment, in situ production, ecological constraints, 

etc. Future improvements to the simulation model are introducing complexity and 

generating higher resolution models (4th to 5th sequence order), which are essential for 

delineating and derisking petroleum systems. Several improvements need to be addressed 

including high-resolution sequence stratigraphy data, biostratigraphy analysis for build 

reliable paleobathymetry, cyclostratigraphy analysis for detailed sea-level proxies, 

calibrating and verifying models with seismic data, and uncertainty analysis assessment. 

4.6 CONCLUSION 

The stratigraphic forward model accurately reproduces the geometries and stratigraphic 

architectures of the Toarcian Marrat Formation. This approach has proven powerful in 
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testing and predicting scenarios to gain a quantitative understanding of regional studies 

regarding the sedimentation process, sequence architecture, texture, and facies distribution 

by integrating data and established conceptual models. The simulated model observed 

aggradation–progradation geometries within the Marrat Formation in third stratigraphic 

order. The simulated model shows good agreement with the outcrop and subsurface 

observations. From the best-fit scenario, a more realistic reference model was developed, 

and calibrated. A wide range of plausible scenarios impact the sequence architecture and 

geometry also quantified such as eustasy, subsidence, sediment supply, transport sediment, 

carbonate production, and wave energy. The sensitivity analysis shows that sediment 

supply and carbonate production are the most controlling parameters compared to sea level 

changes on dictating the sedimentary architecture and dynamics. These findings offer 

valuable insights into understanding more precise regional sequence stratigraphic and the 

main characteristics of sedimentary basin with multiple parameter contributions on the 

basin filling and sequence architecture variation. However, this study Understanding 

Marrat Formation is the focus of our investigation, and integrating with these processes is 

crucial for understanding stratigraphic succession in the mixed siliciclastic and carbonate 

system. These findings highlight the numerical process-based modeling on quantifying the 

controlling parameters in sedimentation. Also adding valuable insights for mixed systems 

in enhancing regional understanding on the spatio-temporal heterogeneity of the Marrat 

Formation and aid in identifying potential petroleum reservoirs, subtle stratigraphic traps 

and informing exploration strategies by reducing the uncertainties. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

The stratigraphic forward model accurately reproduces the geometries and stratigraphic 

architectures of the Toarcian Marrat Formation. This approach has proven powerful in 

testing and predicting scenarios to gain a quantitative understanding of regional studies 

regarding the sedimentation process, sequence architecture, texture, and facies distribution 

by integrating data and established conceptual models. The simulated model observed 

aggradation–progradation geometries within the Marrat Formation in third stratigraphic 

order. The simulated model shows good agreement with the outcrop and subsurface 

observations. From the best-fit scenario, a more realistic reference model was developed, 

and calibrated. The findings demonstrated the best fit reference model with double 

sediment supply sources scenario filling the basin. Furthermore, the accurate quantification 

of multiple parameters enables a more precise spatial delineation of siliciclastic and 

carbonate distributions across the basin, particularly to capture along strike variability. A 

wide range of plausible scenarios impact the sequence architecture and geometry also 

quantified such as eustasy, subsidence, sediment supply, transport sediment, carbonate 

production, and wave energy. The sensitivity analysis shows that sediment supply and 

carbonate production are the most controlling parameters compared to sea level changes 

on dictating the sedimentary architecture and dynamics. These findings offer valuable 

insights into understanding more precise regional sequence stratigraphic and the main 

characteristics of sedimentary basin with multiple parameter contributions on the basin 

filling and sequence architecture variation. Yet, the importance of numerical process-based 
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modeling in quantifying the controlling parameters in sedimentation. In addition, the 

studies adding valuable insights for mixed systems in enhancing regional understanding on 

the spatio-temporal heterogeneity of the Marrat Formation and aid in identifying potential 

petroleum reservoirs, subtle stratigraphic traps and informing exploration strategies by 

reducing the uncertainties. 
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