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This thesis focuses on the microfacies and diagenetic development of the late Jurassic-Early 

Cretaceous carbonate sequence in the Apulia Carbonate Platform (ACP). The study area which is 

located within the Gargano Promontory in southern Italy, provides a great opportunity to study a 

Mesozoic carbonate succession with a clear transition from inner shelf passing through platform 

margin to the slope and basin. Petrographic and geochemical analyses were used to evaluate 

carbonate rocks from the inner shelf to shoal deposits from Monte Sacro sequence. Eleven 

microfacies consisting of mudstone, skeletal wackestone, packstone and grainstone fabrics with 

varied dominant components from peloids, dasyclad algae to ooids were identified. The facies are 

interpreted to have been deposited in inner platform and oolite shoal depositional setting. Several 

diagenetic alterations including: microbial micritization, early marine circumferential fibrous to 

bladed cement, blocky calcite cement, dedolomite and rhombohedral molds have been recognized. 

These alterations, especially the blocky calcite cement have reduced the porosity. 

 Understanding the distribution of depositional facies and the related diagenetic alterations can 

provide better predictive models for reservoir properties. Such models, can be used to reduce the 

cost of exploration and ensure the best selection of best drilling targets.  
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 الرسالة ملخص 

 األبيض عبد هللاعلي االسم الكامل: 

لجوراسي المتأخر والعصر الطباشيري االسحنات الدقيقه وعمليات التمحور لصخور الجير ذو العصر عنوان الرسالة: 

 إيطاليا.شرق جنوب المبكر التابع لرصيف أبوليا ب

 التخصص: الجيولوجيا 

 2021أبريل تاريخ الدرجة العلمية: 

لجوراسي المتأخر والعصر  اتركز رسالة الماجستير على تحليل السحنات الدقيقه وعمليات التمحور لصخور الجير ذو العصر  

بشرق ايطاليا. توفر منطقة الدراسة فرصة رائعة لدراسة تعاقب الصخور الجيريه لحقبة   بولياأالطباشيري المبكر التابع لرصيف 

الحياة الوسطي مع انتقال واضح من الجرف الداخلي الذي يمر عبر الرصيف إلى المنحدر والحوض الترسيبي، وكلها مكشوفة  

و البتروغرافية  التحليالت  استخدام  تم  إيطاليا.  في جنوب  نتوء جارجانو  الرف  على  الجيريه من  الصخور  لتقييم  الجيوكيميائية 

رواسب المياه الضحلة من تسلسل مونتي ساكرو. تم التعرف على أحد عشر نوًعا من السحنات الدقيقه وهي كالتالي:    -الداخلي  

الحبيبات    الطيني،الحجر   ذو  من  الهيكلية،والحجرالطيني  السائدة  المختلفه  المكونات  ذو  المترابط  الجير    الحبيبات،  وحجر 

نها ترسبت في الرصيف الداخلي للحوض الترسيبي. تم التعرف على  أ  علىإلى السرئيات، والتي فسرت   dasyclad والطحالب

الكالسيت  الخيطي، الحم  لالحم  المبكرة  البحرية  المحيطية  األلياف  الطحلبي،  التجير  ذلك:  في  بما  التمحور  عمليات  العديد من 

 .وخاصة الحم الكالسيت الكتلي المسامية،ذو الشكل المعين الحاد. أدت هذه التعديالت إلى تقليل  الكتلي، قوالب الديدولوميت

بها نماذج تنبؤية أفضل لخصائص المكمن البترولي.    يمكن أن يوفر فهم توزيع السحنات الرسوبيه وعمليات التمحور المرتبطه 

 يمكن استخدام هذه النماذج لتقليل تكلفة االستكشاف وضمان أفضل خيار ألفضل أهداف الحفر. 
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1. INTRODUCTION 
 

Carbonate rocks have been one of the most thought provoking and challenging subjects 

that geoscientists have been trying to expand their understanding and knowledge, in terms of 

carbonate factories and diagenesis. There are many reasons for this ever-growing curiosity. These 

include their economic importance in terms of hydrocarbon exploration and exploitation; nearly 

60% of the world’s hydrocarbon reserves are stored in carbonates (Moore & Wade, 2013). In 

addition, groundwater and other mineral deposits are stored in carbonates (Cunningham et al., 

2012). One of the recent utilities of carbonate rocks is using them as reservoirs for CO2 

sequestration to tackle climate change (Kelektsoglou, 2018). 

Study of carbonate rocks is crucial for the kingdom of Saudi Arabia as a huge portion of 

Saudi Arabia’s prolific reservoirs are composed of carbonate rocks. The extraction of 

hydrocarbons is becoming more challenging as the least challenging hydrocarbon plays are already 

well-exploited. Hence, we need to improve our understanding of carbonate rocks in terms of how 

they are formed as well as how they change with time under everchanging conditions. Therefore, 

better understanding of carbonate rocks will lead to better practices in energy exploration and 

exploitation, including hydrocarbons, minerals, and CO2 sequestration.  

Petroleum geologists study carbonate rocks to understand and predict two main properties: 

porosity and permeability. Porosity, which is the ability of rock to store fluids, is important as it 

controls the volume of fluids in reservoirs. Furthermore, permeability, which is the ability of rocks 

to transmit fluids, controls the ease of the flow of fluids to and from reservoirs to surface. To assess 
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these two properties, geologists use and study the evolution of depositional fabrics and textures, 

and diagenesis of carbonate rocks. 

Carbonate rocks are widespread sedimentary rocks that are deposited in broad depositional 

settings, from shallow open seas to caves (Tucker and Wright; 2009, Pomar, 2020). Carbonate 

platforms are areas of shallow marine carbonate deposition and in the modern settings can occur 

as land-attached ramp such as the Arabian plate carbonates or detached from land such as the 

Bahamas or semi-attached to land like Florida or Yucatan Peninsula (Bosellini, 2002).  

Furthermore, carbonates are born not made (James, 1979) and therefore, the growth and 

demise of carbonate platforms are often controlled by the changes in carbonate factory. This aspect 

makes carbonate system more unique compared to siliciclastic where the evolution of carbonate 

platforms is not simply governed by sea-level fluctuations and accommodation space creation. In 

general, carbonate factory can be subdivided into 3 categories based on the mode of precipitation: 

tropical factory, cool-water factory and mud-mound factory (Schlager, 2003; Dupraz et al. 2009; 

Michel et al., 2019). These factories modes of precipitation differ as a result of the different 

environmental conditions such as: temperature, water depth, nutrient supply, clastic input 

(Schlager, 2001). In the tropical factory, carbonates are deposited biotically - with limitation of 

autotrophic carbonate producers to the photic zone - and abiotically from suspended carbonates in 

the water (Schlager, 2001). In the cool water carbonate factory, carbonates are deposited mainly 

biotically by heterotrophic organisms. Lastly, carbonates are precipitated abiotically or biotically 

induced by microbial activity (Schlager, 2003; Reijmer, 2021) 

Sediments go through multiple stages of diagenetic changes that modify their original 

fabric and porosity. The complexity of pore systems in carbonate rocks is derived from both their 

biological origin as well as their highly reactive nature (Moore & Wade, 2013). Carbonates that 
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are composed of metastable minerals like aragonite and magnesian calcite are more susceptible to 

change to more stable carbonate minerals (Moore & Wade, 2013).  

This report aims at understanding the effect of original depositional fabric and diagenetic 

alterations on the porosity modification of carbonate deposits from the transition zone from the 

inner shelf to oolitic shoal settings. 
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1.1. LOCATION OF THE STUDY AREA 

The study area is in the Gargano Promontory in southern Italy in Puglia Region, where the 

transition between Sannicandro Limestone (inner shelf) and Monte Spigno Formation (oolitic 

shoal) crop out (Figure 1). The transition zone between these two stratigraphic units extends in a 

belt of about 40 km from North West to South East of the Gargano Promontory (Figure 1). The 

measured and sampled stratigraphic section crops out in the Costa Callese area along a road cut of 

the Strada Provinciale 43 (SP 43) (Figure 1). 
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Figure 1 Satellite image from Google Earth showing the location of the studied stratigraphic section Costa Callese in 

Gargano Promontory, Southern Italy. 
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1.2. PROBLEM STATEMENT 

The Apulia Carbonate Platform (ACP) provides a clear transition from inner shelf to basin 

successions that are well exposed and can be used as analogs for ancient carbonate successions in 

the subsurface, hence, has been the focus of many studies (e.g, Masse and Luperto-Sinni, (1987), 

Bosellini and Morsilli, (1997), Morsilli and Bosellini, (1997), Bosellini et al. (1999), Graziano, 

(1999), Bosellini, (2004), Morsilli et al. (2017). These studies, focused on the large-scale aspects 

of sequence stratigraphy and platform architecture. Previous studies and publications on the 

Gargano Promontory successions, are lacking focus on the microscale in terms of microfacies and 

diagenetic alterations. In this project, we try to establish detailed description of microfacies and 

diagenetic alterations and their effects in terms of porosity modification. Unlike previous work, 

this study will focus only on the Monte Sacro sequence and specifically along the inner platform 

and oolitic shoal settings transition. 

1.3. OBJECTIVES 

The main objective of this study is to build a geologic model, which will predict 

the impact of depositional textures and fabrics and diagenetic alterations on carbonate 

rocks reservoir quality in terms of porosity modification. 

This main objective will be achieved by meeting the following specific objectives: 

• Identification, description and interpretation of different lithofacies that occur along the 

transition between Sannicandro and Monte Spigno formations. 

• Use thin section petrographic analysis to identify microfacies. 

• Integrate mineralogical and geochemical data to identify and explain the effect of 

diagenetic and depositional processes on the various lithofacies in the sequence. 

• Construct paragenetic sequence to reveal the timing of the phases of each diagenetic 

process  
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• Characterize the porosity modification processes in the facies.  
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2. LITERATURE REVIEW 

2.1.  GEOLOGIC SETTING 

At the end of the Triassic, Adria was occupied by a peritidal shelf that was the site of 

carbonates and evaporites deposition (Morsilli & Bosellini, 1997). The presence of evaporites 

and dolostones indicates that the Western Tethys climate was arid during the Triassic (Morsilli et 

al., 2017). In the late Triassic to Early Jurassic, the rifting and block faulting affected the western 

Mediterranean initiated the opening of the Ligurian ocean on the west of current day Italy and 

setting Italy as the western passive margin of Adria ( Figure 4 ) (Alfonso Bosellini, 2004).  

The margins of central North Atlantic and the Ligurian Ocean – western Tethys – were 

the sites of rapid subsidence and widespread platform development in the Late Jurassic (Alfonso 

Bosellini et al., 1999). 

The Later Jurassic-Early Cretaceous, Apulia Carbonate platform in Italy was thought to 

be isolated like the Bahamas today, however the finding of Dinosaur footsteps suggests 

attachment to the land like in modern day Yucatan or Florida Peninsula (Bosellini, 2002). The 

Apulia Carbonate Platform is best described as semi-isolated carbonate platform that is like the 

modern-day Bahamas carbonate platform in terms of shape, size, carbonate facies and 

subsidence rate as well as internal structures. However, based on the discovery huge occurrences 

of large dinosaurs, Bosellini (2002), suggested that the Apulia Carbonate Platform is more like a 

carbonate peninsula connected to Africa in the Jurassic and Early Cretaceous ( Figure 4 ). In the 

Mesozoic, ACP was a major paleogeographic element of the southern margin of the Tethys 

Ocean extending from the Ionian basin to the current day Adriatic sea ( Figure 4 ) (Alfonso 

Bosellini et al., 1999). 
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Apulia Carbonate Platform is part of the stable and relatively undeformed foreland of the 

Apennine thrust belt ( Figure 5 ) and ( Figure 6 ). The ACP is bounded to the north by Umbria-

Marche basin and to the south by the Ionian basin, which makes it bounded on both sides by basinal 

deposits ( Figure 8 ). Apulia platform plunges to the west below the terrigenous sediments of the 

Apennine foredeep ( Figure 5 ). The Jurassic-Early Cretaceous margin lies 20-30 km offshore from 

the present Apulia coastline to the southeast and northwest of the Gargano Promontory ( Figure 8 

) (Bosellini et al, 1999). 

Apulia Carbonate Platform (ACP) is a semi-isolated carbonate platform of Jurassic – 

Cenozoic age (Bosellini, 2004). Carbonate rocks of the ACP show various facies ranging from 

inner platform to basinal settings that are present in Apulia region as well as the Adriatic offshore 

(Alfonso Bosellini, 2004). However, platform margin and transition to basinal deposits only crop 

out in Gargano promontory (for middle Jurassic to Eocene, and scattered Miocene deposits) and 

Maiella Mountain for (for the Lower Cretaceous to Miocene) (Figure 2 and Figure 3) (Morsilli & 

Bosellini, 1997). According to (Bosellini et al., 1999), the long-term stratigraphy of the ACP 

margin is characterized by six main dynamic events which subdivided the succession into seven 

second-order sequences. First event is the Valanginian drowning unconformity that is physically 

visible at the top of Monte Sacro sequence. Secondly, Early Aptian-Albian drowning, and demise 

of the platform as anoxic conditions prevailed. The third event occurred in the Late Albian to 

Cenomanian where the platform margin collapsed as evidenced the by presence of coeval 

megabreccias. The margin collapse is a result of tectonic movements as the reaction of the foreland 

to plate collision. The fourth event occurred in the Cenomanian-Turonian stages when platform 

emersion led to subaerial exposure as suggested by the bauxite deposits in San Giovanni Rotondo 

locality (Sinisi, 2018). In the Santonian-Campanian, due to marine transgression, platform margin 
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retreated as shown by the insertion of the thick pelagic tongue in the slope succession composed 

of breccia and bioclastic calciturbidites. The sixth and final event is the Eocene uplift and platform 

margin collapse (Bosellini et al., 1999). 

This thesis focuses on parts of the Middle Jurassic – Early Cretaceous (Callovian – 

Valanginian) Monte Sacro sequence. Monte Sacro sequence includes five formations that are 

contemporaneous in age but of different depositional environments (Morsilli and Bosellini, 1997), 

from inner platform to basinal setting ( Figure 2 and Figure 3 ).  
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Figure 2 Geologic map showing the surface geology of the southern part of Italy (Morsilli et al, 2107) 
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Sannicandro Formation is characterized by inner platform facies ( Figure 7 ). They pass 

laterally to sandy shoals of the Monte Spigno Formation that occupy a great part of the shallow 

margin area. Monte Sacro Limestone represents a deeper margin that is colonized by 

bioconstructors such as sponges and subordinate corals ( Figure 7 ) (Kiani Harchegani & Morsilli, 

2019). The outer margin passes gradually to the clinostratified slope facies of Ripe Rosse 

Formation and the basinal facies of Maiolica Formation ( Figure 7 ). 
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Figure 3 Geologic map showing the boundaries of lithostratigraphic units of Apulia Carbonate Platform, Gargano Promontory (Morsilli et al, 2017). 
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Figure 4 Paleogeographic map showing the location of Apulia in the Western Tethys during the late Triassic (Bosellini, 

2004) 
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Figure 5 Cross section of Adria Platforms in the Late Triassic – Early Jurassic (Bosellini, 2004) 
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Figure 6 Geologic map showing that ACP is bounded to the southeast by the Ionian basin and to the northwest by 

Umbria-Marche basin (Bosellini et al, 1999). 
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2.2. MONTE SACRO SEQUENCE 

The first of the six second-order sequences is called Monte Sacro Sequence, which is of 

Callovian - Valanginan in age ( Figure 7 ). Monte Sacro sequence is bounded at the top by a 

drowning unconformity that is onlapped in the slope area by thin beds of white cherty mudstones 

( Bosellini and Morsilli, 1997; Bosellini et al., 1999 ). The upper boundary of Monte Sacro 

sequence is found near the coastal town “Mattinata” between Foresta Umbra and Coppa dei Tre 

Confini where the inclined surface of the platform is onlapped by thinly bedded micritic limestone 

(Alfonso Bosellini et al., 1999).  Bosellini and Morsilli (1997) interpreted this unconformity to be 

the result of the carbonate factory response to rapid sea level increase. Furthermore, the Lower 

Cretaceous sediments onlap Monte Sacro sequence in a horizontal to sub-horizontal pattern, 

indicating that the platform margin had significant relief above basin floor during the drowning 

event (Alfonso Bosellini et al., 1999). The upper part of the sequence, which is of Tithonian-

Berriasian age shows aggradational-progradational trend that mimics highstand systems tract 

(Alfonso Bosellini et al., 1999).  

Physical relationships in the outcrop and age determination of the sedimentary succession 

evidently states that the Apulia Carbonate platform was moderately prograding in the Late Jurassic 

– Valanginian, until its evolution was stopped by the rapid seal level increase and the subsequent 

onlapping basinal sediments (A. Bosellini & Morsilli, 1997). Paleontological data indicate that the 

age of the uppermost part of the shallow-water carbonate platform belonging to the Monte Sacro 

Sequence is  Berriasian – earliest Valanginan, while the onlapping basinal deposits on the flank of 

the platform is of early Valanginian at the toe of slope and becomes younger going up in the 

section, latest Valanginan – early Hauterivian (Alfonso Bosellini et al., 1999). Bosellini et al., 
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(1999), suggest a hiatus ranging from 1 – 6 Myr where the minimum is at the toe of slope, while 

the maximum is towards the top of the platform.   

Monte Sacro sequence consists of five lithostratigraphic units or formations. From inner 

platform to basin, it includes Sannicandro Formation, Monte Spigno Formation, Monte Sacro 

Limestone, Ripe Rosse Formation and Maiolica 1 Formation ( Figure 7 ) (Bosellini et al, 1999).  
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Figure 7 Stratigraphic Column of Monte Sacro Sequence shows the ages and general textures of the five different 

lithostratigraphic units of Monte Sacro Sequence (Conti et al, 2005) 
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2.3. SANNICANDRO – MONTE SPIGNO 

The inner platform, oolitic shoal, platform margin and slope to  basinal facies all crop out 

in Gargano Promontory (Morsilli and Bosellini 1997). Inner platform facies are known as 

Sannicandro Formation and oolitic shoal facies are called Monte Spigno Formation (Morsilli and 

Bosellini 1997). These lithostratigraphic units extend from northwest to southeast as an elongated 

belt ( Figure 7 ) and ( Figure 8 ) (Morsilli and Bosellini 1997).  
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Figure 8 this map shows the distribution of the 5 stratigraphic units of Monte Sacro Sequence in Gargano Promontory 

and Adriatic Offshore (Morsilli et al, 2017). 1- Sannicandro Limestone; 2 - Monte Spigno Formation; 3- Monte Sacro 

Limestone; 4- Mattinata to Maiolica Formation. 
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2.3.1. SANNICANDRO FORMATION 

Sannicandro Formation crops out in western and central Gargano only ( Figure 8 ). The 

base of Sannicandro formation is not recognizable in outcrop, and this unit is overlain by the 

equivalent facies of San Giovanni Rotondo Limestone of Mattinata 1 Sequence (Michele Morsilli 

& Bosellini, 1997). On the western part of the Gargano Promontory, Sannicandro Formation is 

buried under tertiary sediments of the Appenine foreland basin, while in the eastern part its lateral 

boundary is difficult to map due to the gradual passing – or interfingering – to Monte Spigno 

Formation (Michele Morsilli & Bosellini, 1997). It is characterized by a thick succession of meter-

scale (1 – 5m) peritidal parasequences representing lagoonal to supratidal environments. Common 

lithofacies are mudstone-wackestone rich in dasyclad algae, ostracods, gastropods, peloidal and 

oolitic packestone-grainstone. At the cycle tops, feature such as: birdseye structures, fenestral 

fabrics, and stromatolite layers associated with flat-pebble breccia, are common (Mosilli & 

Bosellini, 1997). The thickness of the exposed part of Sannicandro Formation in Gargano 

Promontory is estimated to be 200-250 m, with uncertainty (Michele Morsilli & Bosellini, 1997).  

Sannicandro Formation is less well studied compared to other units, as previous scientists 

didn’t differentiate between it and the overlying San Giovanni Rotondo Limestone and considered 

it to be part it (Mattavelli & Pavan, 1965; Pavan & Pirini, 1966; Cremonini et al., 1971; Michele 

Morsilli & Bosellini, 1997). Moreover, Luperto Sinni and Masse, (1987) studied the lower 

Cretaceous deposits of the inner platform facies only and suggested later in Luperto Sinni and 

Masse, (1994), that Sannicandro Formation should include inner platform facies of Jurassic age 

only. However, Bosselini and Morsilli, (1997) reported the occurrence of a drowning unconformity 

in the Valanginan – that overlies the Sannicandro Formation deposits – leading to the suggestion 
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that Sannicandro Formation should include not only Jurassic deposits, but also Early Cretaceous 

deposits of Berriasian – Valanginan ages (Michele Morsilli & Bosellini, 1997). 

2.3.2. MONTE SPIGNO FORMATION 

Monte Spigno consists of oolitic and oncolitic grainstones and crops out in central Gargano 

( Figure 8 ). Monte Spigno Formation passes gradually to Sannicandro Formation to the west and 

to Monte Sacro Limestone to the east, with localized evidence of progradation of Monte Spigno 

Formation over Monte Sacro Limestone (Michele Morsilli & Bosellini, 1997). Due to erosion, the 

upper boundary of Monte Spigno Formtion is unknown. Common sedimentary structures are wave 

and current ripples and low-angle planar lamination.  In thin section, meniscus cements and 

keystone vugs are common features. Those facies suggest a shallow-water high-energy 

depositional environment (Morsilli & Bosellini, 1997). Ooids range in size and texture from fine 

to coarse and from radial to concentric laminations. The actual thickness of Monte Spigno 

Formation is unknown, as the base is buried, and the reconstruction of the succession was 

complicated by Neogene tectonic extensions. Nonetheless Monte Spigno Formation is estimated 

to have a thickness of 300-400 m  (Michele Morsilli & Bosellini, 1997).   
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2.4. DIAGENESIS 

Sediments go through several changes after deposition, that are of physical, chemical and 

biological nature and can be all encompassed in the term diagenesis (Moore & Wade, 2013). 

Diagenetic processes occur at relatively low temperatures, mostly lower than 250 ℃ and at depths 

that can reach 5000 m. Metamorphism occurs at higher temperatures – mostly from 250 – 300 ℃ 

- and at higher pressures and unlike diagenetic alterations, metamorphism involves the destruction 

of the initial sedimentary fabric (Nichols, 2009).  One of the main motivations for the study of 

carbonate diagenesis is to understand the evolution of porosity through time. Evolution of porosity 

in carbonate rocks is a function of dissolution and/or precipitation of carbonate phases (Moore & 

Wade, 2013).  

Diagenesis in carbonate rocks has been subdivided into three zones including: eogenetic, 

mesogenetic and telogenetic (Choquette and Pray, 1970). The main drive for diagenesis in those 

three zones is pore water (Folk, 1974). The three main diagenetic environments where porosity is 

created or altered are meteoric, marine, and subsurface ( Figure 9 ). The meteoric and marine 

environments are surface and near surface respectively and can be found in the eogenetic and 

telogenetic zones of Choquette and Pray (1970). The meteoric and marine diagenetic environments 

are recognized by the presence of pore fluids remarkably different from each other. Lastly, the 

subsurface environment which occurs in the mesogenetic zone of Choquette and Pray (1970), is 

more complex in terms of its pore fluids which can be a mix of marine-meteoric waters and/ or 

brines that are derived from basins ( Figure 9 ) (Moore & Wade, 2013). 

Each one of the diagenetic environments is distinct in the diagenetic processes that are 

driven by the chemical and hydrological features of pore fluids and the stability of the minerals 

composing the sediments. The ways by which porosity creation and/or destruction is controlled 
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are unique for each diagenetic environment. Predictive conceptual models for porosity creation 

and destruction are based on the uniqueness of each diagenetic environment. 
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Figure 9 Schematic diagram of the three porosity modification environments (Moore, 1989). 
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2.4.1. MARINE DIAGENETIC ENVIRONMENT 

In Icehouse climatic periods, marine waters are supersaturated with all types of carbonate 

minerals (Moore & Wade, 2013). On the other hand, greenhouse climatic periods are 

undersaturated with respect to aragonite, but supersaturated with respect to calcite. Consequently, 

aragonite dissolves, creating secondary porosity, enhancing precipitation of calcite cement. Factors 

controlling marine cementation include energy levels, sediment porosity and permeability and rate 

of sedimentation (Moore & Wade, 2013). Marine cementation occurs at distinct favorable parts of 

the marine environment such as the reef margins and intertidal zones. Marine waters play an 

important role in porosity reduction by the extensive precipitation of marine carbonate cements 

from supersaturated marine waters.  Development of secondary porosity via dolomitization is 

common in association with evaporative marine waters (Moore & Wade, 2013). 

At present, shallow warm marine shelves between the tropics are supersaturated with 

respect to most common carbonate minerals such as aragonite, magnesian calcite, calcite and 

dolomite (James and Choquette, 1990). Therefore, abiotic carbonate precipitation is considered 

one of the most influential porosity modification processes (Moore, 2001). Saturation state of 

carbonate minerals varies dramatically deeper in the water column as a function of changes in 

dissolved CO2 concentration, and the progressive increase of pressure and decrease of temperature 

deeper in the water column ( Figure 9 ) (Moore & Wade, 2013).  

Abiotic marine cementation is regarded the most important diagenetic process by which 

porosity is modified under shallow normal marine conditions. The metastable minerals aragonite 

and magnesian calcite are readily precipitated abiotically under normal marine conditions. 

Aragonite cements are most common in intertidal beachrock or hardground environments, while 

magnesian calcite cements are more common in reef environments (Moore & Wade, 2013).  
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2.4.2. METEORIC ENVIRONMENT 

Two important features characterize the meteoric diagenetic environment: the exposure to 

subaerial conditions and waters that vary with respect to carbonate minerals concentration, 

however, meteoric waters are mostly aggressive and undersaturated with respect to most carbonate 

minerals. The excessive interaction of meteoric waters with CO2  in the atmosphere and in the soil 

is main cause for its elevated aggressiveness (Morse and Mckenzie, 1990). As meteoric waters 

interact with CO2 in the atmosphere and in the soils of the vadose zone, the amount of dissolved 

CO2 increases and they become undersaturated with respect to CaCO3 (Moore & Wade, 2013). 

Moreover, carbonate that is dissolved by meteoric waters is subsequently available to be later 

subsequently precipitated as carbonate cement later during sediment water interaction. 

Furthermore, aragonite is more soluble than calcite, and in presence of meteoric waters, aragonite 

will readily dissolve and calcite cement will precipitate, as calcite is more stable in meteoric waters 

enriched with calcite (Moore & Wade, 2013). Modern carbonate sediments consist of metastable 

minerals dominated by Mg-calcite and aragonite. The solubility of aragonite is twice that of calcite, 

and the solubility of Mg-calcite is approximately ten times that of calcite (Morse and Mackenzie, 

1990). This high variability in solubility between carbonate minerals is the main drive for 

favorability and intensity of meteoric diagenesis, as water reacting with two solid phases that differ 

in solubility can be in equilibrium (Morse and Mckenzie, 1990).  

2.4.3. SUBSURFACE ENVIRONMENT 

Pore fluids of the subsurface environment are of complex nature as they can be mixture of 

modified meteoric and marine waters or a brine of complex chemistry that is the product of long-

term rock-water interaction under high pressures and temperatures. Subsurface pore fluids go 
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through prolonged rock-water, and as a result, they become supersaturated with respect to stable 

carbonate minerals like calcite and dolomite (Moore & Wade, 2013).    

2.4.4. PETROGRAPHY OF CEMENT MORPHOLOGY FOR DIAGENETIC 

ENVIRONMENT IDENTIFICATION 

The state of carbonate saturation in the environment controls the rate of precipitation, 

which is directly related to calcite crystal morphology ( Figure 10 ). Wide range of calcite 

morphologies can be supported by the wide range of calcite saturation within each environment. 

However, certain crystal morphologies can be assigned to each environment as allowed by the 

uniqueness of the general water chemistry of each environment. Furthermore, equant calcite is 

usually precipitated in meteoric phreatic waters, fibrous to bladed calcite is typically  precipitated 

in warm shallow marine waters and lastly, equant to complex polyhedral calcite cements are 

usually found in subsurface waters ( Figure 10 ) (Moore & Wade, 2013).  

It is important and relatively easy to determine the time of cementation relative to 

compaction. By looking at grains and cements and their petrographic relationships, you can deduce 

the timing of cementation or dissolution relative to compaction. For example, if cements are 

broken and involved in compaction, they must have precipitated contemporaneously or prior to 

compaction. In addition, if a cemented grainstone does not have features indicating compaction 

and has features like high grain density and/or grain interpenetration, the cementation must have 

taken place before compaction. Cements that are not compacted but encompass compacted grains 

and earlier deformed cements must have precipitated after the onset of compaction in the 

subsurface. Moreover, crosscutting relationships between fractures and mineral replacements can 

be used as an indicator of the timing of cementation and replacement events. The aforementioned 

examples, show that relative timing of porosity creation and/or destruction can be inferred from  
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grains and cements petrographic relationships, however the absolute timing can only be known by 

utilizing isotope and trace element geochemistry (Moore & Wade, 2013).  
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Figure 10 Schematic diagram showing potential growth habits of diagenetic cements controlled by the ration surface 

active cations to surface active ions (Moore, 1989) 
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2.4.5. DOLOMITIZATION AND DEDOLOMITIZATION 

Dolomite is a term that is be used for both a carbonate rock or mineral that is composed of 

CaMg (CO3)2. Although dolomite can be found in modern carbonate depositional environments, 

the thick ancient dolomite successions are believed to be mainly diagenetic (Schoenherr et al., 

2018). Several dolomite formations contain marine fossils indicating the deposition in originally 

normal marine conditions of deposition, which indicate the replacement of the original aragonite 

or calcite mineralogy by dolomite. There are several studies on the mechanism of dolomite 

formation by reaction of sea water and pore water with calcite and aragonite, and several models 

have been proposed (Machel, 2004).  There are commonalities between all models: marine or sea 

water derived water reacting with originally limestone rock, prolonged and abundantly available 

supply of those magnesium-rich waters for large-scale dolomitization.  

Dedolomitization is the process by which dolomite is dissolved and replaced calcite. 

Dedolomite has much less abundance compared to dolomite and is of localized or patchy 

occurrence. The less common occurrence of dedolomite is as consequence of its formation at 

surface or near-surface influenced by meteoric water and continuous supply of calcium 

(Schoenherr et al., 2018). Although dedolomite mainly form at or near surface driven by meteoric 

waters, laboratory experiments by many scientists proved that it can form in a variety of diagenetic 

environments and in a wide range of temperatures of below 50℃ or even between 100 and 200℃ 

(Schoenherr et al., 2018). Dedolomitization requires excess of Ca2+  ions to trigger the chemical 

reaction of calcitization. the most commonly proposed mechanism of dedolomitization suggests 

meteoric surface or groundwater dissolving calcium sulphates, providing calcium in excess to the 

dedolomitizing solution in a hydrologically open system (Schoenherr et al., 2018).  
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Petrographically, the most obvious evidence of dedolomitization is a dolomite 

rhombohedron that is partially replaced by anhedral calcite crystals of equal size. Dedolomitization 

can occur as a direct replacement of dolomite crystals by calcite crystals (one-step process), or by 

the dissolution of dolomite crystals, followed by the precipitation of equant calcite crystals (two-

step process) ( Figure 11 ) (Schoenherr et al., 2018).  
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Figure 11 Most common dedolomite microtextures (Evamy, 1967; Al-Hashimi and Hemingway, 1973; Ayora et al., 1998; 

Fu et al ., 2008; Nader et al., 2008 and Schoenherr, 2018) 
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3. METHODOLOGY 

 The research objectives were accomplished in several phases including reconnaissance 

fieldwork of the area under consideration followed by a detailed fieldwork to construct a 

lithostratigraphic column and collection of samples from outcrops. Lab analyses were carried out 

to characterize the microfacies and diagenetic processes using   petrographic studies including 

polarized microscopic analysis, X-ray Diffraction (XRD) Scanning Electron Microscopy (SEM). 

During detailed fieldwork, construction of vertical stratigraphic column of the outcrop was carried 

out by evaluation, measurement and description of single beds. This task was done by studying its 

lithologies, textures and sedimentary structures including erosional, depositional and biogenic 

sedimentary structures 

Preparation of polished and non-polished thin sections of the collected samples was carried out for 

petrographic analyses. Visual estimation analyses of the various rock components (minerals, 

cement, and matrix) and porosity types in each thin section were carried out using optical 

petrographic microscope. Photomicrographs of each sample were taken to illustrate the facies 

compositions and their textural attributes. Digital image analysis of thin sections was used for 

precise determination of porosity and biofacies.  

SEM analysis was executed to obtain high-resolution images of rock samples to observe grain 

morphology, pore geometry, cement processes and stages. 

XRD technique was used to identify the mineralogy and elemental composition of the carbonate 

rock samples. Finally, a compilation of dataset was done to build a geologic model linking effects 

of diagenetic processes on reservoir properties such as porosity and permeability. 
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3.1. FIELD WORK 

Field work was carried out in Gargano Promontory in southern Italy in July – August 2018. 

Rock samples were collected in three localities representing inner platform to platform margin 

deposits (fig. 7). In Costa Callese locality, samples were collected whenever changes in facies 

were encountered or at each meter. Subsequently, geochemical and petrographic analyses were 

carried out on the collected rock samples. 

3.2. THIN SECTION PETROGRAPHY 

76 thin sections were prepared for petrographic analysis. 2 sets of each sample were 

prepared, polished and non-polished.  Thin section from different facies were studied and the 

allochems, matrix, cements and porosity were described alongside with sedimentary structures and 

grain to grain relationships. Thin sections were scanned using Axio Scan Slide Scanner both PPL 

and XPL. Thin sections were scanned using Epson scanner. Depositional textures were described 

using the scheme of Dunham (1962) as modified by Embry and Klovan (1972). Microfacies study 

was carried out utilizing techniques from Flugel (2010) and (Scholle & Ulmer-Scholle, 2020).   

3.3. XRD 

76 hand specimen samples were ground into powder for XRD mineralogical analysis. XRD 

analysis was done with Empyrean, Malvern Panalytical ( Figure 12 ). Samples were scanned from 

4° - 70° angles at 2-θ, at a speed of 0.04°/second. XRD was utilized to investigate the presence of 

carbonate and evaporite minerals as well as potential clastic minerals. Potential minerals included: 

calcite, dolomite, anhydrite, quartz and illite. 



37 
 

3.4. QEMSCAN (QUANTITATIVE EVALUATION OF MINERALS BY 

SCANNING ELECTRON MICROSCOPY) 

Seven (7) thin sections were analyzed using QEMSCAN for mineralogical mapping and 

the resolution of scanning used is 20 um. Moreover, porosity was estimated with the mineralogical 

mapping which was represented by the area % of void space. In addition, one (1) sample was 

analyzed using SEM to show the internal crystal structure of ooids. 
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Figure 12 PANalytical Empyrean diffractometer used for XRD analysis 
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3.5. IMAGE ANALYSIS USING IMAGEJ 

ImageJ software was used for ooids grain size distribution analysis as well as 2-D porosity 

estimation from thin sections. Major axes of ooids from 14 samples were measured and recorded 

by ImageJ and compiled in a spreadsheet. Depending on the abundance of ooids in the samples, 

either 300 (8 samples) or 100 (6 samples) major axes of ooids were measured.  In addition, ImageJ 

was utilized to visually estimate the 2-D porosity of representative thin sections using light and 

color threshold to estimate the pores surface area percentage. 

3.6. R SOFTWARE 

R software was used for statistical analysis of ooids grain size distribution. Statistical 

representation of data is presented by 14 histograms and a boxplot plotted from bottom to top. 

Histograms were used to graphically represent the grain size data into specified ranges. Finally, 

boxplots were used to show the distribution of data through 5 points of reference from the 

minimum, first quartile, median, third quartile and maximum. 
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4. RESULTS AND INTERPRETATION 

4.1. OUTCROP OBSERVATIONS 

The measured and described stratigraphic section in Costa Callese locality is in the zone 

where inner platform and ooltic shoal depositional settings show interfingering relationship ( 

Figure 1 ). The outcrop is covered in some areas by dense vegetation ( Error! Reference source n

ot found. ), making the measuring and describing challenging as the removal of some plants was 

needed to measure, describe and collect samples. The outcrop is fractured by open fractures that 

are normal to bedding planes ( Error! Reference source not found. ). Plant roots were found g

rowing and cutting through fractures ( Error! Reference source not found. ). The measured 

stratigraphic thickness along the section is 90 m ( Figure 16 ).
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Figure 13 Outcrop Photo showing the dense vegetation covering the studied section. 
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Figure 14 Outcrop Photo showing the open fractures normal to bedding planes. 
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Figure 15 Field photos showing microbial lamination in Coppa Pesce stratigraphic section. 
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4.2. MICROFACIES 

The concept of microfacies was defined by Brown (1943) and Cuvillier (1952) as: 

petrographic and paleontological criteria studied in thin sections. At present, microfacies is a term 

that includes of all sedimentological and paleontological data that can be described and classified 

from thin section, peels, polished slabs or rock samples (Flügel 2010).  

Facies encountered in the Costa Callese stratigraphic section vary in components and 

micrite content. Mudstone, skeletal wackestone, packstone and grainstone with different 

concentrations of skeletal and non-skeletal components were observed. Skeletal grains observed 

are foraminifera, bivalves, gastropods, and dasyclad algae. The non-skeletal components include 

micritic peloids, faecal pellets, ooids, composite intraclasts as well as micritic intraclasts. 
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Figure 16 Stratigraphic section measured and sampled in Costa Callese locality.  
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Facies Association 1 

MF 1: In outcrop: the MF is described as 10-30 cm bioturbated, thin beds of intraclastic 

packstone containing few skeletal grains e.g., dasyclad algae and scattered ooids. Bioturbation and 

fenestral fabric were observed ( Figure 17 ). In thin section: the facies is characterized by mud 

intraclasts of more than 1000µm diameters, with few scattered ooids and a fenestral fabric that is 

occluded by blocky calcite cement ( Figure 17 & Figure 18 ). Intergranular porosity is observed ( 

Figure 18 ). 
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Figure 17 Thin section photomicrographs from MF1: (a) micritic intraclasts. (b) micritic intraclasts and microbial lamination. (c) micritic intraclasts and calcite veins. 

(d) Micritic and peloidal intraclasts. 
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Figure 18 Photomicrographs from MF1: (a) fenestral fabric filled with blocky calcite cement, peloids and mud intraclasts in micrite matrix. (b) Large burrow with 

partial fill by blocky calcite cement, few scattered ooids of 500 um radius and fenestral fabric filled by blocky calcite cement. (c) fenestral fabric filled with blocky calcite 

cement, mud intraclasts of 1000 um radius and peloids in micrite matrix. (d) Large mud intraclasts and interpartuicle porosity that are partially filled with blocky 

calcite cement 
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MF 2: In outcrop: The MF2 occurs as 20-170 cm thick bioturbated beds of peloidal 

intraclastic packstone. Bioturbation is observed. Fenestral fabric is common in this facies ( Figure 

19 ). Peloids and mud intraclasts ( Figure 20 ) are abundant in thin section. Pore spaces are 

occluded by blocky calcite cement ( Figure 20 ). 
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Figure 19 Thin section photomicrographs from MF2 showing: (a), (b), (c) and (d) peloidal, intraclastic packstone with fenestral fabric filled with blocky calcite cement. 

Intraclasts are micritic. 
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Figure 20 Thin section photomicrographs from MF2 showing: (a) fenestral fabric filled with blocky calcite cement, peloids and composit grains. (b) fenestral fabric filled 

with blocky calcite cement. (c) mud intraclasts and fenestral fabric filled with blocky calcite cement. (d) fenestral fabric filled with blocky calcite cement, mud 

intraclasts, peloids and scattered ooids. 
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MF 3: In outcrop: the MF is described as 50-90m thick beds of wackestone with peloids 

and pockets of packstone. Vertical burrows were observed. Fenestral fabric is present. In thin 

sections: few skeletal grains like scattered dasyclad algae fragments are dispersed in micrite 

matrix. ( Figure 21 ) Microbial lamination is observed as well ( Figure 21 ).
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Figure 21 Thin section photomicrographs from MF3 showing (a) small peloids of around 100 µm diameter and dasyclad algae, campbelliella striata. (b) dasyclad algae, 

campbelliella striata and blocky calcite (c) dasyclad algae fragments, campbelliella striata, blocky calcite cement, microbial lamination and small peloids of around 100 

µm in diameter that are further shown in (d) as well. 
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MF 4: In outcrop: the MF is 10-110cm thick, peloidal oolitic packstone. it is dominantly 

characterized by peloids and ooids associated with scattered skeletal grains e.g., dasyclad algae 

and foraminifera. The dasyclad algae Cambelliella striata is common in one sample of this MF. 

Moreover, non-skeletal grains like micritic intraclasts were observed as well.  In thin section: 

abundant peloids and ooids, with composite intraclastic grains ( Figure 22 ) and grapestones ( 

Figure 23 ) and ( Figure 25 ), blocky calcite cement occluding intergranular space ( Figure 24 ). 

Fenestral fabric is observed as well ( Figure 24 ).
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Figure 22 Thin section photomicrographs from MF4 showing (a), (b) fractured peloidal oolitic packstone with calcite veins filling and fenestral fabric filled with blocky 

calcite cement. (c) peloidal oolitic packstone with fenestral fabric filled with blocky calcite cement. (d) peloidal oolitic packsttone with dedolomite rhombs in the micrite 

matrix 
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Figure 23 Thin section photomicrographs from MF4 showing (a) scattered peloids and ooids in a micritic matrix with blocky calcite cement occluding pore space. (b) 

peloids, ooids and micritized grapestone in a blocky calcite matrix. (c)  peloids, ooids and mud intraclasts. (d) Peloids, ooids, dedolomite rhombs. 
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Figure 24 Thin section photomicrographs from MF4 showing (a) an intraclast composed of micritic intraclasts and ooids, intraclasts and fenestral fabric filled with 

blocky calcite cement. (b) ooids, peloids and fenestral fabric filled with blocky calcite and an intraclast composed of ooids and peloids. (c) fenestral fabric, ooids and 

peloids. 
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Figure 25 Thin section photomicrographs from MF4 showing (a) scattered ooids and peloids, mud intraclasts and a large intraclast with ooids, bioclasts and mud 

intraclasts within peloids and ooids with blocky calcite cement filling intergranular pore space. (c)  peloids, ooids and an ooids grapestone 
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MF 5: In outcrop: the facies comprised of 50-170cm thick beds of peloidal packstone. The 

facies contain scattered skeletal grains e.g., foraminifera and dasyclad algae in addition to non-

skeletal grains e.g., micritic intraclasts are present. Bioturbation in the form of vertical burrows 

observed in some beds.  In thin section the MF is composed of moderately sorted peloids with radii 

between 100-200µm ( Figure 26 ) and ( Figure 27 ), micritized bioclasts with recrystallized internal 

fabric ( Figure 27 ), and abundance of faecal pellets of Favreina spp ( Figure 28 & Figure 29).  

The Faecal pellets Favreina spp. is common in two samples and abundant in two samples of this 

MF. The dasyclad algae Campbelliella striata is present in two samples and rare in one sample of 

this MF. Moreover, the dasyclad algae Clypeina is rare in one sample of this MF. In addition, 

benthic foraminifera are recognized in thin section: Valvulina spp. is rare in four samples of this 

MF and common in one sample, Quinqueloculina spp. is rare in one sample of this MF, biserial 

agglutinated foraminifera is present in one sample. Furthermore, mollusks are found in this MF: 

gastropod molds are present in two samples, bivalve fragments are rare in one sample and present 

in two samples of this MF. The grains are cemented by blocky calcite cement which occludes 

intergranular porosity ( Figure 28 & Figure 30 ). In addition, Microbially laminated micritic 

sediments are common in 2 samples of this MF. Disseminated rhombs are also common in this 

microfacies ( Figure 31 ). 
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Figure 26 Thin section photomicrographs from MF5 showing (a) and (b): peloids and Favreina spp faecal pellets. (c) and (d): peloids, faecal pellets and microbial 

lamination 
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Figure 27 Thin section photomicrographs from MF5 showing: (a) moderately sorted peloids, their radius ranges between 100-200 um and the interparticle space is filled 

buy granular calcite cement. No signs of compaction. (b) Recrystallized bivalve and dasyclad algae fragments with microbial coating. (c) Peloids and faecal pellets 

Favreina spp. (d) Peloids and faecal pellets Favreina spp, blocky calcite cement. 
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Figure 28 Thin section photomicrographs from MF5 showing: (a), (b) and (c) blocky calcite cement occluding intergranular porosity. (d) drusy blocky calcite cement 

filling intergranular pores. 
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Figure 29 Thin section photomicrographs from MF5 showing: (a) moderately sorted peloids and faecal pellets Favreina spp. (b) and (c) Moderately sorted peloids. (d) 

Faecal pellets Favreina spp 
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Figure 30 Photomicrographs from MF5: (a) poorly sorted small peloids with radii of less than 100 um in micritic matrix. (b) poorly sorted peloids with radii ranging 

100-200 um in micritic matrix. (c) poorly sorted peloids with radii ranging from 100-200 um in sparry matrix and blocky calcite cement filling intragranular space. (d) 

poorly sorted peloids in sparry matrix with blocky calcite cement filling 
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Figure 31 Photomicrographs from MF5: (a),(b),(c) and (d) rhombs of dedolomite in peloidal packstone. 
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MF 6: In outcrop: medium beds (55-85 cm) of dasyclad algae packstone. Micritic peloids 

are common. Bioturbation is common in these facies. In thin section: broken dasyclad algae 

Cambelliella striata ( Figure 32 ) and ( Figure 33 ) with recrystallized internal structure in micritic 

matrix is recognized. Furthermore, Cambelliella striata is rare in one sample and common in one 

sample of this MF. Moreover, dasyclad algae Salpingoporella cf. annulata is rare in one sample, 

common in two samples and abundant in one sample. In addition, dasyclasd algae Clypeina is 

present in one sample. Benthic foraminifera Siphovalvulina spp. is rare in one sample of this MF. 

The Faecal pellets Favreina spp. is common in one sample of this MF ( Figure 33 ). Mollusks are 

also recognized in this MF: gastropod molds are rare in one sample of this MF, bivalve fragments 

are present in one sample, rare in one sample and common in another sample. Blocky calcite 

cement occludes intergranular pore spaces ( Figure 33 ). 
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Figure 32 Photomicrographs from MF6 showing: (a), (b), (c) and (d) Dasyclad algae packstone. 
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Figure 33 Thin section photomicrographs from MF6 showing: (a), (b) and (d) different parts of the dasyclad algae Campbelliella striata in micritic matrix with blocky 

calcite cement filling intergranular spaces. (c) broken fragments of dasyclad algae Campbelliella striata, Faecal pellets Favreina spp and blocky calcite cement filling 

intergranular spaces 
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MF 7: In outcrop: medium to thick beds (25-140 cm) of dasyclad algae peloidal grainstone. 

Bioturbation is common. In thin section: dasyclad algae Campbelliella striata ( Figure 34 ) and 

scattered peloids and other bioclasts like benthic foraminifera were identified ( Figure 35 ). 

Moreover, the dasyclad algae Cambelliella striata is abundant in 3 samples of this MF. In addition, 

the dasyclad algae Siphovalvulina variabilis is present in one sample of this MF. Lastly, the 

dasyclad algae Clypeina is present in one sample. Furthermore, the benthic foraminifera Valvulina 

spp is present in one sample and Quinqueloculina spp. is also present in one sample of this MF. 
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Figure 34 Photomicrographs: MF7 Dasyclad Algae grainstone (a) KF-CC-22.8, (b) 24, (c) 26.3, (d) 26.3. 
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Figure 35 Thin section photomicrographs from MF7 showing: (a) broken fragments of dasyclad algae Cambelliella striata in blocky calcite matrix. (b) broken fragments 

of dasyclad algae Cambelliella striata and mud intraclasts. (c) foraminifera and peloids. (d) broken fragments of dasyclad algae Campbelliella striata in blocky calcite 

matrix. 
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MF 8: In outcrop: thin beds (10-35 cm) of dasyclad algae peloidal packstone. Vugs and 

fenestral fabric are rare. In thin section it contains dasyclad algae, gastropods and foraminifera – 

and peloids in micritic matrix ( Figure 36 ). The dasyclad algae Cambelliella striata is rare in one 

sample and abundant in five samples of this MF, Siphovalvulina variabilis is present in one sample 

of this MF, Salpingoporella cf. annulata is rare in one sample of this MF. Moreover, the benthic 

foraminifera Valvulina spp. is present in two samples and rare in one sample ( Figure 37.). Lastly, 

mollusks are also recognized in this MF: a gastropod mold is present in one sample, thin bivalve 

fragments are present in one sample and rare in one sample of this MF ( Figure 37 ). Blocky calcite 

cement is precipitated in intergranular pore spaces ( Figure 36 ). 
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Figure 36 Thin section photomicrographs of MF8 showing: Dasyclad Algae peloidal packstone (a) KF-CC-8.9, (b) 25.3, (c) 33, (d) 53.4 
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Figure 37 Thin section photomicrographs from MF8 showing: (a) Dasyclad algae, benthic formainifera, gastropod and scattered peloids. (b) fragments of dasyclad algae, 

gastropod and peloids. (c) Benthic foraminifera. (d) Dasyclad algae and peloids. 
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Interpretation:  

Microbially laminated mudstones from Coppa Pesce stratigraphic section and microfacies 

MF1, MF2 and MF3 are representative of tidal flat depositional settings. Bioturbated wackestone 

with scattered bioclasts of MF 3 is typical of subtidal facies. MF1 and MF2 intraclastic packstones 

are indicative of supratidal setting with repetitive reworking of mud intraclasts with storm events 

or surges of high energy. Micritic and composite intraclasts are quite abundant, implying 

reoccurring erosion of mudstone and wackestone facies by the force of the storm associated bottom 

currents (Kietzmann & Palma, 2014). Coppa Pesce section shows microbially laminated sediments 

that is deposited in the intertidal zone which is known by the deposition of microbially bounded 

fine sediments in microbial mats.  

MF4 and MF5 peloidal microfacies have very minimal bioclastic content and very high 

abundance of micritic peloids and faecal pellets Favreina spp. Favreina spp are the faecal pellets 

of the crustacean decapod and is distinguishable from its distinct internal fabric that is preserved 

due to lack of severe compaction (Kietzmann & Palma, 2014). Favreina spp ( Figure 28 ), can be 

categorized under the category “Microcoprolites”, meaning micro-sized ancient feces (Alderton 

and Elias 2021). Favreina spp is identifiable by the presence of distinct internal structure.  In 

general, crustacean microcoprolites are cylindrically shaped particles that are dissected internally 

by a crustacean intestine’s longitudinal canals that are caused by the folds of the inner layer of its 

intestine (Kietzmann & Palma, 2014). Those microfacies are interpreted to have been deposited in 

a shallow restricted lagoon as indicated by the dominance of peloidal components and the lack of 

diversity in biocomponents.  

MF6 and MF7 dasyclad algal microfacies with abundant Campbelliella striata which is 

distinguishable by its conical longitudinal sections, striations and amphora shape (Yilmaz, 2000). 
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Furthermore, Cambelliella striata is very common in  Late Jurassic reef sediments deposited in 

the Tethyan realm (Bucur et al., 2014). Cambelliella striata is typical of shallow water lagoon, 

normal salinity and it commonly inhabits the photic zone as dasyclad algae is an autotrophic 

organism (Hughes et al., 2008). Most abundant skeletal grains are dasyclad algae, followed by 

benthic foraminifera, gastropods and bivalves. Limited faunal diversity is typical of lagoonal or 

restricted shallow water depositional settings. However, there is a distinction between two parts of 

the lagoon as indicated by the dominant biofacies in the different microfacies.  

The described facies show deposition in tidal flat passing gradually to lagoonal 

depositional environments ( Error! Reference source not found. ). The peloidal microfacies MF4 a

nd MF5 are deposited in a shallow and restricted lagoon as indicated by lack of diversity in 

biofacies, while the dasyclad algae microfacies are indicative of deposition in a deeper more open 

lagoon as indicated by the presence of Campbelliella striata, benthic foraminifera and mollusks. 

Presence of ooid beds between those facies can be interpreted as washover deposits (Morsilli and 

Bosellini, 1997).  
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Facies Association 2 

MF 9: At the outcrop, this oolitic grainstone facies is 30-70cm thick. It is composed of 

moderately sorted well rounded ooids (500µm) and irregularly shaped larger ooids ( Figure 38 ). In 

thin section: Ooids are compacted and breaking along grain contacts. Many of the larger ooids are 

broken and relaminated post breaking. Composite oolitic grains (grapestones) were also identified 

in the facies ( Figure 39 ). In addition to ooids, bioclasts are also recognized in this MF: the dasyclad 

algae Cambelliella striata is rare in one sample of this MF, the benthic foraminifera Valvulina spp. 

is rare in one sample of this MF, and a gastropod mold is present in one sample of this MF.
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Figure 38 Thin section photomicrographs of MF9 showing:  Oolitic grainstone (a) and (b) 
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Figure 39 Thin section photomicrographs from MF9 showing: (a) moderately sorted ooids. (b) ooids with radial internal fabric. (c) Poorly sorted ooids. (d) broken and 

irregularly shaped ooids. 
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MF 10: In outcrop the MF occurs as 35-70cm thick beds of oolitic peloidal packstone. 

Keystone vugs are common( Figure 40 ). Thin section analysis shows that the facies is 

characterized by small peloids, moderately sorted ooids and intraclasts (>2000 µm) ( Figure 41 & 

Figure 42 & Figure 43 ). SEM analysis of these ooids shows that these ooids have radial internal 

fabric ( Figure 44 ). Blocky calcite cement occluding intergranular pore space was observed in the 

facies. 
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Figure 40 Thin section photomicrographs of MF10 showing oolitic grainstone (a), (b) and (c). 
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Figure 41 Thin section photomicrographs from MF10 showing: (a) Ooids in micritic matrix with intergranular porosity. (b) poorly sorted ooids in micritic matrix and 

polyhedral blocky calcite cement occluding intergranular space. (c) and (d) Ooids that are ~500um are round, larger ooids are irregularly shaped with occluding blocky 

calcite cement.  
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Figure 42 Photomicrographs of MF10 showing oolitic peloidal grainstone (a), (b), (c), and (d). 
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Figure 43 Photomicrographs of MF10 showing oolitic peloidal grainstone (a), (b), (c) and (d). Ooids of radius larger than 1000um are irregularly shaped and broken while 

the smaller ooids are rounder. 
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Figure 44 SEM photomicrographs of showing: (a) Ooid with radial internal structure PPL. (b), (c) and (d) SEM photomicrographs showing the radial crystals in the 

ooid laminae 
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Interpretation:  

Oolitic grainstones and packstones are indicative of high energy oolitic shoal depositional 

environment ( Error! Reference source not found. ). The presence of peloids and the variation i

n ooids size and shapes supports the gradual nature of change in depositional environment from 

the lagoon to the oolitic shoals. However, in the sections measured in Costa Callese, oolites are 

the result of high energy surges and/or fluctuations in sea-level as the measured section is in the 

transition zone between Sannicandro Formation and Monte Spigno Formation which pass 

gradually into each other or interfinger. Oolitic microfacies encountered in the Costa Callese 

section are either storm or washover fan deposits deposited in surges of high energy surge events 

(Morsilli & Bosellini, 1997). 
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Table 1 Biocomponents abundance in thin sections from Costa Callese stratigraphic section. 
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Figure 45 Conceptual Model showing the depositional settings and related microfacies. 
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Table 2 Characteristics of microfacies and their depositional settings 
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4.3. CARBONATE FACTORY AND MODES OF PRECIPITATION 

Allochems found in the Costa Callese stratigraphic section show both biogenic components 

such as foraminifera, mollusks, dasyclad algae and abiotic components such as ooids and 

intraclasts. In addition, biotically induced precipitation exists in the section which is found in the 

microbially laminated beds. Foraminifera and mollusks can exist in both the tropical as well as the 

cool-water factory. On the other hand, dasyclad algae and ooids are characteristic of the tropical 

factory in tropical to subtropical setting. In addition, Monte Sacro Limestones which are at the 

eastern boundary of Monte Spigno Formation are dominated by reefal deposits with corals, 

sponges and stromatoporids being the bioconstructers of the margin (Morsilli, 1998). The presence 

of oolites and a reef dominated by autotrophic organisms is typical of the tropical factory 

(Schlager, 2003).   
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4.4. OOIDS GRAIN SIZE DISTRIBUTION AND MORPHOLOGY 

Abundance of ooids varies in different microfacies, and as such, 100 ooids were measured 

in 6 thin sections, while 300 ooids were measured in 8 thin sections (Figure 47) through (Figure 

50.) Wide range of ooids size is observed in the ooid grains measured in the Costa Callese 

stratigraphic section from 0.06 – 2.5 mm with an average of 0.6 mm ( Figure 46 ). Ovality and 

irregularity are observed among larger than 0.5 mm ooid population and are commonly broken ( 

Error! Reference source not found. ). Ooids size increase from 0.75 – 2.5mm from 27.8m to 5

5.5m. In general, ooids size increases slightly at the top of the section. In addition, larger ooids, 

are found to be broken and irregularly shaped with their abundance increasing at the top of the 

stratigraphic section ( Error! Reference source not found. ). Ooids were found to have radial c

ortical fabrics ( Error! Reference source not found. ) 

Sorting varies in the oolitic beds from well sorted to poorly sorted, however most of the 

oolites are poorly sorted ( Table 3 ).  

  



92 
 

Table 3 Oolites Sorting 

 

  

Sample Sorting

KF-CC-4.2 Moderately sorted

KF-CC-9.9 Poorly sorted

KF-CC-27.8 Poorly sorted

KF-CC-44.6 Moderately sorted

KF-CC-50.5 Moderately sorted

KF-CC-55.5 Well sorted

KF-CC-59.3 Poorly sorted

KF-CC-61.4 Poorly sorted

KF-CC-65.4 Poorly sorted

KF-CC-67 Poorly sorted

KF-CC-69.7 Moderately sorted

KF-CC-78.5 Poorly sorted

KF-CC-83 Moderately sorted

KF-CC-87.1 Poorly sorted
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Figure 46 Box plots showing grain size distribution for ooids in the Costa Callese stratigraphic section 

  



94 
 

 

Figure 47 Histograms of ooids grain size distribution (samples: KF-CC-4.2, 9.9, 44.6 and 27.8) 
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Figure 48 Histograms of ooids grain size distribution (samples: KF-CC-50.5, 55.5, 59.3 and 61.4) 
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Figure 49 Histograms of ooids grain size distribution (samples: KF-CC-65.4, 67, 69.7 and 78.5) 
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Figure 50 Histograms of ooids grain size distribution (samples: KF-CC-83 and 87.1) 
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4.5. DIAGENETIC FEATURES 

The commonly encountered diagenetic features in Costa Callese stratigraphic section are 

many and vary in different microfacies. The identified diagenetic features were studied and 

examined using thin section polarized light microscopy, (XRD), (QEMSCAN) and scanning 

electron microscopy (SEM). Allochems micritization, recrystallization or neomorphism of 

allochems, precipitation of fibrous and bladed cement, precipitation of blocky cement, rhombic 

molds and dedolomite rhombs, physical compaction and fractures and calcite veins were 

documented on thin sections from Costa Callese stratigraphic section.  

4.5.1. ALLOCHEMS MICROBIAL MICRITIZATION 

Bioclasts like gastropods, bivalves and dasyclad algae were found with microbial coating 

on the outer parts of their shells ( Figure 51 ). The micritization by endolithic microorganisms was 

observed on the rims of bioclasts as a micrite envelope ( Figure 51 ) and ( Figure 52 ). 
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Figure 51 Thin section photomicrographs showing: (a) Bioclast with micritized rim and recrystallized internal structure. (b) microbially coated bioclasts, with bladed to 

fibrous calcite cement, and blocky calcite cement filling the intraparticle space inside the gastropod. (c) microbially coated bioclast with leached internal structure and 

peloids.  
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Figure 52 Thin section photomicrographs showing the effect of microbial micritization in producing micrite envelopes around skeletal grains (a), (b), (c) and (d). 
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4.5.2. ISOPACHOUS FIBROUS/BLADED CEMENT 

Isopachous fibrous aragonite and/or high magnesium calcite cement precipitated in the 

inner and outer rims of bioclasts was observed in MF7 and MF8 grainstone facies in Costa Callese 

stratigraphic section ( Figure 53 ). Crystals of this fibrous cement are almost equal in shape and 

are normal to the substrate. Fibrous aragonite and/or high magnesium calcite (HMC) cements have 

columnar or needle-like shape. Fibrous calcite cement was found in inter and intra-granular pores. 

Moreover, the precipitation of isopachous bladed aragonite and/or high magnesium calcite on 

bioclasts rims is commonly found in thin sections from Costa Callese ( Figure 54 ). The shape of 

this type of cement is similar but wider than the fibrous cement and is normal to the bioclast 

surface. 
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Figure 53 Photomicrographs from MF7: (a)Dasyclad algae grainstone. (b)zoomed in photomicrograph showing bladed to fibrous calcite cement on the bioclasts rims, 

microbially coated bioclasts, recrystallized internal structure of bioclast and blocky calcite cement filling intergranular space. 
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Figure 54 Thin section photomicrographs from MF7showing: (a) Isopachous bladed cement. (b) circumferential fibrous calcite cement precipitated on fragments of 

dasyclad algae and fractures filled with blocky calcite cement. (c) Isopachous fibrous cement. (d) circumferential fibrous calcite cement precipitated on fragments of 

dasyclad algae. 
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4.5.3. DISSEMINATED RHOMBIC DOLOMITE 

Disseminated patches of dolomite rhombic crystals are dispersed in the micrite exclusively 

in the restricted shallow lagoon peloidal microfacies MF5 ( Figure 55 and Figure 56 ). 

Furthermore, these disseminated rhombs range in size from 30 to 400 µm.  
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Figure 55 (a), (b), (c) and (d) photomicrographs of disseminated rhombic crystals from different samples from MF5 peloidal packstone. 
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Figure 56 PPL (a) and XPL (b) photomicrographs of disseminated rhombic crystals. 
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4.5.4. DISSOLUTION / CALCITIZATION OF GRAINS AND CEMENT 

Dasyclad algae is original precipitated as aragonite which is metastable and other bioclasts 

like benthic foraminifera gastropods and bivalves are also precipitated as aragonite or high 

magnesium calcite. Dasyclad algae and other bioclasts in the samples from Costa Callese show 

inversion of original aragonite to calcite of microcrystalline nature ( Figure 57 ). However, 

mineralogical analyses using XRD and QEMSCAN show exclusive calcite mineralogy ( Figure 

64 & Figure 65).
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Figure 57 Recrystallized bioclasts from different microfacies. (a) recrystallized bivalve fragment. (b) recrystallized gastropod and dasyclad algae. (c) recrystallized bivalve 

fragment. 
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4.5.5. DEDOLOMITIZATION 

Dedolomite rhombs were commonly found as patches of rhombs in the micrite of peloidal 

packstone microfacies ( Figure 58 ). Calcitization of rhomb moldic pores occurred in different 

grades. In some beds, rhombs were completely dissolved and left as void spaces ( Figure 59 ). In 

other bed, rhombic molds were partially filled by microcrystalline calcite ( Figure 58 ). Most 

commonly occurring is the complete filling of rhombic molds by microcrystalline cement. 

Presence of residual dolomite is ruled out by both, mineralogical and petrographic analyses. 

Petrographically, rhombs properties like birefringence and relief are matching those of calcite ( 

Figure 56 ). Moreover, XRD and QEMSCAN results of the thin sections containing rhombs, 

showed an exclusive calcite composition.
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Figure 58 (a), (b), photomicrographs of dedolomite rhombs from different samples from MF5 peloidal packstone. (c) and (d) partially filled dedolomite rhombs 
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Figure 59 (a), (b), (c) and (d) photomicrographs of rhombic moldic pores, MF5 peloidal packstone. 
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4.5.6. BLOCKY CALCITE CEMENT   

Blocky calcite cement was observed in intergranular and intragranular pore spaces. 

Crystals are of coarse to medium sizes and have no preferred orientation ( Figure 60 ). Crystal 

boundaries are distinct. It is very common and widespread in packstone and grainstone facies. In 

many thin sections, blocky calcite cement is found fully occluding fenestral pores. Most of 

intergranular pores are also completely occluded by blocky calcite cement. Intragranular pore 

spaces of bioclasts such as gastropods are filled also by blocky calcite cement. 
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Figure 60 Drusy pore-filling blocky calcite cement with coarse crystals and distinct boundaries. 
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4.5.7. PRESSURE DISSOLUTION AND MICROSTYLOLITIZATION 

Point contacts and elongate contacts were observed in oolitic beds in Costa Callese 

stratigraphic section. Compaction varies because of the immediate porosity reduction caused by 

eogenetic cementation in some beds. The porosity reduction caused by cementation as well as the 

lithification prevented the compaction of some of the beds. Pressure solution because of 

compaction is observed ( Figure 61 ). Elongate contacts were observed as well ( Figure 61 ). 

Finally, microstylolites are also observed in points of ooid grains contact.
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Figure 61 Thin section photomicrographs from MF9 showing: (a) compacted ooids breaking along grain contacts. (b) compacted grains with pressure solution along 

grains contact (c) compacted broken ooids. (d) grapestone and broken compacted ooids. 
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4.5.8. FRACTURING 

Open fractures that are normal to bedding planes were observed on the outcrop scale. Open 

fractures are less common in thin sections. Most of fractures are filled by calcite cement. Calcite 

veins are observed cutting through ooids, skeletal grains, intraclasts and through the matrix ( 

Figure 62 & Figure 63 ).
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Figure 62 Thin section photomicrographs from MF4 showing: (a) peloidal oolitic packstone showing calcite veins cutting through matrix, ooids and a large intraclast. (b) 

calcite vein cutting through ooids and the fenestral fabric and a zoomed photomicrograph is shown of it in (c). 

  



118 
 

 

Figure 63 Photomicrographs from MF10 showing: (a) and (b) fractured peloidal oolitic packstone. 

 



119 
 

4.6. MINERALOGY 

76 samples rock samples collected from the stratigraphic section measured in Costa Callese 

locality show a dominant calcite composition with more than 99% Calcite from XRD results ( 

Figure 64 ). Moreover, the mineralogy of 6 selected samples was examined using QEMSCAN, 

which complimented the XRD results by showing more than 99% calcite on the thin section area 

for 6 thin sections ( Figure 65 ). In thin section, rhombohedrons are observed, however no dolomite 

is present in the samples bulk mineralogy because of dedolomitization.  
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Figure 64 Calcite percentage in powder samples of rocks from Costa Callese stratigraphic section
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Figure 65 Minerlogical maps of 6 representative samples showing the percentages of calcite and pore spaces (KF-CC-39.6, 40.6, 41.8, 43.7, 72 and 81.5) 
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Figure 66 QEMSCAN results showing the calcite and porosity percentages 
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4.7. INTERPRETATION OF DIAGENETIC PHASES 

Three diagenetic phases, the eogenetic and mesogenetic and telogenetic phases, are found 

to be affecting the porosity in thin sections of the rock samples collected from the Costa Callese 

section.   

Microbial coating of bioclasts is indicative of microbial activity on the seabed in the 

eoegentic diagenetic stage in the marine diagenetic environment. Microborers include endolithic 

microorganisms such as cyanobacteria and fungi (Kendall & Alsharhan, 2012). 

Furthermore, the isopachous fibrous, bladed aragonite and HMC cements were precipitated 

abiotically on the rims of bioclasts in the marine diagenetic environment. These cements are 

readily precipitated from marine waters that are supersaturated with most carbonate minerals in 

tropical oceans (Moore, 2001). 

Early diagenetic dolomitization commonly occur in cyclic shallow water carbonates in the 

geologic record (Goldhammer et al., 1990). Most of the current day dolomite precipitates are 

penecontemporaneous, patchy and micritic (Warren, 2000). Dolomitization observed in the Costa 

Callese section is microfacies selective and not pervasive. It is observed in the peloidal microfacies 

MF3 which is deposited in the shallow and more restricted part of the lagoon. Rhombs observed 

are similar to type-1 dolomite (“matrix replacive”) of (Rameil, 2008).  

Presence of rhombic molds indicates the dissolution of dolomite rhombs and in other beds 

replacement by microcrystalline calcite (composite rhombohedrons) that indicate direct 

replacement (Evamy, 1967) and suggesting one step dedolomitization (Schoenherr et al., 2018).  

Dolomite precipitated in the lime mud in the restricted lagoon environment slightly with 
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evaporative conditions due to low water circulation and subsequently dissolved in presence of 

meteoric water undersaturated with respect to dolomite. Dissolution of dolomite and the 

subsequent precipitation of microcrystalline calcite varies in different beds. In some beds, the 

molds are partially filled, while in others, they are completely filled. Most of the rhombohedrons 

are like to Evamy’s (1967) composite calcite rhombohedrons. 

Recrystallization or the dissolution of metastable carbonate minerals like aragonite and 

high magnesium calcite is mainly under the influence of meteoric water diagenesis with waters 

undersaturated with respect to aragonite and HMC and supersaturated with respect to calcite. This 

was noticed on bioclasts such as dasyclad algae which are originally composed of aragonite 

replaced by calcite through the neomorphic process of inversion. 

Folk (1965) introduced the term neomorphism and differentiated between the change from 

aragonite to calcite and calcite to calcite and called them “inversion” and “recrystallization” 

respectively. These processes occur in the presence of pore fluids that enhance the processes of 

dissolution and precipitation. The common factor between these processes, is that they occur 

between a mineral and itself or a polymorph. Recrystallization might include the change in crystal 

size or shape, but of the same mineral, while inversion is when a mineral is transformed to another 

polymorph of the same mineral (Flügel, 2004).  Original aragonite and/or was dissolved by 

meteoric waters undersaturated with respect to aragonite and supersaturated with respect to calcite 

which precipitates in place of the aragonite. 

Other skeletal grains vary in their original composition and can precipitate with more than 

one mineral in different geologic times and depending on the species itself. Foraminifera for 

example, has a skeleton that is dominantly composed of magnesian calcite, and less commonly 

aragonite. Moreover, gastropod skeletons are dominantly composed of aragonite and low Mg 
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calcite, and rarely high Mg calcite. Bivalves mineralogic composition are commonly found as 

aragonite, low Mg calcite and aragonite+calcite. In thin sections from Costa Callese 

recrystallization of bivalve and dasyclad algae fragments is observed ( Figure 57 ). 

Recrystallization was also observed on the early marine isopachous fibrous and bladed 

cements that were precipitated earlier in the marine environment abiotically on grains inner and 

outer rims. Under the influence of meteoric water, originally aragonitic or HMC isopachous 

cements were replaced by calcite mineralogy while keeping their same growth habit. Dissolution 

of original aragonite and/or HMC mineralogy is due to the solubility of those minerals in a highly 

aggressive meteoric water that is undersaturated with respect to those minerals while being 

saturated with calcite and due to prolonged interaction of CO2 and with atmospheric gases (Morse 

and Mackenzie, 1990).  

In addition, pore-filling drusy mosaic blocky calcite cement – is precipitated from the pore 

waters that have interacted with rocks for a long time. Precipitation of drusy mosaic calcite cement 

started in the eogenetic phase under meteoric conditions and continued precipitating progressively 

through the shallow burial mesogenetic phase. In the meteoric realm, and under subaerial 

exposure, cementation and dissolution occur concurrently (Friedman, 1964).  

The severity of compaction due to overburden pressure on sediments – can be determined 

by petrographic examination of grain contacts. In sediments that were subjected to minimal 

overburden, grains will have point contacts at the points where they touch each other. As the degree 

of compaction increases, porosity will be reduced and grains will have long contacts and this type 

of contact is called elongate contact. Furthermore, once overburden pressure is high enough for 

pressure dissolution to occur, grains will be dissolved in the points of contact (Nichols, 2009). 
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According to Dunnington (1976), 600m of burial depth is minimum for the onset of 

pressure dissolution. Pressure dissolution and microstylolitization observed in the oolitic 

microfacies MF9 and MF10 are the result of chemical compaction in the burial environment in the 

mesogenetic phase. Pressure dissolution occurs at grain contacts as the elastic strain increases 

there, leading to increased solubility at grain contacts (Moore & Wade, 2013).  

Finally, open fractures were observed at both the outcrop and thin section scales. 

Chronologically, these fractures are the final diagenetic feature and are the result of the Eocene 

uplift (Alfonso Bosellini et al., 1999) in the telogenetic phase.  
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Figure 67 Paragenetic sequence showing the different diagenetic phases and their relative timing. 
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4.8. POROSITY ESTIMATION 

Porosity was visually estimated from 76 thin sections using image analysis software 

(ImageJ). Porosity seems to decrease up in the stratigraphic section as the facies are getting grainier 

and resemble higher energy. Intergranular – ( Error! Reference source not found.) , ( Error! Re

ference source not found. ) and  ( Error! Reference source not found. ) –  and mouldic ( Error! 

Reference source not found. ) –  porosities were identified as the main porosity types observed 

in the section.  Porosity ranges from 0 – 6.7% with an average of 0.8%. Inner shelf – oolitic shoals 

deposits of Monte Sacro sequence shows low porosity in general due to early cementation.  
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Figure 68 Porosity VS elevation of thin sections from Costa Callese stratigraphic section 
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5. DISCUSSION 

5.1. MINERALOGY OF A CARBONATE PENINSULA 

Carbonates of tthe Apulia Carbonate Platform were deposited in settings that were 

protected from terrestrial clastic input. Mineralogic and petrographic analyses of sediments shows 

that both the original depositional pore fluids as well as the diagenetic pore fluids were exclusively 

carbonate saturated pore fluids. XRD and QEMSCAN mineralogical analyses on samples from 

Costa Callese stratigraphic section show more than 99% calcite ( Figure 64, Figure 65 and Figure 

66 ). 

 Common terrestrial minerals like quartz, illite and hematite were absent from the 

mineralogic composition. Moreover, no evidence of introduction of autochthonous minerals such 

as glauconite, Fe-Mn crusts and phosphate at the Monte Sacro unconformity surface, unlike other 

areas in the Tethyan domain where these minerals are commonly associated with drowning 

unconformity surfaces ( Bosellini et al., 1999). The absence of  autochthonous minerals at the 

unconformity surface is a result of the isolation of Apulia Carbonate Platform from terrestrial 

influx ( Bosellini et al., 1999). 

5.2. COMPARATIVE DIAGENESIS, ALBANIAN CRETACEOUS 

CARBONATES. 

Jaballah et al. (2021) noted that the Albanian carbonates equivalent to the Apulian 

carbonates were less varying in terms of velocity-porosity which is caused by the occlusion of 

primary and secondary porosities. On the other hand, Apulian carbonates were of diverse velocities 

as a result of the preservation of primary intergranular macropores and intercrystalline  micropores 

in addition to the noticeable development of  pores of moldic nature  (Jaballah et al., 2021). 
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The inner shelf to shoal deposits of Monte Sacro sequence, show similar diagenetic history 

of porosity reduction by the precipitation of occluding cements ( Figure 60 ). Diagenetic cements 

reduced both primary and secondary porosities of inner shelf as well as slope deposits.  

5.3. COMPARATIVE DIAGENESIS, ARABIAN PLATE CRETACEOUS 

CARBONATES 

Ratawi formation is a well-known hydrocarbon reservoir in the Middle East (Al-Tendail et 

al., 2012). In Kuwait, Ratawi is considered as a minor reservoir. Ratawi is subdivided into shale 

and limestone members. Ratawi limestone was deposited in gentle carbonate ramp settings. 

Targeted facies within the Ratawi reservoir are the oolites which are called Minagish oolites. The 

Ratawi deposits went through porosity reduction phases by precipitation of calcite cements, which 

reduced its reservoir quality leading to it being ranked as a secondary reservoir (Al-Tendail et al., 

2012). 

The late Berriasian-Valanginian Yamama formation is the main Lower Cretaceous 

reservoir in southern Iraq. Limestones of the Yamama formation are composed of skeletal (green 

and red algae, benthic foraminifera) and non-skeletal grains (ooids and peloids) (Saleh, 2014). The 

microfacies encountered in the Yamama formation from several wells were  

1. peloidal packstone–grainstone 

2. algal wackestone–packstone 

3. oolitic–peloidal grainstone 

4. bioclastic wackestone–packstone 

5. foraminiferal wackestone 

6. mudstone  
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The Yamama Formation is interpreted to have been deposited on a carbonate ramp and it 

contains facies that were deposited in inner ramp, shoal, to outer ramp-basin settings (Saleh, 2014). 

The microfacies of Yamama formation were further modified by diagenetic processes such 

as: micritization ( Figure 52 ), cementation ( Figure 54 and Figure 60 ), recrystallization ( Figure 

57 ), silicification and the formation of stylolite  (Saleh, 2014).  Inner platform successions from 

other Tethyan Late Jurassic – Early Cretaceous in the Tethyan realm show similar facies as the 

facies recognized in Costa Callese stratigraphic section from Monte Sacro Sequence, and similar 

porosity reduction processes affected the successions ( Figure 67 ).   

5.4. IMPLICATIONS OF PRESENCE OF CRUSTACEANS FAECAL PELLETS 

Favreina, which are faecal pellets of decapod crustaceans were present abundantly in some 

beds of the Costa Callese stratigraphic section. The reported microcoprolites in the Early 

cretaceous Vaca Muerta and Chchao formations in Argentina are distinguished by the preservation 

of their internal structures (Kietzmann & Palma, 2014). According to Keitzmann and Palma 

(2014), the preservation of the internal structures of the microcoprolites is due to several factors 

such as: low rate of cementation, low mud content, minimal compaction and neomorphism 

associated with diagenesis.  During deposition and compaction, microcoprolites were in a plastic 

state which favored loss of internal structure. However, the preservation of the microcoprolites at 

its best can be seen in the specimens found in intraparticle pore spaces of macrofossils like 

ammonites.  

In Saudi Arabia, Fvareina sp. were also found in the Upper Jurassic Jubaila formation in 

facies belonging to different depositional environments: deep open-marine below wave base, 

ramp-crest sand sholas, lagoon with less restriction and moderate hydrodynamic energy in shallow 

water affected by reoccurring storms (El-Asmar et al., 2015). The preservation of internal structure 
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of the faecal pellets was enhanced by the rapid submarine cementation that is also observed in the 

specimens found in both, Argentina and ACP ( Figure 28 ). 

5.5. DOLOMITIZATION AND DEDOLOMITIZATION 

Upper Jurassic Geneva Basin carbonates were the subjects of several studies as they 

represent a potential reservoir for geothermal energy that is time equivalent to a productive 

reservoir that is currently exploited in Germany. Makhloufi et al (2018), carried out a petrographic 

analysis on subsurface and surface thin sections with the aim of constraining the paragenesis of 

the Upper Jurassic carbonates in Geneva Basin. Outcomes of their study revealed that those 

carbonates were affected by both: early and late diagenesis. At least two stages of burial blocky 

calcite cement were observed in all the thin sections with exception of the subsurface samples 

which showed incomplete, burial blocky cement that helped in the preservation of the primary 

intercrystalline porosity. Dolomitization was observed to have affected units of the Upper Jurassic 

carbonates of the Geneva Basin. Three types of dolomite were observed: 1) replacive euhedral 

rhombs in micritic matrix, early reflux type dolomitization (Warren,2000), 2) fine to medium 

euhedral to subhedral dolomite rhombs. 3) Sucrosic dolomite representing an advanced stage of 

replacement that masked the original fabric creating high intercrystalline porosity. The first two 

stages are thought to be originating from the same dolomitization event, that created two dolomite 

populations. On the other hand, the third dolomite type is thought to be due to burial dolomitization 

as it is observed to crosscut pressure solution an stylolites ( Makhloufi & Samankassou, 2019). 

Outcomes suggest early dolomitization that occurred in the form of replacement dolomite, and 

showed that dedolomitization is an important process that developed secondary porosity by 

calcitization and/or dissolution (Yasin Makhloufi et al., 2018). 
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Building on results of their petrographic data, ( Makhloufi & Samankassou, 2019) carried 

out a geochemical data utilizing isotopic ratios of O, C and Sr of dolomites and dedolomites for 

further constrains on dolomitization pathways. Their results show that, compared to Late Jurassic 

marine cements, the early dolomites have depleted oxygen isotopic values. The depletion is 

interpreted to be the consequence of precipitation of dolomite from a well oxygenated fluid, most 

probably evaporitic settings (Makhloufi & Samankassou, 2019). On the other hand, carbon 

isotopic values are close to that of Late Jurassic marine cements, which indicates precipitation 

abiotically. In summary, isotopic analysis shows that reflux type dolomitization is the most 

probable, which is induced by high-frequency sea-level fluctuations (Y. Makhloufi & 

Samankassou, 2019). 

 Dedolomitization on the other hand, is observed at different orders of magnitude, and is 

most likely a result of exposure to aggressive meteoric waters that initiated the dissolution of early 

and late dolomites in long-term platform emersion or after the exhumation in the telogenetic phase 

(Y. Makhloufi & Samankassou, 2019). 

The dolomitization observed in the Costa Callese section of ACP, is microfacies selective 

and not pervasive unlike the dolomitization observed in the Upper Jurassic carbonates of the 

Geneva Basin ( Figure 55 ). The occurrence of dolomitization in the studied section is limited to 

the peloidal microfacies deposited in the shallower and more restricted part of the lagoon. The lack 

of evaporites in the studied section, might indicate the dolomitization in mesosaline environment 

rather than a hypersaline one (Makhloufi et al., 2018). Dedolomitization is observed in two types, 

replacive calcitization and dissolution of dolomite rhombs. 
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5.6. SKELETAL GRAINS RECRYSTALLIZATION 

Recrystallization of skeletal grains and early marine cements that are originally composed 

of magnesian calcite and aragonite is common in early diagenetic environments. Skeletal grains 

such as dasyclad algae and mollusks and early marine isopachous fibrous and bladed cements went 

through inversion neomorphism soon after deposition, indicating the undersaturation of the 

subsequent pore fluid with respect to aragonite ( Figure 57 ). Late Jurassic – Early Cretaceous 

marine waters are described as calcite sea by (Stanley & Hardie, 1998), which explains the rapid 

inversion of aragonite in dasyclad algae. With sea-level fluctuations, aragonitic and HMC grains 

and cements were exposed to meteoric waters. Meteoric waters are undersaturated with respect to 

aragonite and HMC and tend to aggressively attack those meta stable minerals and dissolve them. 

Skeletal grains originally composed of aragonite and HMC are leached and subsequently infilled 

by low magnesium calcite and additional low magnesium calcite is derived from the dissolution 

of aragonite, to fill the intergranular pore spaces as well (FRIEDMAN, 1964). 

5.7. OOIDS ORIGINAL MINERALOGY AND DEPOSITIONAL SETTING 

Ooids are traditionally considered as abiogenic allochems, that are mainly produced in 

warm waters that are supersaturated with CaCO3, while in suspension in agitated high energy 

waters (Diaz & Eberli, 2019). There is high variability in calcareous ooids formed in modern and 

ancient marine as well as non-marine settings, due to original differences in cortical composition 

and fabrics (Medwedeff & Wilkinson, 1983). Ooids mineralogic composition shifted between 

aragonite and calcite through geologic times (Diaz & Eberli, 2019).  

Ooids from the Upper Jurassic of Saudi Arabia are reported to be of original aragonite 

mineralogy as evidenced by the different grades of leaching observed in ooids and other aragonitic 

bioclasts while leaching wasn’t found in originally calcitic ooids (Cantrell, 2006). Early 
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Cretaceous ooids from Apulia Carbonate Platform on the other hand, are intact and lack any signs 

of leaching or dissolution, and have original internal structure preserved, which is an evidence 

favoring original low magnesium calcite mineralogy ( Figure 39 and Figure 44 ). 

Occurrence of oversized ooids in the inner part of the Late Jurassic Adriatic platform of 

Croatia, a large Mesozoic isolated platform in the Tethyan ocean, was emphasized by Husinec and 

Read (2006). These authors, suggest that the oolitic beds in the platform, are different from open 

marine platform margin oolites as they lack cross stratification, are darker in color and occur in 

conjunction with limited diversity of organisms. They were deposited in low energy settings that 

were interpreted to have been deposited in a environment similar to modern day quiet water ooids. 

This is based on lines of evidence such as the occurrence of those oolite beds 25 km landward 

from the platform margin, while most modern-day high energy oolitic shoals are rarely found close 

to 15 km landward from the platform margins on isolated platforms. In addition, the lack of 

features that are typical of high energy marine oolites like: ripple cross lamination, and herringbone 

cross-stratification suggests the deposition in low energy settings (Husinec & Read, 2006).  

Oolites of the Monte Spigno Formation on the other hand, have sedimentary structures like 

parallel and oblique lamination, namely: ripples, megaripples and small dunes. Furthermore, facies 

found in Monte Spigno Formation in addition to sedimentary structures, suggest shallow-water 

high energy settings ( Morsilli & Bosellini, 1997). 
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6. CONCLUSIONS AND RECOMMENDATIONS 

The field and laboratory analyses of the late Jurassic-early Cretaceous 

carbonate sequence in the Apulia Carbonate Platform have facilitated the 

understanding and unravelling the various microfacies and related diagenetic 

alterations. The main findings of this thesis are: 

• The facies encountered in Costa Callese stratigraphic section could be classified as 

muddy (mudstone and wackestone) and grainy (packstone and grainstone). 

• Based on the variable abundances of the grain constituents in the analyzed 

samples (e.g., dasyclad algae, ooids, peloids and intraclasts),10 microfacies were 

identified 

• The microfacies grouped into two facies associations based on their genetic 

relationship, are interpreted to have been deposited in tidal flat, lagoon and oolitic 

shoal depositional environments 

• Grain size analysis of the ooids in the samples shows size ranging from 0.06 to 

2.5 mm with an average of 0.6 mm diameter. 

• X-ray diffraction and QEMSCAN analyses reveal that calcite is the main 

mineralogical composition of the samples suggesting little or no clastic input 

throughout the history of the studied section of Monte Sacro Sequence in the 

ACP. 

• The diagenetic analysis of the samples suggests occurrence of three phases of 

diagenesis, the early (eogenis) diagenesis, middle phase (mesogenic) and late stage 

(telogenic) in ACP the sequence  
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• Early diagenesis in the sequences occurred in two environments; 1) the marine 

environment involving grain micritization / micrite envelopes, Isopachous fibrous 

/ bladed cement, disseminated rhombic dolomite. 2) The samples were also affected 

bymeteoric water diagenetic processes including calcitization of grains and cement 

/ dissolution, dedolomitization and the precipitation of pore-filling drusy mosaic 

calcite cement. The Mesogeneic phase was delineating by pore-filling drusy mosaic 

calcite cement and, pressure dissolution/microstylolitization while calcite healed 

micro fractures that are present in some of the intervals represent the late-stage 

diagenesis in the sequence. 

• Most of the primary pores are occluded by blocky calcite cement. Porosity 

reduces to the top of the section as the hydrodynamic energy increases in the algal 

and ooltitic microfacies. 

 

Recommendations: 

1. Comparing microfacies and diagenetic features from other stratigraphic sections covering 

the other formations in Monte Sacro Sequence. 

2. Stable oxygen isotope analysis for samples from stratigraphic sections covering the 

different formations of the Monte Sacro Sequence to identify the cements precipitation 

temperatures to establish the timing and diagenetic environment. 

3. Cathodoluminescence to establish relative times of precipitation for the different types of 

cements.   
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