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Mississippien avec des résultats prometteurs. Cette méthodologie est une approche originale et brevetée (PA00247-FR001 -FR1661634). L'application de la technique proposée au calcaire Mississippien pourrait être très intéressante car sa connectivité est entraînée par la diagenèse.

De plus, cette méthodologie peut être étendue aux réservoirs clastiques où la diagenèse a un impact sur les performances de production.

Resumé

Dans l'industrie pétrolière et gazière, il est nécessaire de caractériser de manière fiable les systèmes de pores dans les réservoirs carbonatés et de construire des modèles géologiques appropriés pour ces roches puisque ces réservoirs contiennent plus de 60% des hydrocarbures dans le monde. Cependant, l'hétérogénéité des réservoirs carbonatés, mise en évidence à plusieurs échelles, les rend difficiles à exploiter et à produire. Cela est dû au fait que les roches carbonatées sont affectées par une grande variété de processus diagénétiques. La diagenèse fait référence à tous les processus physico-chimiques qui transforment les sédiments. Ainsi, la caractérisation et l'interprétation des processus diagénétiques sont fondamentales pour comprendre l'évolution des propriétés comme la porosité et la perméabilité. De plus, la diagenèse est rarement prise en compte dans la modélisation standard des réservoirs carbonatés.

Ceci peut s'expliquer par la complexité de modélisation des phases diagénétiques et l'ajustement historique des données de production. Cette thèse porte sur la caractérisation et la modélisation de la diagenèse dans les roches carbonatées, en particulier celles de la formation calcaire du Mississippien. Le calcaire du Mississippien est l'une des principales sources d'hydrocarbures aux États-Unis, situé entre 1000 et 2500 mètres de profondeur entre le centre-sud du Kansas et le centre-nord de l'Oklahoma. Cette unité lithostratigraphique a été soumise à une histoire géologique et diagénétique complexe qui rend son exploitation difficile. Le calcaire Mississippien a été exploité pendant plus de 30 ans. Son exploitation fait maintenant face à des défis importants a fin de maintenir le plateau de production et d'identifier les zones productives restantes.

Dans une première partie, cette étude détaille le contexte géologique des sédimentations du calcaire Mississippien et introduit les caractéristiques de l'environnement de dépôt, telles que la subsidence tectonique, le niveau de la mer eustatique, l'apport de sédiments et le climat.

Ces sédiments carbonatés ont été déposés en bordure de la plate-forme de Burlington, dans la marge sud du Craton nord-américain, durant le Mississipien . La plate-forme de Burlington a été affectée par l'orogenèse de Proto-Ouachita, responsable de la délimitation des soulèvements, des bassins et des dômes de la région. De plus, un événement paléoclimatologique global à l'échelle de la Terre a affecté les paramètres climatiques. Le passage des conditions de serre à des conditions glaciales a contribué au déclin du niveau eustatique à la fin du Mississippien. Ce changement climatique avec le tectonisme ont affecté la bathymétrie, les conditions de dépôt et ont causé l'exposition et l'érosion des roches du calcaire Mississippien.

Dans une deuxième partie, la caractérisation des faciès carbonatés et des processus diagénétiques est réalisée à partir des observations pétrographiques des lames minces et de l'analyse des mesures en laboratoire d'une carotte de puits extraite du centre-nord de l'Oklahoma. Ceci permet de proposer les caractéristiques essentielles possibles des faciès sédimentaires et de l'histoire diagénétique de la carotte. Ainsi, six faciès de dépôt ont été identifiés et associés à une alternance de faciès wackestone et packstone/grainstone. Ils ont été déposés dans un profil de rampe d'eau peu profonde avec un hydrodynamisme important. Ces faciès ont été soumis à seize phases diagénétiques. Les phases diagénétiques qui résultent de l'exposition subaérienne du faciès de packstone/grainstone au sommet de la carotte ont amélioré les propriétés pétrophysiques par rapport au reste des faciès. Par conséquent, la brèche de packstone/grainstone devient une cible de production d'hydrocarbures dans le calcaire Mississippien.

Enfin, les phases diagénétiques étudiées peuvent être intégrées dans le modèle géologique dans le cadre d'un processus de modélisation. A cet effet, dans cette thèse, une technique de paramétrisation a été proposée pour ajuster les proportions, la distribution spatiale et la variabilité d'une phase diagénétique dans le processus d'ajustement historique de la production. Cette méthodologie a été appliquée à un cas synthétique inspiré du calcaire complex geological and diagenetic history that makes its exploitation difficult. The Mississippian Lime has been exploited for more than 30 years and now the oil and gas insdutry faces important challenges to keep production plateau and identify remaining productive areas.

First, this study develops the geological context of the Mississippian Lime sediments to introduce the characteristics of the depositional environment, such as the tectonic subsidence, the eustatic sea level, the sediment supply and the climate. These carbonate sediments were deposited at the edge of the Burlington platform in the southern margin of the North American Craton during Mississippian time . The Burlington platform was affected by the Proto-Ouachita orogeny, which was responsible for the delineation of the uplifts, basins and domes in the region. Additionally, a global paleoclimatological event at the scale of the Earth affected the climate settings. A change from greenhouse to icehouse conditions contributed to the decline of the eustatic level at the end of the Mississippian. This climate change together with the tectonism affected the bathymetry, the depositional conditions and caused the exposure and erosion of the Mississippian rocks. vi Second, the characterization of carbonate facies and diagenetic processes were performed based on petrographic observations of the thin sections and the analysis of the laboratory measurements of an extracted well core from north-central Oklahoma. This enables to propose the possible main outlines of the depositional facies and diagenetic history of the core sediments. Thus, six depositional facies were identified and associated to an alternation of wackestone and packstone/grainstone facies. They have been deposited in a shallow water ramp profile with an important hydrodynamism. These facies were submitted to sixteen diagenetic phases. Of important interest is diagenetic overprints resulted from the subaerial exposure of the packstone/grainstone facies at the top of the core. This facies has been affected by diagenetic phases resulting in better petrophysical properties compared to the rest of facies. Therefore, the breccia of packstone/grainstone becomes a hydrocarbon production target in the Mississippian Lime.

Finally, the studied diagenetic phases can be incorporated inside the geological model as part of the modeling workflow. For this purpose, in this thesis, a parameterization technique was proposed to adjust the proportions, the spatial distribution and the variability of a diagenetic phase in the production matching process. This methodology was applied to a synthetic case inspired from the Mississippian Lime with promising results. This methodology is an original and novel approach was patented (PA00247-FR001 -FR1661634). The application of the proposed technique to the Mississippian Lime could be very interesting as its connectivity is driven by diagenesis. Moreover, this methodology can be extended to clastic reservoir where diagenesis is affecting the production performance.

I. Introduction

In the oil and gas industry, there is a crucial interest to reliably characterize pore systems in carbonate reservoirs and to build appropriate models for such media since these reservoirs contain more than 60% of the hydrocarbons in the world [START_REF] Moore | Carbonate Reservoirs: Porosity Evolution and Diagenesis in a Sequence Stratigraphic Framework[END_REF]. However, the heterogeneity of carbonate fields can be evidenced at multiple scales making them difficult to operate and produce. This heterogeneity is multi-scale and of different nature. In fact, the evolution of petrophysical properties, mainly porosity and permeability, is affected by three main parameters.

The first one is the biological origin of the sediments. It creates most of the heterogeneity through the occurrence of different textures, types, mineralogies and primary porosities. The origin and deposition of carbonate sediments are controlled by tectonism, climatic, eustatic and sedimentation changes. These processes condition the architecture of the carbonate deposits, the discontinuities and as a consequence, the distribution of petrophysical properties. Therefore, the understanding of sedimentary processes and depositional geometries is a challenge that must be considered in the characterization and modeling of carbonate reservoirs [START_REF] Borgomano | Petrophysical characterization of carbonates by coupling stratigraphic and diagenetic modeling[END_REF][START_REF] Hamon | New insight of sedimentological and geochemical characterization of siliciclastic-carbonate deposits (Alveolina Limestone Formation, Graus-Tremp basin, Spain)[END_REF][START_REF] Tariq | Sedimentology and Reservoir Geometry of the Miocene Carbonate Deposits in Central Luconia, Offshore, Sarawak, Malaysia[END_REF].

The second parameter controlling their inherent heterogeneity is the chemical reactivity of carbonate rocks within an acid-base system. As consequence, several physical-chemical processes, referred as diagenesis, modify mineralogy, texture, porosity and toughness as soon as carbonate deposition occurs. In addition, diagenesis modifies the mechanical properties of rocks, influencing deformation and fracturing through time.

The fracture network is the third parameter. The fracture network can be observed at various scales and influence the evolution of porosity and permeability.

An important factor to highlight at this point is the interaction and retroaction between biological and diagenetic processes that modify in a very early stage the porosity and the permeability. In other words, the interactions between these processes generate products that can also trigger other diagenetic processes, making the porous medium just more and more complex.

The multiple interactions and retroactions in between these three parameters increase the difficulty to characterize the evolution of porosity and permeability of carbonate rocks, hence to identify and model such reservoirs.

Therefore, in the oil and gas industry, there is an interest in the development of workflows that integrates diagenesis in geological models. In a nutshell, the objective of modeling workflows is to obtain a 3D geological model or grid populated with facies and petrophysical properties. A suitable model, that is a model that can be eventually used to make fluid flow predictions, must first capture the true spatial distribution of the target properties whatever their complexities and second reflect the known hydrocarbon production profiles. As diagenesis strongly impacts petrophysical properties, it has to be incorporated in some way in the modeling workflow to finally achieve a robust representation of the carbonate reservoir heterogeneities. Therefore, the identification of the diagenetic phases and later their qualitative or semi-quantitative estimation permit to establish relations between the depositional facies and the diagenetic phases. This information can be integrated into reservoir models using stochastic simulation techniques that account for the spatial variations in facies and diagenesis.

In this manuscript, we focus on the one hand on the characterization of the Mississippian Lime diagenesis and, on the other hand, on the modeling and calibration of diagenesis using production data.

The Mississippian Lime Formation is situated in south-central Kansas and north-central Oklahoma, United States (Figure 1). The Mississippian Lime has been exploited for more than 30 years mainly with vertical wells. Now, it is mainly developed with horizontal wells and hydraulic fracture techniques. However, it is difficult to maintain the production plateau even with secondary recovery techniques such as water injection. Indeed, the Mississippian Lime unit was submitted to a complex geological and diagenetic history that makes its exploitation difficult. This actually stresses the need for a reservoir characterization and modeling methodology that considers the diagenetic processes and their impacts on petrophysical properties.

Generally speaking, the understanding of the geological setting together with the diagenetic processes permits to describe the carbonate reservoir formation and the distributions of the diagenetic phases. Petrographic techniques are used to study the depositional facies and to determine the sequence of the diagenetic events. Thus, linking the depositional geometry and burial history of the Mississippian Lime to the diagenetic phases, makes it possible to understand the porosity evolution through geological time and to estimate its actual distribution within this carbonate reservoir.

Figure 1 Mississippian Lime oil play in Oklahoma and Kansas states (USA). The red rectangle highlights the area of study. Source: modified from [START_REF] Liner | Smart phone technology enhances field studies[END_REF].

In order to characterize the Mississippian Lime sediments, it is first necessary to understand the tectonic evolution, the eustatism, the sedimentation rate and the climate to which they were submitted. Therefore, the second chapter reviews the geological setting where the Mississippian Lime formation deposited, with a particular attention to the Midcontinent area.

The objective of this chapter is to define the geological framework during Mississippian times (359 -323 Ma.) and its repercussions in the formation of extensive carbonate platforms at the scale of the American craton, the Midcontinent region and in particular in the north-central Oklahoma (Figure 2). Within this geological framework, it is possible to put in context the results of the diagenesis characterization of the Mississippian Lime. On this point, the characterization of the diagenesis could be performed on the basis of a core extracted from a well in the north-central part of Oklahoma (Figure 1). The second chapter also presents the data set and the characterization methods used in this study.

The third chapter focuses on petrographic observations and the analysis of the laboratory measurements. This enables to propose the possible main outlines of the depositional facies and diagenetic history of the Mississippian Lime core sediments. In particular, the study of thin sections permitted to gather observations about the organisms living in carbonate platforms and thus to infer the depositional environments, the changes in hydrodynamic conditions and sedimentation (unconformities) as well as the physical-chemical processes altering the properties of carbonate rocks. The third chapter also addresses the origins and relationships between depositional facies and diagenetic phases permitting to establish the impact on porosity and permeability of Mississippian Lime sediments. These results can be incorporated in the geological modeling workflow to capture and represent carbonate reservoir heterogeneities.

The fourth chapter describes a modeling workflow that provides a new vision compared to the existing ones. A few authors developed geostatistical simulation techniques to represent the depositional facies and the diagenetic overprints [START_REF] Labourdette | Nested stochastic simulations: a new approach on assessing spatial distribution of carbonate sedimentary facies and associates diagenetic overprints[END_REF]Pontiggia et al., 2010;Doligez et al., 2011;Hamon et al., 2015). The modeling workflows proposed by these authors were based upon two steps. They first look for the spatial representation of lithological facies and second for the distribution of the diagenesis overprints affecting these facies. In contrast with those workflows, the proposed parametrization technique directly modifies the diagenesis modeling variables, such as variograms, spatial variability and proportions. In addition, the modification of these parameters is done during the process of production history matching, which permits to represent reservoir heterogeneity due to diagenesis and, at the same time, to reflect reservoir dynamic response in a single workflow. This workflow begins with the modeling of depositional facies by means of geostatistical algorithms. Then, the diagenetic overprints are spatially distributed for each of the facies. Finally, the associated petrophysical properties are distributed for each diagenetic overprint. The result is a geological model that captures the heterogeneity resulted from diagenesis. This model is later used to simulate fluid flows in the reservoir and to replicate the production performance. In order to obtain a model adjusted to the reservoir production data, a modeling parameterization technique is used inside an optimization workflow. The parameterization technique permits to modify the diagenesis modeling parameters until the results provided by the simulation workflow reproduce the available production data as well as possible. The methodology has been established and validated showing promising results from a synthetic case inspired by the Mississippian Lime formation.

II. Geological setting, core data and rock characterization

This chapter recaps the paleogeography and tectonic history of the Mississippian system in the United States with a focus on the Midcontinent region, specifically in the northern part of the Anadarko Basin (Oklahoma). [START_REF] Waite C | Introduction and regional analyses of the Mississippian system[END_REF] defined the Midcontinent Region as a set of 12 provinces located actually in the central part of the United States. From the south to the north of the country, these provinces are Texas, Oklahoma, Kansas, Nebraska, Iowa, Minnesota and Wisconsin. The region also includes parts of New Mexico, Arkansas, Louisiana, Colorado and Michigan (Figure 2). The purpose of this first section is to put in context the characteristics and depositional environment of the Mississippian carbonate rocks. As described by [START_REF] Moore | Carbonate Reservoirs: Porosity Evolution and Diagenesis in a Sequence Stratigraphic Framework[END_REF], the major variables, which control carbonate architecture, are the tectonic subsidence, the eustatic sea level, the sediment supply and the climate. These parameters are described hereafter for the north-central area of Oklahoma where the rocks associated to the studied core deposited. In addition, the available core data and the standard rock characterization techniques are presented at the end of the chapter.

Paleogeography and paleotectonics

During Mississippian time , the North America Craton was located at the level of the paleo-equator close to the Gondwana supercontinent. Based on the North Pole paleomagnetic studies from Mississippian rocks in North America, the paleo-equator probably crossed the craton from southwest to northeast [START_REF] Waite C | Introduction and regional analyses of the Mississippian system[END_REF] as shown in Figure 2.

During late Devonian to early Pennsylvanian, several tectonic features like geosynclinals, uplifts, basins, domes and arches resulted from the influence of three major orogeny events on the entire craton. These orogenic events called Acadian, Antler and Proto-Ouachita orogenies were located respectively in the eastern, western and southern margins of the North American

Craton [START_REF] Gutschick R | Mississippian continental margins of the conterminous United States[END_REF] , 1979). In a last step, the Proto-Ouachita

Orogeny was responsible for the final delineation of the positives structures, the subsidence of Anadarko and Marathon basins, and the general uplift of the Burlington Shelf [START_REF] Perry | Tectonic Evolution of the Anadarko Basin Region[END_REF].

The Burlington Shelf is a thin and extensive shallow water carbonate platform located approximately 20°S of the paleo-equator at Mississippian time [START_REF] Lane R | Paleogeography of the late early Mississippian (Tournaisian 3) in the central and southwestern United States[END_REF][START_REF] Scotese | Palaeozoic palaeogeography and biogeography[END_REF]. The platform opened southward and eastward into the Anadarko Basin and the Eastern Interior Trough, respectively. The foreslope of the Burlington Shelf edge is abrupt to the east. It is limited by the Ozark Dome to the east and evolved more gradually to the south descending to the Anadarko Basin (Figure 2). These paleotectonic events are of interest in this study, because they drove the distribution of the sediments in the Midcontinent region. 

Paleoclimatology

During the Carboniferous period, a global greenhouse-icehouse transition, known as Gondwanan glaciation, was observed based upon geochemical records collected worldwide (Crowell, 1995). This glaciation marked the Earth climate affecting the eustatic level, fauna and sedimentation cycles [START_REF] Berner | Atmospheric carbon dioxide levels over Phanerozoic time[END_REF]. The carbon (δ 13 C) and oxygen (δ 18 O) stable isotope records from fossils are used to define proxies of paleoclimate and paleoceanographic events [START_REF] Flugel | Microfacies of Carbonate rocks: analysis, interpretation and application[END_REF]. Thus, the analysis of the stable isotopes provides insights about the volume of polar ice, the climate and the sea-level changes. Indeed, during the Carboniferous period, the changes of around +2‰ to +3‰ in the δ 13 C and δ 18 O isotopes concentrations have been related

to icehouse settings by several authors [START_REF] Popp | Brachiopods as indicators of original isotopic compositions in some Paleozoic limestones[END_REF], Veizer et al., 1986;[START_REF] Bruckschen | Oxygen and carbon isotopic composition of Dinantian brachiopods: paleoenvironmental implications for the Lower Carboniferous of western Europe[END_REF][START_REF] Mii | Carboniferous isotope stratigraphies of North America: Implications for Carboniferous paleoceanography and Mississippian glaciation[END_REF][START_REF] Saltzman | Carbon and oxygen isotope stratigraphy of the Lower Mississippian (Kinderhookian-Lower Osagean), western United States: Implications for seawater chemistry and glaciation[END_REF] permitting to establish correlations between these signals and glaciation events on Earth. In fact, an increase in δ 13 C stable isotope may be related to the abundance of terrestrial plants, which lead to an enrichment of δ 13 C in sea water and consequently to an increase of the organic carbon burial presence (Berner et al., 1989;[START_REF] Mii | Carboniferous isotope stratigraphies of North America: Implications for Carboniferous paleoceanography and Mississippian glaciation[END_REF]. The analysis of δ 18 O stable isotope in organisms during Pleistocene period permitted to accurately track and model the influence of temperature and ice volumes. Thus, the concentrations of δ 18 O stable isotope of oceans increased during glaciation, as a consequence of the buildup of continental ice [START_REF] Swart | The geochemistry of carbonate diagenesis: The past, present and future[END_REF].

For Midcontinent region, [START_REF] Mii | Carboniferous isotope stratigraphies of North America: Implications for Carboniferous paleoceanography and Mississippian glaciation[END_REF] proposed three isotopic stages that can be correlated with the glacial events by studying the isotope signature of the Carboniferous brachiopod samples. In Figure 3, the first stage (C1) showed the glacial period marked by an increase of +2‰ in δ 13 C and +3‰ in δ 18 O between the Devonian and late Carboniferous (360-322 Ma). This δ 13 C signature agrees with the one proposed by [START_REF] Bruckschen | Oxygen and carbon isotopic composition of Dinantian brachiopods: paleoenvironmental implications for the Lower Carboniferous of western Europe[END_REF] from the analysis of brachiopods in Western Europe (dashed boxes in Figure 3). Both isotopic patterns show a δ 13 C increase in the Kinderhookian (early Tournaisian) time (D-C1 transition).

However, the isotope curve proposed by [START_REF] Holser | Gradual and abrupt shifts in ocean chemistry during Phanerozoic time[END_REF] is lower in Kinderhookian and Meramecian, possibly due to the lack of accuracy of CO2 model derived from for δ 13 C marine carbonates (red line in Figure 3). [START_REF] Holser | Gradual and abrupt shifts in ocean chemistry during Phanerozoic time[END_REF] produced a model of the ocean chemistry for the Phaneroizoic Eon, which integrated the interaction of the biota, the atmosphere and the sediments in the Earth ecosystem.

The second stage (C2) is marked by a decrease of 1‰ in δ 13 C and 2.5‰ in δ 18 O at the end of the lower Carboniferous (332-322 Ma.), more precisely during the Chesterian. [START_REF] Mii | Carboniferous isotope stratigraphies of North America: Implications for Carboniferous paleoceanography and Mississippian glaciation[END_REF] explained this effect, on one side, due to a regional phenomenon influenced by eastern Panthalassan upwelling currents, which would have brought δ 13 C depleted water to the surface.

And on the other side, this effect reflected the relative decrease in organic carbon burial possibly due to a decreased productivity associated to a local ice-free pick.

The third stage (C3) is characterized by the increase of about +2% in δ 13 C and +3‰ in δ 18 O during the upper Carboniferous (after 322 Ma.). These values are in agreement with the ones reported by [START_REF] Bruckschen | Oxygen and carbon isotopic composition of Dinantian brachiopods: paleoenvironmental implications for the Lower Carboniferous of western Europe[END_REF] and by [START_REF] Holser | Gradual and abrupt shifts in ocean chemistry during Phanerozoic time[END_REF]. These stages evidence the progressive cooling and glaciation that marked the end of the Carboniferous.

Figure 3 From left to rigth: The European and American geological time scale chart from [START_REF] Haq | Geological time table[END_REF], the lower Carboniferous δ 13 C and δ 18 O isotope profiles (black line) in North America and the ice glacial interval. Carbon stratigraphy from other studies are displayed as follows: blue broad bands (Pennsylvanian Composita data adjusted by -1‰), Holser (1984; red solid line), [START_REF] Bruckschen | Oxygen and carbon isotopic composition of Dinantian brachiopods: paleoenvironmental implications for the Lower Carboniferous of western Europe[END_REF] dashed boxes representing mean ±1s) and Popp et al. (1986a;black broad band). C1-C3 represents the isotopic stages. Source: modified from [START_REF] Mii | Carboniferous isotope stratigraphies of North America: Implications for Carboniferous paleoceanography and Mississippian glaciation[END_REF].

Paleobathymetry

Haq et al. (2008) proposed a semi-quantitative model for the Paleozoic eustatic level based on sequence-stratigraphy and biostratigraphy data. According to these authors, the Carboniferous Period is globally marked by a long-term decline of the eustatic sea level until reaching its minimum in the late Mississippian (red arrow in Figure 4). Later on, it was followed by a long-term sea level rise in the Pennsylvanian Epoch. The semi-quantitative model of [START_REF] Haq | A chronology of Paleozoic sea-level changes[END_REF] considered the magnitudes of sea-level fluctuations at the Earth scale (from different regions: North America, Australia, Western Europe, northern and southern Africa and China). These magnitudes were estimated using stratigraphic measures such as the thickness of system tracts, the depth of bio-and litho-facies and the depth of incisions on shelves and partial backstripping [START_REF] Haq | A chronology of Paleozoic sea-level changes[END_REF]. In this Paleozoic sea level model, a long-term eustatic envelope is proposed based on the stacked regional sea-level data studied in the different regions. A short-term (third-order cycles) sea level curve was built from the interpretations of water volumes by accounting for glacial processes. Thus, the sea-level fluctuation magnitudes for the short-term were classified in three different categories (Figure 4): minor, medium and major for sea level below 25 m., (82 ft.), between 25 and 75 m., (from 82 to 246 ft.) and above 75 m., (246 ft.), respectively. The model of [START_REF] Haq | A chronology of Paleozoic sea-level changes[END_REF] for the Carboniferous Period,

showing the eustatic history and the correspondence with the glacial intervals, is displayed in Figure 4. It is worth noticing that during the late Mississippian, a remarkable sea level drop occurred (red arrow in Figure 4), which coincides with the global Carboniferous glaciation.

Figure 4 From left to rigth: time scale and the European regional stages compiled by [START_REF] Gradstein | A Geologic Time Scale[END_REF], [START_REF] Ogg | The Concise Geologic Time Scale[END_REF]; known intervals of continental glaciations estimated by [START_REF] Caputo | Migration of glacial centers across Gondwana during the Paleozoic Era[END_REF], [START_REF] Eyles | Earth's Glacial Record[END_REF] and [START_REF] Isbell | Timing of late Paleozoic glaciation in Gondwana: Was glaciation responsible for the development of Northern Hemisphere cyclothems[END_REF]; sequence boundaries in millions of years with the relative magnitude of short-term sea-level fluctuations: category 1 (<25m.), category 2 (25-75m.) and category 3 (>75m.); the sea level curves: long-term (second order), short-term (third order) and the approximation of the Present Day (PD) sea level as reference. Source: modified from [START_REF] Haq | A chronology of Paleozoic sea-level changes[END_REF].

The present-day United States knew a global increase in paleobathymetry during the early Mississippian as described by [START_REF] Ross | Late Paleozoic sea levels and depositional sequences[END_REF]. As a result, the cratonic platform was covered by epeiric seas [START_REF] Perry | Tectonic Evolution of the Anadarko Basin Region[END_REF][START_REF]Geological evolution of the Anadarko Basin[END_REF] with an estimated extension beyond 2.3 million of km 2 prolonging until western Canada (Bambers and Mcqueen, 1979). [START_REF] Gutschick R | Mississippian continental margins of the conterminous United States[END_REF] interpreted the paleobathymetry of early Mississippian using indicators such as conodonts, forams and fossils. The paleobathymetry interpretation eastward from the Transcontinental Arch suggested a water depth of ~50 m., (164 ft.) for the Burlington Platform until the outer limit of the shelf, a bathymetry of around 200 m., (656 ft.) between the shelf and upper foreslope and between 200 to 600 m., (656 ft. to 1969 ft.) in the upper bathyal zone (Figure 5). These zones were affected by upwelling currents, which played an important role for the nutrition of the fauna and carbonate construction in the shelf [START_REF] Gutschick R | Mississippian continental margins of the conterminous United States[END_REF]. Ross and [START_REF] Ross | Late Paleozoic sea levels and depositional sequences[END_REF] built a set of cyclic sea level charts for the late Paleozoic (Carboniferous and Permian Periods) by studying the sequence stratigraphy of the shelf margins in the North America Craton. This work is similar to the one realized by [START_REF] Haq | Mesozoic and Cenozoic chronostratigraphy and cylces of sea-level change[END_REF] for the Mesozoic and Cenozoic periods. A stratigraphic sequence refers to an unconformitybounded stratigraphic unit [START_REF] Sloss | Sequences in the Cratonic Interior of North America[END_REF] and represents eustatic cycles at geological time scale.

Hence, [START_REF] Ross | Late Paleozoic sea levels and depositional sequences[END_REF] used the same concepts and terminology as [START_REF] Haq | Mesozoic and Cenozoic chronostratigraphy and cylces of sea-level change[END_REF] for the definition of the stratigraphic sequence. The Figure 6 shows the sea-level chart for the lower Carboniferous marked by three second-order sequence or super cycles and twenty thirdorder cycles or sequences. The third-order cycles or sequences are named for the marine limestone formations of the eastern shelf margin of the craton. These sediments were deposited at the maximum flooding surface when marine sediments reached their most landward position.

The lowest super cycle, known as Pike, is dated from 350 to 358 Ma. During this period, the Midcontinent region was covered by shaly beds and limestone successions [START_REF] Ross | Late Paleozoic sea levels and depositional sequences[END_REF].

The second super cycle, called Monroe as defined by [START_REF] Ross | Late Paleozoic sea levels and depositional sequences[END_REF], is dated from 358 to 334 Ma. This period is characterized by a large number of limestone successions marked by a sea level decrease with local variations due to the tectonics events of the North America Craton was submitted. This period is also marked by a climate change from free ice to ice conditions (Figure 3).

Finally, the last super cycle, named Randolph, is dated from 334 Ma. to 320 Ma. During this period, there are more fluctuations of sea level due to a warm period [START_REF] Mii | Carboniferous isotope stratigraphies of North America: Implications for Carboniferous paleoceanography and Mississippian glaciation[END_REF] as shown in Figure 3. This period also coincides with the Pangea formation and the closure of the Paleotethys [START_REF] Grossman | Stable isotopes in Late Pennsylvanian brachiopods from the United States: Implications for Carboniferous paleoceanography[END_REF].

As shown in Figure 6, the eustatic level returned to its minimum low stand level marked by the exposure and erosion of sediments [START_REF] Coleman | Carboniferous Submarine Basin Development of the Ouachita Mountains of Arkansas and Oklahoma[END_REF] at the end of the Mississippian. 

Chronostratigraphy and sedimentology

The Mississippian system of the present-day USA has been divided into four chronostratigraphic intervals composed of an assemblage of members, formations, or groups. They are named from bottom to top as: Kinderhookian, Osagean, Meramecian and Chesterian series [START_REF] Waite C | Introduction and regional analyses of the Mississippian system[END_REF].

The Kinderhookian series correspond to a transgressive second-order sequence of moderately restricted shallow marine water that covered the entire craton [START_REF] Waite C | Introduction and regional analyses of the Mississippian system[END_REF]. In the Midcontinent Region, the Kinderhookian rocks are mainly limestones with dark shale intercalations. A few local detrital deposits occurred close to positive structures like the Ozark Uplift and the southern portion of the Transcontinental Arch (Frazier and Schwimmer, 1987) (see Figure 2 for localization of these structures). In the Burlington shelf edge, at the North of the Anadarko Basin, the Kinderhookian series are characterized by greenish-gray limestone at the bottom to slightly silty shale at the top [START_REF] Mcduffie R | Lithologic basis correlation of Mississippian rocks in the surbsurface between Kansas and North Central Oklahoma[END_REF]Thornton,1961). Its thickness ranges from 30 to 50 ft. (9 to 15 m.).

The marine water covered approximately 80% of the conterminous craton during the Osagean times. Particularly, in the Midcontinent region, the Osagean series are characterized by cherty and non-cherty limestones deposited in shallow water carbonate ramp [START_REF] Waite C | Introduction and regional analyses of the Mississippian system[END_REF]. The shallow marine water conditions enable the development of heterozoan organisms, like fenestrate-bryozoan or biosiliceous sponges due to upwelling currents that provided nutrients to these faunas. Their depth and their subsequent remobilization by currents permitted the development of shoals and banks [START_REF] Gutschick R | Mississippian continental margins of the conterminous United States[END_REF]Frazier and Schwimmer, 1987) in the shallower-water depths. In the northern part of the Anadarko Basin, the Osagean deposits comprise rocks of light and dark cherty, silty and dolomitic limestones [START_REF]Mississippian Rocks in the subsurface of Alfalfa and parts of Woods and Grant Counties, Northwestern Oklahoma[END_REF]. Their thickness varies from 170 to 540 ft. (52 to 165 m.).

The Meramecian series marked the beginning of the marine regression within the North America Craton. These rocks are characterized by fossiliferous limestones deposited in a shallow marine environment. The Meramecian sediments are less widespread than the Osagean ones in the craton due to the erosion that occurs during Pennsylvanian time [START_REF] Waite C | Introduction and regional analyses of the Mississippian system[END_REF]. As a result, in the Midcontinent region, the open marine carbonate deposits were marked by the development of cherty limestones and oolitic shoals (Frazier and Schwimmer, 1987). In the northern part of the Anadarko Basin, the Meramecian rocks consist of gray-tan to buff, medium to coarse-crystalline fossiliferous limestones and white to gray dolomitic limestones.

These sediments contain gray and opaque cherts whose occurrence decreases to the east of the basin [START_REF] Mcduffie R | Lithologic basis correlation of Mississippian rocks in the surbsurface between Kansas and North Central Oklahoma[END_REF][START_REF] Rowland | Mississippian rocks in northern Oklahoma[END_REF][START_REF]Mississippian Rocks in the subsurface of Alfalfa and parts of Woods and Grant Counties, Northwestern Oklahoma[END_REF]. These rocks were subject to erosion and karstification from the end of the Mississippian to the Pennsylvanian. As a result, their thickness ranges from about 225 ft. (69 m.) toward the North of the present-day Oklahoma to more than 700 ft. (or 213 m.) into the Anadarko Basin.

In the North America Craton, the Chesterian series are characterized by either carbonate or terrigenous sediments [START_REF] Waite C | Introduction and regional analyses of the Mississippian system[END_REF]. Particularly in Midcontinent, the carbonate and shales sediments were deposited in a normal-marine environment affected by sequences of emersion and eustatic level variations. Consequently, there is no Chesterian rocks in the region, but just a bit of them when going to the southern basins (Frazier and Schwimmer, 1987). In the Burlington shelf edge, at the North of the Anadarko Basin, the Chesterian rocks consist, at the bottom, of fine-grained limestones with intercalations of greenish-gray to gray, reddish brown shales. These upper rocks are made up of white to gray fine oolitic, fossiliferous dolomitic limestone. Their thickness ranges from 10 to 20 ft. (3 to 6 m.) [START_REF]Mississippian Rocks in the subsurface of Alfalfa and parts of Woods and Grant Counties, Northwestern Oklahoma[END_REF].

Figure 7 From left to right: geological time scale from [START_REF] Gradstein | A Geologic Time Scale[END_REF], European and American Mississippian series and Chronostratigraphic Chart in the study area indicating the principal lithologies and fossils.

Study area

The study relies on data collected for a core extracted from an existing vertical well at the current location of Alfalfa County (T29N-R9W) in the north-central part of Oklahoma. In this area, the Kanoka ridge at the north, the Nehama Anticline at the east and the Pratt Anticline at the west influenced the deposition of carbonate rocks during Mississippian time and molded them afterwards. The Kanoka Ridge is an emergent feature that formed during the Kinderhookian to the Osagean times separating Kansas from Oklahoma [START_REF] Mazzullo | Mississippian oil reservoirs in the southern Midcontinent: new exploration concepts for a mature reservoir objective[END_REF]. The Nehama Anticline is a pre-Desmoinesian (early Pennsylvanian) horst-block complex crossing Kansas from the Nehama County to the South to the Garfield County in Oklahoma (Northcutt, 1996). The Pratt Anticline is an inherited structure from the early Paleozoic time, which plunged southward in the Barber County dying into the North of Oklahoma (Figure 8).

In the Alfalfa County, the Mississippian system is mainly constituted of cherty and noncherty limestones with shale and silt intercalations (Frezon and Jordan, 1979). These sediments were deposited along a low dip (less than 1 degree) platform environment dominated by biosiliceous and carbonate accumulations [START_REF] Franseen | Mississippian (Osagean) shallow-water, mid-latitude siliceous sponge spicules and heterozoan carbonate facies: an example from Kansas with implications for regional controls and distribution of potential reservoir facies[END_REF]Mazzullo et al., 2009;[START_REF] Rottman | Field examples of Osagean/Meramecian Reservoirs Systems[END_REF]. The carbonate progradation was affected by the uplift of the Kanoka Ridge and the eustatic level drop during the late Osagean. These latter resulted in the erosion and dissolution of the Osagean rocks, which then led to productive petroleum reservoirs, locally known as Mississippian "chat" facies (Mazullo and Wilhite, 2015). The Meramecian rocks becomes thinner ending in onlap patterns towards the north-east due to the uplift and the erosion during Pennsylvanian time (McDuffie, 1958, Jordan and[START_REF] Rowland | Mississippian rocks in northern Oklahoma[END_REF][START_REF]Mississippian Rocks in the subsurface of Alfalfa and parts of Woods and Grant Counties, Northwestern Oklahoma[END_REF]. There is no Chesterian sediments in the area. Actually, in the north-central part of Oklahoma, the Mississippian system thickness varies from 1400 ft, (427 m.) at the west to 300 ft. (91 m.) at the east (Snider, 1914;[START_REF] Reference | The subsurface geology of Woods and Alfalfa counties, Northwestern Oklahona[END_REF][START_REF] Rowland | Mississippian rocks in northern Oklahoma[END_REF]Thorton, 1961).

The studied rocks correspond to sediments deposited during the upper Osagean and the lower Meramecian ages. The lithostratigraphic units could possibly be Keokuk and Warsaw limestones. However, the use of the formal lithostratigraphic names is difficult, since there are several formation names to refer to similar lithology in both, Kansas and Oklahoma (Thorton, 1961;Boyd, 2008). Consequently, the core rocks of this study refer to the nomenclature defined from the Mississippian chronostratigraphic series names (Figure 7). In the north-central part of Oklahoma and southern Kansas, the Osagean series have been deeply studied to understand the multiple types of petroleum reservoir systems developed by diagenetic alterations [START_REF] Montgomery | Mississippian "chat" reservoirs, south Kansas-Low-resistivity pay in a complex chert reservoir[END_REF][START_REF] Rogers | Deposition and diagenesis of Mississippian chat reservoirs, North-central Oklahoma[END_REF][START_REF] Watney | Characterization of the Mississippian chat in south-central Kansas[END_REF][START_REF] Qi | Geostatistical three-dimensional modeling of oolite shoals, St. Louis Limestone, southwest Kansas[END_REF]Mazzullo et al., 2009). These authors agree that the tectonic activities during late Mississippian and early Pennsylvanian together with the eustatic level falls were the main factors altering the Mississippian series. The Meramecien series have been less studied than the Osagean ones because of their reservoir potential that is not as prolific as for the Osagean reservoirs. Consequently, there is only few information about the Meramecian rocks mainly regarding the diagenetic alterations and the distribution of the reservoir properties of the system [START_REF] Mcduffie R | Lithologic basis correlation of Mississippian rocks in the surbsurface between Kansas and North Central Oklahoma[END_REF][START_REF] Rowland | Mississippian rocks in northern Oklahoma[END_REF][START_REF]Mississippian Rocks in the subsurface of Alfalfa and parts of Woods and Grant Counties, Northwestern Oklahoma[END_REF][START_REF] Rottman | Field examples of Osagean/Meramecian Reservoirs Systems[END_REF]. The results described in the third chapter provide some insights about the origin, the relationship between the facies and the diagenesis as well as the influence of the diagenetic processes on the Meramecian limestones in this area.

Data Set

The (6.7 m)

A total of 88 plugs with 1 inch (2.5 cm) diameter were sampled along the core resulting in a sampling rate of 1 plug per foot. The plugs were used to acquire different type of data. (30 m.) of the core were slabbed. A photography set of the slabbed core surfaces was taken using both natural and ultra-violet light. Figure 9 shows the slabbed core surface at 4852 ft.

(1478.9 m.) depth. Additional core photos are shown in Annex-1.

Figure 9 One foot of slabbed core surface for the depth of 4863 ft. (1482 m.), under natural light (left) and ultra-violet (right) light.

Core Computed Tomography (CT) Scan

Computed Tomography (CT) Scan was performed in 96 ft. (29 m.) of core with the aim of identifying the lithological intervals from which the plugs were selected. For example, areas with significant lithological changes or with fractures may be of interest to take more samples.

In addition, the CT Scan information allows to have a permanent record of the core before the slabbing and sampling, where the core is often destroyed. 

Plug Computed Tomography Scan

Computed Tomography (CT) Scan was performed in 33 plugs of 1.5 inches of diameter and 3 to 5 cm., of length. CT-Scan was used to visualize fractures and to record plug sample before laboratory measurements such as routine or XRD analysis. Figure 11 (1489.3 m.). White lines correspond to cross sections at vertical direction (1) and transversal axis (2). b) Vertical cross section of the tomographic image at position 1. c) 2D cross section of the plug at position 2.

Routine Core Analysis (RCAL) plugs

Routine Core Analysis (RCAL) corresponds to a set of petrophysical measurements performed on plugs. The idea is to estimate porosity, bulk density and permeability at standard conditions. 88 horizontal plugs of 1.5 inches of diameter were sampled approximately every foot. The petrophysical measurements performed for these plugs are reported on Table 2 andTable 3. The RCAL measurements were used for investigating both diagenesis and petrophysical properties as discussed in the third chapter. 2.6.5 X-Ray Diffraction (XRD) samples X-Ray Diffraction (XRD) measurements were performed for 24 samples to identify and quantify the principal minerals that make up the rock. Table 4 shows the percentages of three major minerals, which are quartz, calcite and dolomite. These XRD measurements were used in the diagenesis analysis and interpretation presented in the third chapter. 

Thin sections

Thin sections from 43 horizontal plug samples were prepared for petrography observation. Figure 12 shows a high-resolution scan of an entire thin section and two microscopic images, one at plain light and second one at polarized light, for one of the prepared sample. The thin sections were used to identify the carbonate microfacies textures and the diagenetic events. Additionally, 5 thin sections from the horizontal section of the plugs were (1488.5 m.)

Stable isotopes

The analysis of oxygen and carbon stable isotopes of calcite and dolomite were performed at the Repsol Technology Centre (CTR) for 21 bulk samples. Table 5 shows these measurements, which must be used with care, because the calcite samples are mixes of different origins. To circumvent this drawback, a new acquisition and chemical analysis were performed for 15 powder that were also petrograhically characterized (Table 6). This particular analysis is used in the diagenesis interpretation shown in the following chapter. 

Wireline logs

Three basic electrical logs acquired along the wellbore were used as lithology indicators in the well correlation results of the third chapter. These logs are Gamma Ray (GR), Photoelectric factor (PEF) and Induction resistivity at three investigation distances: shallow, medium and deep (Figure 14). 

Sample ID

Rock Characterization

The methods used to collect the data set described above are briefly recapped hereafter.

Petrography

43 thin sections were prepared for petrographic study. The objective was to determine the microfacies and diagenetic phases that altered the microfacies through time. For that purpose, thin sections were prepared with a blue dye epoxy to highlight the pore network. These thin sections were about 35 microns thin. Then, they were stained with Alizarin Red S and potassium ferricyanide [START_REF] Dickson | Carbonate identification and genesis as revealed by staining[END_REF] to differentiate the calcite and ferroan calcite from other minerals (dolomite). The obtained thin sections were studied using an Olympus and Leitz plane-polarized transmitted light microscope. Prior to the petrographic study, all the thin sections were scanned using a flat scan device at high resolution (3000 dpi) with full color depth and autofocus.

The carbonate microfacies textures were described using the [START_REF] Dunham R | Classification of carbonate rocks according to depositional texture[END_REF] classification, which considers whether the carbonate rock is grain or mud supported, organically bounded sediment or crystalline carbonate. If entirely dolomitized, the microfacies was inferred according to the [START_REF] Sibley | Classification of dolomitic rock textures[END_REF] classification, which is based on the fabric of the dolomite crystal boundaries and size distribution. Porosity was described following the classification of [START_REF] Choquette | Geological nomenclature and classification of porosity in sedimentary carbonates[END_REF], which categorizes pore depending on their location and type, their origin and evolution, and their abundance and size.

The cathodoluminescence (CL) petrography is a tool based on luminescence color of certain elements in calcite or dolomite crystals. The cathodoluminescence microscope applies a stream of high-energy electrons on the thin section, in which certain elements are activated and emit photons generating different luminescence intensities. The analysis of the CL intensity and color permits to infer the origin of carbonate cements and sequences [START_REF] Machel | Chemistry and environments of Dolomitization -A reappraisal[END_REF][START_REF] Flugel | Microfacies of Carbonate rocks: analysis, interpretation and application[END_REF]. The cathodoluminescence petrography was performed in a Technosyn Cold CL (Model 8200 Mark II, Technosyn Corp., Cambridge, MA, USA) and OPEA system (OPEA France).

The operative conditions were 12-14 kV gun potential, 400-500 μA beam current, 0.05 Torr vacuum and 5 mm beam width.

CT-Scan

Computed Tomography (CT) Scan is a technique that calculates and processes a combination of X-ray measurements acquired from different angles to produce 2D cross-section images of a rock sample. CT-Scan 300 system multi-slice spiral was used for the acquisition of axial of 2D cross sectional images of the core. 32 core tomograms of three feet each one were obtained using voltage of 80 kV and current of 200 µA. The x-ray tube and detectors are on sliding rings, allowing a complete and continuous rotation of the tube and detectors, with a constant speed drawing a helix-shaped pattern around the sample. The tomography data have a resolution of 0.29mm x 0.29mm x 0.60 mm.

RCAL

A plugging machine with a drill bit of 1.5" of diameter was used for the plug acquisition.

Then the plugs were cleaned using a Soxhlet system. A quality control of the cleaning process was performed by checking the samples with UV light. The samples were then dried in an oven at 110 °C to completely evaporate residual solvents (48-72h), then cooled in a desiccator and weighted until finding a variation less than 0.01g.

A Helium pycnometer (Accupyc model 1330) was used to determine grain density and volume. This tool uses a gas displacement pycnometer, which measures the volume of solid objects of irregular or regular shape whether powdered or in one piece. The absolute porosity was estimated using volumetric relationships and the results of Helium pycnometer (Grain Volume, Pore Volume and Bulk Volume) at ambient conditions. The gas permeability was estimated using nitrogen and a confining pressure of 400 psig. Two methodologies were applied: the single point method for samples with permeability lower than 0.1 mD and the multipoint method (with 4 to 5 points measured) for samples with permeability more than 0.1 mD.

The Klinkenberg correction was applied on the basis of an empirical equation and an analytical calculation depending on the method used, that is single and multi-point.

Carbon and Oxygen stable isotopes

The stable isotopic composition is a technique to measure the isotope ratio mass spectrometry of 18 O/ 16 O and 13 C/ 12 C isotopes. It provides information about the origin of calcite crystals. This information is helpful in this study to support the interpretation about calcite cement origin, phases and rock-water interaction. A total of 15 carbonate powder samples were acquired using a micro-drill from 9 thick sections (200 microns of thickness) to perform carbon and oxygen stable isotope measurements. The thick sections were first observed under cathodoluminescence and then scanned in a high resolution in order to identify the sampling area of a calcite cement phase. Subsequently, the calcite cement was micro-drilled only in the selected area and the resulted powder was collected for the analysis. The stable isotopic measurements were performed in the Centres Científics i Tècnològics of Barcelona University.

The samples are carbonate powders of between 50 to 100 micrograms that were attacked with 100% phosphoric acid in a vacuum system at 70°C in a KIEL III device in-line with a Thermo-Fisher MAT-252 Isotope Ratio Mass Spectrometer. The isotope measurements are reported to the Vienna Peeddee belemnite standard with a standard deviation of 0.03‰ for Carbon stable isotopes and 0.06‰ for Oxygen stable isotopes. The patterns NBS-18 and NBS-19 were used as quality control standards. The complete workflow is exposed in Annex-5.

X-Ray Diffraction

X-ray diffraction (XRD) technique provides qualitative and quantitative information

about the chemical composition of carbonate minerals. This technique consists in measuring the angles and the intensities of the diffracted patterns after X-ray radiation of mineral structure.

The crystals in the mineral structures diffract the X-rays following a characteristic pattern. The X-rays angles and intensities are recorded to identify the minerals. 

Micro X-Ray Fluorescence

Micro X-Ray Fluorescence (XRF) is a technique used to detect the elemental composition of a sample by irradiating it with a thin beam of X-rays or gamma rays emitted from a tube. This irradiation generates the ionization of the material atoms. Thus, the material emits a radiation with a different energy or fluorescence that is captured by a detector (Figure 16). The fluorescence signal is characteristic of the atoms that constitute the material. This analysis permits to obtain major and minor elemental maps of the thin section areas which are used to validate the occurrence of minerals from the different diagenetic phases. Such measurements were performed for 43 samples using a Bruker micro-XRF M4 Tornado equipped with two spectrometers and a Rhodium X-ray tube. The thin section samples were scanned and analyzed with spot size of 50 microns, 1ms/pixel, 50 kV and 200 mA. The image processing settings included brightness, Gamma correction and color intensity adjustments. The quantification method used was the "SilCarb" method for all the area scanned with an error measurement of ±2%.

Figure 16 Basic features of a Micro X-Ray Fluorescence (https://www.xos.com/Micro-XRF).

Wireline logs

Wireline logs are measurements of rock properties at different depths performed along a well drilled in a subsurface formation. These measurements include electrical and acoustic properties, active and passive nuclear quantification or dimensional sizes of the wellbore. Three basic electrical logs were used for stratigraphic correlation of the Meramecien rocks in the area of study. These logs are described hereafter.

The gamma ray (GR) log measures the natural radiation of the rocks. Some lithologic formations contains radioactive elements such as uranium, potassium and thorium, which emit gamma rays. This natural radiation is recorded through depth by using an electronic device called logging tool. The gamma ray record permits to identify the lithology. Indeed, Russel (1944) classified rock types based on the distribution of radiation levels (Figure 17). A trend is observed in Figure 17 depending on the type of rocks. On one hand, the rocks with radiation levels higher than 14 are the ones with shales content. On the other hand, the rocks with low radiation levels are typically evaporites and coals.

Figure 17 Radiation level for different rock types (Russel, 1944) The photoelectric factor (PEF) log is used to determine lithology by measuring the amount of energy loss when gamma rays collide the formation. The amount of gamma ray absorption is related to the atomic number of the elements making-up the rock. Thus, a photoelectric absorption index can be obtained from the average atomic number and the amount of gamma ray energy. The photoelectric absorption index permits to identify lithology and fluids. [START_REF] Edmundson | Radioactive logging parameters for common minerals[END_REF] compiled a list of seventy minerals with their radioactive logging parameters to help in the interpretation of lithologies. For carbonate rocks, Table 7 shows minerals such as calcite, dolomite, ankerite and siderite. The induction resistivity logs measure the conductivity of rock formations by using a system of coils that generate alternated currents. These currents create a primary magnetic field.

This latter generates eddy currents, which in turn produce a second magnetic field captured by a receiver coil. The intensity of the eddy currents is proportional to the conductivity of the formation. The inverse of the conductivity is called the resistivity of the formation with respect to depth [START_REF] Doll | Introduction to induction logging and application to logging of wells drilled with oil base mud[END_REF]. The horizontal length of investigation in a resistivity logging tool is driven by the transmitter and receiver distance in a coil system. There are three levels of lateral investigation: shallow, medium and deep corresponding to 1, 2 and 4 ft. (0.3, 0.6 and 1.2 m.)

respectively. The resistivity logs permit to identify pore space filled by a fluid in the formation.

Conclusions

In conclusion, Mississippian sediments were deposited in shallow marine epeiric seas that covered the North American Craton. Mississippian sediments were affected by Antler orogeny at the west, Acadian orogeny at the east and Proto-Ouachita orogeny at the south. In The Mississippian series are considered petroleum deposits, therefore, there is an interest in understanding the processes that have created and affected them in order to determine the most favorable areas for hydrocarbon exploitation. In the study area, a core was extracted from a depth from 4948 ft. (1508.2 m.) to 4840 ft. (1475.2 m.) of sediments. From this core, a set of petrograhical, petrophysical and geochemical data were measured. The core information is exploited to provide more some insights about the origin, the relationship between the facies and the diagenesis of the Meramecian limestones.

III. Facies and diagenesis interpretation results

Chapter 3 focuses on the description and interpretation of sedimentary facies and diagenesis. Diagenesis refers to the physical-chemical processes, that occur as soon as facies are deposited. For carbonate sediments, these processes depend on multiple parameters such as climate, water chemistry, morphology and hydrodynamism of deposition area, type of sediments and other parameters [START_REF] Moore | Carbonate Reservoirs: Porosity Evolution and Diagenesis in a Sequence Stratigraphic Framework[END_REF]. The description of diagenesis has to be preceded by the characterization of the sedimentary facies and of the depositional model. The study of the carbonate facies in a particular geological context permits to have some clues about the origin of the different diagenetic events that took place at the time of deposition until burial.

Facies Analysis

Six main sedimentary facies have been identified based on core description and petrographic observations of the 43 thin sections. The description of the identified facies is summarized in Table 8. The facies were named from bottom to top as follows: 

Interpretation

The observation of fragments of large trepostome bryozoans and fenestrate zoeccia indicates an environment of low energy suitable for the sedimentation and preservation of these grains (Figure 19.B). The dispersed occurrence of large crinoid steams and brachiopods, contrasting with fragments of the same biofauna, is an evidence of re-sedimentation (Figure 19.A). The remobilization of the large grain could result from periodical storms within the area of living of these organisms [START_REF] Franseen | Mississippian (Osagean) shallow-water, mid-latitude siliceous sponge spicules and heterozoan carbonate facies: an example from Kansas with implications for regional controls and distribution of potential reservoir facies[END_REF][START_REF] Mazullo | Petroleum reservoirs within a spiculitedominated depositional sequence: Cowley Formation (Mississippian: Lower Carboniferous), south-central Kansas[END_REF]. The presence of sponge spicules indicates normal marine conditions (Figure 19.B), since these sessile and benthic organisms required marine environments influenced by currents rich in nutrient and oxygen [START_REF] Franseen | Mississippian (Osagean) shallow-water, mid-latitude siliceous sponge spicules and heterozoan carbonate facies: an example from Kansas with implications for regional controls and distribution of potential reservoir facies[END_REF][START_REF] Flugel | Microfacies of Carbonate rocks: analysis, interpretation and application[END_REF]. The dissolution of sponge spicules can lead to supersaturation and subsequent precipitation of silica forming chert nodules in different shadow colors from dark brown to dark gray [START_REF] Lee | Characterization and the diagenetic transformation of non-and microcrystalline silica minerals[END_REF]. Therefore, based on these interpretations, the bioclastic wackestone (F1) has possibly deposited in a low-energy middle ramp environment. The average porosity and permeability are 4.97% and 0.03 mD, respectively.

Interpretation

The facies texture of F2 attests of a high-energy environment. The broken grains and their sorting would result from a constant hydrodynamism. Bryozoans' abundance is likely to indicate shelf/ramp settings, occasionally extending onto the upper slope [START_REF] Taylor | Bryozoans and paleoenvironmental interpretation[END_REF]. The presence of large trepostome and bi-foliate bryozoan points to a shallow water depositional environment. These bryozoans are resistant and branching masses that were dominated framework contributors in many biohermal accumulations during the Paleozoic [START_REF] Flugel | Microfacies of Carbonate rocks: analysis, interpretation and application[END_REF].

The broken fenestrate bryozoans and brachiopods appear as a reworked material revealing the possible effects of storm influence in a high-energy environment (Figure 20.C). [START_REF] Franseen | Mississippian (Osagean) shallow-water, mid-latitude siliceous sponge spicules and heterozoan carbonate facies: an example from Kansas with implications for regional controls and distribution of potential reservoir facies[END_REF][START_REF] Flugel | Microfacies of Carbonate rocks: analysis, interpretation and application[END_REF].

These biosiliceous accumulations have been identified in Mississippian formations in the entire

Mid-Continent region [START_REF] Lowe | Regional controls on silica sedimentation in the Ouachita system[END_REF][START_REF] Meyers | Chertification in the Mississippian Lake Valley Formation[END_REF][START_REF] Montgomery | Mississippian "chat" reservoirs, south Kansas-Low-resistivity pay in a complex chert reservoir[END_REF][START_REF] Franseen | Mississippian (Osagean) shallow-water, mid-latitude siliceous sponge spicules and heterozoan carbonate facies: an example from Kansas with implications for regional controls and distribution of potential reservoir facies[END_REF][START_REF] Mazullo | Chert reservoirs in the Cowley formation (Mississippian), South-central Kansas: paragénesis, oxygen and silicon isotope geomchemistry and timing of silicification and porosity formation[END_REF]. The sponge spicule organisms are made of opaline silica (opal-A crystal, [START_REF] Lee | Characterization and the diagenetic transformation of non-and microcrystalline silica minerals[END_REF] and characterized by a mono-axon shape (Figure 21.C). The dissolution of these organisms is considered as one of the source of chert nodule formation. The bioclastic wackestone (F3) would have deposited in a middle ramp environment of low energy. As noted above, there are similarities between facies F1 and F3 even though facies F1 was submitted to a more intense diagenesis. 

Interpretation

Like for F2, the bioclastic fragments and moderately sorted grains evidence high-energy depositional environment (Figure 22.B). In facies F4, the trepostome bryozoans are more abundant than for F2 suggesting a shallow water shelf/ ramp closer to biohermal mounds. In the study area, Meramec and Osagean bioherms have been described by several authors [START_REF] Anglin | The Petrography of the Bioherms of the St. Joe Limestone of Northeastern Oklahoma[END_REF][START_REF] Harris | Hydrocarbon accumulation in Meramec-Osage, Mississippian Rocks, Sooner trend, Northwest-Central Oklahoma[END_REF][START_REF] Montgomery | Mississippian "chat" reservoirs, south Kansas-Low-resistivity pay in a complex chert reservoir[END_REF][START_REF] Franseen | Mississippian (Osagean) shallow-water, mid-latitude siliceous sponge spicules and heterozoan carbonate facies: an example from Kansas with implications for regional controls and distribution of potential reservoir facies[END_REF] [START_REF] Franseen | Mississippian (Osagean) shallow-water, mid-latitude siliceous sponge spicules and heterozoan carbonate facies: an example from Kansas with implications for regional controls and distribution of potential reservoir facies[END_REF][START_REF] Flugel | Microfacies of Carbonate rocks: analysis, interpretation and application[END_REF]. The dissolution of these organisms can lead to the formation of chert nodules in different shadow colors from brown to gray. The reduced presence of sponge spicules could lead to have F5 less silicified than facies F3, for instance 2 to 3% of the 3. 

Vertical association of the facies along the core

Definition of depositional model

The core is characterized by alternations of mud-supported and grain-supported facies.

Indeed, the wackestone F1, F3 and F5 facies are respectively overlaid by packstone/grainstone facies F2, F4 and F6. This evidences sea level variations and/ or changes of hydrodynamism of the depositional area through time.

The well-preserved fenestrate bryozoans are delicate and erect varieties living in low to moderately high energy environment (McKinney and Gault 1980) but that can be easily broken during storms periods [START_REF] Taylor | Bryozoans and paleoenvironmental interpretation[END_REF]. On the contrary, the trepostome bryozoans are massive and encrusting varieties found in high-energy environments [START_REF] Taylor | Bryozoans and paleoenvironmental interpretation[END_REF]. Based on the presented interpretations, the vertical associations of the facies can be related to depositional settings shifting from middle to inner ramp environments.

The Burlington Platform is known to be an extensive carbonate ramp from the Anadarko Basin to the Eastern Interior Through (Section 2.1). The ramp was exposed to energy variations dominated by storms and currents where bryozoans and crinoids were the major sediment producers [START_REF] Gutschick R | Mississippian continental margins of the conterminous United States[END_REF].

The observed alternating facies seem to indicate changes in sea-level in such a way that when sea-level rise periods occurred, there were low energy conditions depositing wackestone facies (F1, F3 and F5). And during sea-level fall periods, there were high energy conditions producing packstone/grainstones facies deposition (F2, F4 and F6 before brecciation). An important sea-level drop occurred where the inner-ramp grainstones become exposed and karstified resulting in the breccia facies F6. In Figure 25 shows a sketch of the depositional environment for the southern Kansas as proposed by [START_REF] Franseen | Mississippian (Osagean) shallow-water, mid-latitude siliceous sponge spicules and heterozoan carbonate facies: an example from Kansas with implications for regional controls and distribution of potential reservoir facies[END_REF]. The studied core can be set up in the middle to inner marine ramp environment. The lack of additional well cores precludes the stratigraphic and sedimentological correlation in the studied area. Therefore, a well log correlation was performed using published cross sections (Thorton, 1961;[START_REF] Harris | Hydrocarbon accumulation in Meramec-Osage, Mississippian Rocks, Sooner trend, Northwest-Central Oklahoma[END_REF]. The studied well has a good correlation with the gamma ray signature of Mississippian rocks in the well cross section (A-A') defined by Thorton (1961) as shown in Figure 26. It is important to highlight that the studied core corresponds to the Meramecian rock interval and that there is no Chesterian rocks in this section. The cross section (A-A') defined by [START_REF] Harris | Hydrocarbon accumulation in Meramec-Osage, Mississippian Rocks, Sooner trend, Northwest-Central Oklahoma[END_REF] is correlated with wells of the south part of the Alfalfa county, more precisely with the Sooner Trend field area. The perpendicular projection of the studied well core to the closest well section is used to correlate the Gamma Tay logs. In Figure 27, the studied well shows also a good correlation with the Gamma Ray at the end of the crosssection.

It is of interest to point out the wedge effect on Chesterian rocks from south-west to northeast, which resulted from the regional erosion of these sediments at the end of the Mississippian. The Meramecian and Osagean rock intervals show a slight thickness reduction to the northeast. 

Diagenesis of the Mississippian Lime phases description

The physical-chemical processes modify the petrophysical properties of carbonates rocks as soon as their deposition takes place until their burial and exhumation. [START_REF] Choquette | Geological nomenclature and classification of porosity in sedimentary carbonates[END_REF] defined the eogenesis, mesogenesis and telogenesis. Eogenesis is the period during which the sedimentary column was deposited, buried and still influenced by the superficial water circulations and exchanges with atmosphere. Mesogenesis is the period during which the sedimentary column is no more influenced by superficial conditions. Telogenesis stage is the period when the mesogenetic sediments are exhumed due to erosion and influenced again by superficial diagenetic process [START_REF] Moore | Carbonate Reservoirs: Porosity Evolution and Diagenesis in a Sequence Stratigraphic Framework[END_REF]. The diagenetic processes depend on the facies type, the primary porosity, the climate, the water chemistry, the fluid/rock interactions, etc. In this section, petrographic data are associated with geochemical data in order to identify the diagenetic processes and environments responsible for the modifications of the petrophysical properties of the Mississippian Lime.

This section is dedicated to the 15 diagenetic phases petrographically analyzed on the basis of the 43 thin sections. The diagenetic phases are presented following the classification of the diagenetic stages established by [START_REF] Choquette | Geological nomenclature and classification of porosity in sedimentary carbonates[END_REF]. and Chemical compaction (CC). There is no evidence of diagenetic processes related to a Telogenetic stage.

The diagenetic sequence reconstructed by crosscutting the relationships between all the 15 phases is proposed in Figure 28. The main petrographic characteristics of the identified diagenetic phases are described in order of occurrence here after.

Micritization (M)

A micrite envelop (<20µm) is observed around some abiotic grains and bioclasts like crinoids, brachiopods, bryozoans and sponge spicules for all facies ( facies. This diagenetic phase reduces the pore space between the echinoderms.

Sparry calcite cementation (C2)

The calcite crystals have a granular mosaic texture and fill the pore space ( 

Glauconite (G)

Glauconite is a clay mineral that mainly replaces crinoids and fills the zoeccia pore spaces in the bryozoans of the packstone/grainstone facies (F4: 4858 -4877.4; F2: 4911 -4921.3 ft core depth). It has an olive green color and shows a dark greenish birefringence at polarized light. The facies concerned are the packstone/grainstone confirming the shallow marine setting (Figure 29.C).

Chalcedony Silicification (S2)

Chalcedony is colorless to brown forming 21 to 60 µm thick bands. The chalcedony shows radiating birefringence splay as length-fast filling pores or fossil moulds keeping their initial structures. This phase is observed within all facies except in the packstone/grainstone (Figure 29.A and B, Figure 30.C, D, E and F). The chalcedony cement fills the moulds of sponge spicules and some micro-fractures leading to the typical fibrous inclusion-rich brown bands.

Mechanical compaction (MC)

Mechanical compaction is a continuum process starting from the deposition of the 

Dolomitization (D)

This phase consists of polymodal (14 to 76 µm in size), non-ferroan planar euhedral to subhedral dolomite crystals (sensu Choquette and James, 1977) filling pore space or replacing lime mud or previous silica phases (Figure 1C). This phase is observed all along the core with an increasing proportion in the F1 wackestone facies, a decreasing one in F3 while it is almost absent in F5 (Figure 29.A and B, Figure 30.A and B, Figure 32.A, B and F). 

Sparry calcite cementation (C3)

The calcite crystals fill the pore space between grains or in fractures (Figure 31 

Pyrite (P)

The pyrite phase is present even though sparse. It forms aggregates of spheres or isolated cubic crystals replacing silica or dolomite crystals. It exhibits a golden yellow color on reflected light (Figure 32.F).

Chemical compaction (CC)

Chemical compaction is expressed by prominent stylolites with a serrate shape, cutting Before this work, additional stable isotope analyses were performed on 21 carbonate bulk samples. As samples were bulk, the measurements are only used for determining the vertical trend. The values of δ 13 C ranges between -2.53‰ to +2.20‰, while the bulk values of δ 18 O remain negative from -3.62‰ to -9.99‰. These values were compared with the ones observed in the isotopic studies presented by [START_REF] Mii | Carboniferous isotope stratigraphies of North America: Implications for Carboniferous paleoceanography and Mississippian glaciation[END_REF][START_REF] Saltzman | Carbon and oxygen isotope stratigraphy of the Lower Mississippian (Kinderhookian-Lower Osagean), western United States: Implications for seawater chemistry and glaciation[END_REF] and [START_REF] Koch | Stable-isotope chemostratrigraphy as a tool to correlate complex Mississippian marine carbonate facies of the Anadarko shelf, Oklahoma and Kansas[END_REF].

It is clear that carbonate rocks date from the end of the Meramecian, as they exhibit δ 13 C isotope values shifted from positive to negative in a delta of 2‰. This shift is similar to the δ 13 C isotopes observations in the United States, which indicates a regional climate effect (Figure 34). The latter is interpreted as resulting from a global climatic transition from greenhouse to icehouse conditions (Section 2.2).

X-Ray Diffraction

X-Ray diffraction measurements were performed for 24 samples to identify and quantify the principal minerals that make up the rock. There are some clear mineralogical changes along the core (Figure 35). The main minerals are quartz (80% to 50%) in silicified facies, calcite (90 to 100%) in packstone/grainstone facies and dolomite (30% to 20%) in wackestone facies.

Other components like K-feldspar, plagioclase, phyllosilicates, halite and others represent less than 2%. A tendency is observed with the diagenesis processes such as calcite cementation, dolomitization and silicification that is related to the origin of facies F1, F2, F3, F4 and F5.

Regarding facies F6, the silicification is related to the meteoric diagenesis (Figure 28).

Micro X-Ray Fluorescence

The micro X-Ray analysis permitted to estimate a map of the major elements in the thin Figure 34 Carbon isotopic signature correlation from Arrow Canyon Range [START_REF] Saltzman | Carbon and oxygen isotope stratigraphy of the Lower Mississippian (Kinderhookian-Lower Osagean), western United States: Implications for seawater chemistry and glaciation[END_REF], Anadarko Basin [START_REF] Koch | Stable-isotope chemostratrigraphy as a tool to correlate complex Mississippian marine carbonate facies of the Anadarko shelf, Oklahoma and Kansas[END_REF]. U.S. Midcontinent [START_REF] Mii | Carboniferous isotope stratigraphies of North America: Implications for Carboniferous paleoceanography and Mississippian glaciation[END_REF] and North-central Oklahoma in this study.

Figure 35 Mineralogy quantification of major elements estimated along the core. The calcite dominates the packestone/ graintone facies, while the quartz and dolomite dominate the wackestone.

Figure 36 Major element map in thin sections based on Micro X-Ray fluorescence. The elements are calcium (Ca), Silicon (Si), Magnesium (Mg) and Iron (Fe).

Interpretation and results

The studied core has been affected by an early diagenesis during the eogenetic stage and influenced by a period of subaerial exposure, which resulted in the dissolution and brecciation of the rocks. Later on, these sediments were affected by late or burial diagenetic processes during the mesogenetic stage.

Early diagenesis phases

The micrite is commonly formed by the reworking of grains or death of organisms and by the micro-organism activity in the middle ramp protected shallow areas, below the fairweather wave base [START_REF] Flugel | Microfacies of Carbonate rocks: analysis, interpretation and application[END_REF]. The observed reworking material and broken grains are evidences of recurrent storm wave activity dominated by suspension lime mud [START_REF] Burchette | Carbonate ramp depositional systems[END_REF]. The good preservation of the silicified bioclasts is an indicator of slow replacement and continuous silica-rich fluid interaction [START_REF] Lee | Characterization and the diagenetic transformation of non-and microcrystalline silica minerals[END_REF][START_REF] Mazullo | Petroleum reservoirs within a spiculitedominated depositional sequence: Cowley Formation (Mississippian: Lower Carboniferous), south-central Kansas[END_REF] Cretaceous age. Glauconite is an indicator of shallow marine environment and slow deposition [START_REF] Flugel | Microfacies of Carbonate rocks: analysis, interpretation and application[END_REF]. It could fill the pore space grainstone in periods of sea-level increase.

The dolomite polymodal rhombs replace matrix and fill the space in all facies. This indicates that it is a last phase in the eogenesis. The dolomitization phase possibly forms in shallow burial after the meteoric-marine mixing zone of the exposed carbonate platforms [START_REF] Flugel | Microfacies of Carbonate rocks: analysis, interpretation and application[END_REF]. Dorag model is the term used for this dolomitization mechanism, which is launched when meteoric and sea waters are mixed [START_REF] Land | Contemporaneous dolomitization of middle Pleistocene reefs by meteoric water, north Jamaica[END_REF][START_REF] Badiozamani | The Dorag Dolomitization model -Application to the Middle Ordovician of Wisconsin[END_REF]. In this process, where 5 to 30% sea water mixed with meteoric water, the solution became undersaturated with respect to calcite and supersaturated with respect to dolomite, provoking dolomitization [START_REF] Badiozamani | The Dorag Dolomitization model -Application to the Middle Ordovician of Wisconsin[END_REF]. As it has been evidenced by petrography and by geochemistry, the studied core sediments have been subjected to seawater flow in or below a mixing zone favoring the relatively early dolomitization and occurred prior to compaction.

The identified early diagenesis phases may be associated to the facies type. Thus, the calcite cement phase affects the grainstone facies, while the silicification and dolomitization phases affect the wackestone facies. These phases impact negatively reducing the pore space and the connection between pores.

Meteoric diagenesis phases

The C2 sparry calcite is a second cement phase that grew from the C1 phase. The fact that this cement displays some irregular shape reflects a dissolution influence that could be due to the infiltration of meteoric waters. The carbon stable isotope values show a trend from the marine calcite cements in C1 to a meteoric water signal in C2, where carbon and oxygen isotopes decay shifting to more negative values. Furthermore, the sparry calcite cement (C2)

shows a bright orange to brown color under cathodoluminescence light, indicating a change in the reductionoxygen system. This is possible due to a transition from marine to meteoric water interaction evidenced by the carbon and oxygen isotopes reduction.

Dissolution and brecciation are phases recorded mainly in the upper part of the core: they are evidenced by the ghosts' textures and the development of secondary vuggy and moldic in facies F6. Based on petrography observations, it seems that the dissolution of grains occurred previous to the brecciation phase. It is observed that some moldic and vuggy pore spaces are filled by clay infiltrations. Also, associated to brecciation process, there is one type of fractures commonly branched also filled by clay infiltrations. The dissolution, fracturing and brecciation phases are probably related to the regional Mississippian unconformity that affected the study area as reported by several authors (McDuffie, 1958, Jordan and[START_REF] Rowland | Mississippian rocks in northern Oklahoma[END_REF][START_REF]Mississippian Rocks in the subsurface of Alfalfa and parts of Woods and Grant Counties, Northwestern Oklahoma[END_REF].

Late diagenesis phases

Fracturing phase is observed in facies F1, F3 and F5. The fractures could be related to the overload tectonic charge during the burial process occurring mainly in the chert bands and nodules. The high concentration of silica adds brittleness to chert nodules making them more susceptible to fractures (Rottmann, 2011). Fractures can improve permeability rock but most of the observed ones are sealed by macro-crystalline silica (S3) or both sparry (C3) or ferroan (C4) calcite cements.

The calcite cement (C3) is the last phase observed under cathodoluminescence light. It has a brown dull color highlighting a burial stage. The stable isotopes show negative δ 18 O values evolving from -5.4‰ to -8.5‰, which indicates confined fluid-rock interactions [START_REF] Meyers | Chertification in the Mississippian Lake Valley Formation[END_REF]. During burial, the oxygen isotopes go toward negative values due to increasing temperature [START_REF] Moore | Carbonate Reservoirs: Porosity Evolution and Diagenesis in a Sequence Stratigraphic Framework[END_REF]. This rock-fluid confinement resulted in a setting where iron (Fe +3 ) and manganese (Mn +4 ) ions incorporate in the calcite cement phase resulting in specific characteristic under cathodoluminescence light (Flugel, 2001).

The macro-crystalline silica (S3) occupies the pore space after the S1 and S2 phases.

The S3 phase occurred only as cement filling pore space after chalcedony silica (S2) and microcrystalline silica (S1). Last, S3 was observed inside fractures in chert nodules meaning it is posterior to fractures. In other words, the rich-silica fluids filtrated through the sediments until precipitation in fractures voids.

The ferroan calcite cement (C4) is a burial phase filling fractures and pore space. The reduction conditions during burial progressively enriched the rocks in iron, manganesium, zinc and other metals [START_REF] Moore | Carbonate Reservoirs: Porosity Evolution and Diagenesis in a Sequence Stratigraphic Framework[END_REF]. This burial setting facilitated the precipitation of ferroan calcite cements in all the facies except F6.

Pyrite appeared as spheres or cubic crystals as a last phase during the burial diagenesis.

It overlies silica and/or dolomite crystals. It exhibits a golden yellow color under reflected light.

Chemical compaction is expressed by prominent stylolites with a wispy, serrate shape, cutting grains and lime mud matrix. These stylolites are evidences of pressure dissolution during burial diagenesis.

Impact of diagenetic phases on porosity and permeability properties

The diagenetic phases have a strong impact on porosity and permeability properties giving as result a core with low porosity values from 1% to 21% and low permeability ones from 1E-05 to 36 mD. There is a selectivity of the diagenetic phases according to the facies origin (grain-supported or mud-supported). This indicates that the petrophysical properties are also affected accordingly to the diagenetic phases and the associated facies.

The packstone/grainstone facies (F2 and F4) preserve intra-and inter particle porosity between the bryozoans and other clasts resulting in a fair average porosity of 5%. The porous space is poorly connected since it is isolated in the bryozoan zoeccias or between the grains bounded by calcite cements. As consequence the permeability is low resulting in an average value of 0.36 mD. The F2 and F4 facies suffer a porosity reduction due to first, a strong mechanical compaction and second, the calcite cementation phases (C1, C2 and C3), being the phase C1 the most porosity-destructive phase. For instance, a sample such as DOR8 at 4891 ft.

(1490.8 m), (Facies F2) shows a porosity of 6.8% due to the pore space of the bryozoan's chambers. The permeability of this sample is about 0.16 mD, which implies a poor pore connectivity. The F4 facies (4911 -4921.8 ft. (1496.9 -1500.2 m.) core depth) also contains inter-and intra-particle porosity. It shows an average porosity close to 5% and an average permeability of 0.044mD. The F4 facies was also submitted to mechanical compaction and calcite cementation, which packaged the grains and reduced porosity.

The wackestone facies (F1, F3 and F5) are mud-supported limestones showing porosity and permeability extremely reduced due to dolomitization and silicification. For instance, the F1 Facies has an average porosity of 3% and an average permeability of 0.03 mD. Isolated mold porosity was observed in thin sections, where dolomitization and silicification have destroyed the porosity in the wackestone facies. It should be noted that the silicification phases (S1 and S2) conserved the porosity locally between 4889 ft. (1490.2 m.) and 4895 ft. (1492 m.), where the average porosity is almost 7% and the average permeability 0.22mD in the facies 3. For example, the sample DOR15 (4892 ft./1491.1) shows micro porosity preserved in the limits of silica nodules and lime mud. For this sample, the porosity is 5.7% and the permeability is 0.3mD. Globally, in F3 facies, the petrophysical response is similar to the F1 facies with a low average porosity of 2.3% and a poor average permeability of 0.004 mD.

The Burlington Platform suffered the uplift and the erosion during Pennsylvanian time.

Consequently, the dissolution and brecciation are the diagenetic phases occurring on exposed Meramecian rocks, which boosted porosity and permeability. Thus, around 13 feet (4 m.) of upper part of the core (F6: 4840 -4853 ft. (1475.2 -1479.2 m.) core depth) was strongly karstified giving an average porosity of 15% and an average permeability of 18mD. The lower part of facies F6 shows a reduction in porosity down to 3% and in permeability down to 0.004 mD. This is explained by the infiltration of clays that plug the pore space and the different silificification phases (S1, S2 and S3) that occupy the pores.

It is observed that the best petrophysical properties are located in the breccia grainstone facies (F6) at the top of the core with average porosity and permeability of 15% and 18 mD, respectively. The other facies (F1, F2, F3, F4 and F5) have low porosity and permeability values. Therefore, the petrophysical properties vertical evolution shows a global reduction trend with depth with some variations more or less accentuated depending on the facies types.

Conclusions

The Mississippian core sediments consist of a sequence of wackestone and grainstone alternations deposited in a shallow water middle ramp profile with significant hydrodynamisn variations (Figure 25). The wackestone facies (F1, F3, and F5) would have deposited in the middle ramp part that was affected by upwelling and storms. The grainstone facies (F2, F4 and F6) would have deposited in the inner part of the ramp affected by waves and a high-energy environment. The core was then affected by regional subaerial exposure and erosion generating a breccia at the end of the Mississippian and during the Pennsylvanian.

The Mississippian lime exhibits various eogenetic and mesogenetic events. The diagenetic events may be stronger depending on the facies type. For instance, the grainstone facies were mainly affected by calcite cementation that reduced porosity and permeability. On the other hand, the wackestone facies are characterized by the dissolution of sponge spicules and its subsequent silicification. The calcite cementation and the silicification phases negatively impact porosity and permeability making the rocks tighter.

Consequently, the eogenesis resulted in porosity generation in the initially muddy facies while it caused porosity destruction in the initially grainy facies. Then, the subaerial exposure increased porosity and permeability at the top of the Mississippian Lime due to the dissolution of the carbonate rocks. This interval constitutes the main reservoir body of the Mississippian Lime. However, it displays a great vertical heterogeneity due to clay infiltration with detrital quartz, silica and calcite cementation phases. The mesogenesis resulted in secondary porosity development through fractures which were cemented by silica and calcite cements thus destroying porosity. The mesogenesis is marked by abundant stylolites either in grainstone or wackestone facies evidencing the pressure and chemical compaction to which these rocks were submitted.

This information can be used for modeling purpose as it allows to describe the diagenesis effects and to incorporate them into the geological model. A new approach is proposed in the next chapter to integrate diagenesis in the static and dynamic modeling workflows.

IV. Geostatistical modeling and history matching

Chapter 4 describes an approach that makes it possible to capture, at least partially, the heterogeneity of carbonate rocks resulting from diagenetic processes. This is performed through the building of a geological model calibrated with production data. The integration of the diagenetic processes at the reservoir scale is far from straightforward. It is common, in the oil and gas industry, to use rock types to characterize reservoirs based on lithology and specific pore systems that condition fluid flow. Following a similar approach, diagenesis can be also used as a constraint to define rock types (Al [START_REF] Mazrooei | Full integrated diagenesis and reservoir rock-log typing: case study of two comples carbonate reservoirs[END_REF]Farooq et al., 2014).

However, carbonate diagenetic heterogeneity is neither fully captured nor spatially reproduced in reservoirs. History-matching can be considered as an additional source of data, meaning more constraints, making it possible to build more suitable reservoir models. However, performing history-matching for carbonate reservoirs is challenging due to the complexity of such media and because there is no known systematic methodology to date.

An approach is proposed hereafter to integrate diagenesis as an additional step in the reservoir modeling workflow and to calibrate the diagenesis modeling parameters with production data. Within this framework, diagenesis modeling is performed by using a new parameterization technique similar to the approach developed by Ponsot-Jacquin et al. (2009) for facies proportions. The calibration of the diagenesis parameters is then proposed based upon the available production data. Within this framework, the diagenesis modeling step is considered as one of the successive steps of the entire simulation workflow. The parameters acting within this diagenesis modeling step can therefore be adjusted just as any other parameters in any other modeling steps of the whole simulation workflow. The purpose of history-matching is to adjust all required parameters until the results provided by the simulation workflow reproduce production data as well as possible.

A primary step to diagenesis modeling is based upon the results derived from petrographic observations. As seen in Chapter 3, the successive diagenetic phases that affected porosity and permeability in Mississippian Lime rocks were identified along the well core. With more well information, it is possible to also characterize the spatial occurrence of these diagenetic phases. This valuable information is used at the level of the diagenesis modeling step when generating the geological model. In this chapter, the study is restricted to a synthetic case because of the limited data available for the real case at our disposal. However, the overall methodology could be applied to more complex cases like the whole Mississippian Lime. There are at least two reasons to explain why this research focused on synthetic cases at this point.

First, this is a mandatory step to establish and validate a novel methodology. Second, the building of a model representing the Mississippian Lime formation would have required more data and for sure more time. For instance, facies and diagenesis studies for the whole area would be required more core data in distinct wells including sedimentological, stratigraphical and petrophysical analyses. Additionally, the actual production and water injection histories were not available. Therefore, the history-matching step could not be envisioned with true data.

The potential of the proposed approach is investigated on the basis of a two-dimensional synthetic model with three depositional facies and one diagenesis overprint. The developed parameterization technique permits to drive the proportions, the spatial distribution and the variability of a diagenetic phase in a matching workflow.

A sensitivity analysis is performed. It shows how the diagenetic parameters influence the dynamic response computed for the reservoir model. From this analysis, it was evidenced that the proportions of the diagenesis levels (low, medium and high), and subsequently their spatial distributions, influence the simulated production responses. This is because these parameters favor or impediment spatial connectivity within the reservoir, that is fluid flow.

It is important to emphasize that the synthetic case is constructed using Gaussian methods, which are based on the hypothesis of stationarity. That is, when defining facies and diagenesis levels, it is assumed that all the properties are homogeneous in each facies and each diagenesis level covering all reservoir variability. However, in a real case, gradual variations can occur both areal and vertical in each of the facies and in each of the diagenesis levels. These variations in turn modify the distribution of porosity and permeability which should be considered in the geological model. In that sense, the methodology would be extended to a workflow that contemplates secondary properties that reflect these gradual variations and that result in non-stationary distributions. Hence, the use of secondary variables implies additional parameters to be included in the modeling parameterization and history-matching process.

The proposed methodology and the obtained results are presented in the paper given hereafter. It was published in the Journal of Petroleum Exploration and Production Technology on February 2018 (doi: 10.1007/s13202-018-0446-3). To conclude, this methodology is an original and novel technique that has been patented (PA00247-FR001 -FR1661634).

The reader interested both in the geostatistical simulation techniques and the optimization approaches followed in this chapter is referred to the annexes at the end of this manuscript.

Introduction

Carbonate reservoirs exhibit complex pore systems, which depend on their biological origin and great chemical reactivity [START_REF] Flugel | Microfacies of carbonate rocks[END_REF][START_REF] Moore | Carbonate Reservoirs: Porosity Evolution and Diagenesis in a Sequence Stratigraphic Framework[END_REF]. The geometry and connectivity of these pores strongly control the dynamic flow of hydrocarbons in carbonate reservoirs. As more than 60% of the world's oil and 40% of the world's gas reserves are estimated to be held in such reservoirs, the oil and gas industry looks constantly to improve the representation of carbonate reservoirs through geological and simulation models that better capture and illustrate their heterogeneities. The standard reservoir modeling workflow consists in integrating seismic, geological and well data to create a static geological model. This one is usually populated by facies or lithofacies and their associated petrophysical properties like porosity, permeability and fluid saturations [START_REF] Deutsch | Geostatistical reservoir modeling[END_REF]. The static model is then inputted into a fluid flow simulator in order to understand fluid displacements and forecast production over reservoir lifetime. In the current industry practice, diagenesis is generally integrated through the definition of lithofacies referring to textures and pore systems or rock types.

However, this approach cannot be easily applied through history matching and field development optimization, because diagenesis imprint has not been modeled and thus cannot be modified according to production data. Moreover, even when taken into account, it is most of the time through a deterministic approach with a limited number of models. Due to the uncertainty in the description of the occurring diagenesis phases and their effects in the facies deposition model, a stochastic framework may be preferred. Several authors [START_REF] Barbier | Stochastic joint simulation of facies and diagenesis: a case study on early diagenesis of the Madison formation (Wyoming, USA)[END_REF]Doligez et al. 2011;Hamon et al. 2015;[START_REF] Labourdette | Nested stochastic simulations: a new approach on assessing spatial distribution of carbonate sedimentary facies and associates diagenetic overprints[END_REF]) investigated and applied geostatistical methods to integrate depositional facies and diagenetic overprint models. The leading idea consists first in identifying the major diagenetic phases, which modify the petrophysical properties and second in qualitatively or semiquantitatively establishing the relationship linking the diagenetic phases to the depositional facies. The first identification step is usually performed from the analysis of thin sections and laboratory measurements of core samples. It is based upon the definition of the paragenetic sequence, which is a conceptual representation of the diagenetic events through time. The paragenetic sequence permits to schematically display the relationships between these diagenetic phases and the resulting porosity and permeability modifications [START_REF] Moore | Carbonate Reservoirs: Porosity Evolution and Diagenesis in a Sequence Stratigraphic Framework[END_REF]. The second step yields the relationships between the diagenetic phases and the depositional facies from petrographic observations. When this information is available, it can be integrated into reservoir models, provided that suitable stochastic simulation techniques are applied. For instance, Renard et al. (2008) extended the well-known pluriGaussian simulation (PGS) technique (Le Loc'h et al. 1994) to get the bivariate pluriGaussian simulation (Bi-PGS) one. Such a method makes it possible to populate reservoir models with spatially varying facies and to account for diagenetic phases with spatially varying influences on facies. Even though data are provided through the analysis of thin section or laboratory measurements, they represent a very tiny part of the actual reservoir under consideration. Upscaling of diagenesis characteristics, but also of petrophysical properties like porosity and permeability, is still a major issue. Even when properties and relationships between facies and diagenesis have been clearly identified at the plug scale, the question remains about the corresponding properties to be provided to the grid cells of the reservoir model, which is associated with a much larger scale with macro-porosity occurrences, locally baffling heterogeneities, fractures, etc. (Farooq et al. 2014;[START_REF] Nader | Quantification of diagenesis impact on the reservoir properties of the Jurassic Arab D and C members (Offshore, UAE)[END_REF]. This is all the more true for diagenetized carbonate reservoir [START_REF] Benyamin | Log characteristics of carbonate reservoir due to diagenesis effect[END_REF].

The resulting static reservoir model is therefore very uncertain. The integration of other sources of information is required to better constrain the reservoir models used to represent the real one. This is why production data are also considered. They consist of all the data measured at wells during production: pressures, flow rates, gas/oil ratios, water cuts. The integration of production data into a static reservoir model is known as history matching [START_REF] Jacquard | Permeability distribution from field pressure data[END_REF]. This usually involves the definition of an objective function, which measures the least-square differences between the actual production data and the corresponding numerical responses simulated for the considered static model using a flow simulator. Then, an optimization process is run aiming at minimizing the objective function by successively adjusting some uncertain parameters of the static reservoir model or the associated flow model. The interested reader may refer, for instance, to [START_REF] Le | Integrated reservoir characterization and modeling ebook[END_REF] for more details. This calibration process contributes to improve the reservoir model, i.e., to make it more reliable for predictions and to better describe fluid flows within the reservoir. The most valuable result is the capacity to predict reservoir production lifetime with a certain level of confidence and to evaluate its economic potential. One of the fundamental aspects of history matching is parameterization. A reservoir model and its associated flow features include a huge number of unknown or uncertain parameters. For instance, the flow characteristics depend on the definition of fault transmissivities, relative permeability and capillary pressure curves, coefficients describing the strength of the aquifers. On the other hand, the reservoir model itself consists of a grid that has to be populated by facies, porosity values, permeability values and initial saturations. The large number of uncertain parameters and the need for preserving geological consistency all along the history-matching process steered the development of specific parameterization techniques. The gradual deformation method [START_REF] Hu | Gradual deformation and iterative calibration of Gaussian-related stochastic models[END_REF] and the probability perturbation method [START_REF] Caers | The probability perturbation method: a new look at Bayesian inverse modeling[END_REF] were then proposed to adjust the spatial distributions of facies and petrophysical properties from a reduced number of auxiliary parameters. In addition, they permit to preserve the spatial variability model inferred from the static data whatever the variations in the auxiliary deformation parameters. Other parameterization techniques were designed for handling facies proportions; Ponsot-Jacquin et al. ( 2009) introduced a very simple and intuitive method that involves proportionality coefficients to drive the variations in the different facies proportions. A drawback of the method was the discontinuities occurring on the boundaries of the regions submitted to modifications. An improved kriging-based approach was then suggested by [START_REF] Tillier | Local and continuous updating of facies proportions for history-matching[END_REF] to remove these undesired boundary effects. A preliminary tentative for integrating diagenesis effects into history matching was described by Pontiggia et al. (2010), but the approach was based upon screening, not on the iterative minimization of an objective function.

There was no dedicated parameterization technique for diagenesis.

In this paper, we focus on the development of a simulation workflow making it possible to integrate diagenesis information in the generation of the static model and to consistently modify this model to also account for production data. In our case, "consistently" means that we want to be able to calibrate the model to the production data while preserving its geological characteristics derived from the analysis of static data, of which diagenesis. All of this actually calls for the definition of a new parameterization technique for driving diagenesis description.

The one proposed hereafter is rooted in the approach developed by Ponsot-Jacquin et al.

(2009) for varying facies proportions. Section 2 describes the overall simulation workflow including the step especially added for diagenesis. In this section, the potential of the methodology is investigated on the basis of a synthetic case with three depositional facies.

Finally, the third section focuses on sensitivity analysis and shows how the diagenetic modeling parameters influence the reservoir dynamic response.

Geological and reservoir simulation approach

The usual simulation workflow includes two main steps (Fig. 1). The first one is the stochastic simulation of the static reservoir model with the generation of facies and then the distribution of petrophysical properties. The second step entails fluid flow simulation. When this workflow is built, an optimization process can be run that successively varies any of the uncertain parameters involved in the simulation workflow. The methodology proposed in this paper considers diagenesis as an additional block at the level of the static geological model prior to reservoir modeling. Thus, the parameters defined within this block can be also updated to fit the production data following the calculations performed by the optimizer.

To get the static reservoir model, we start generating facies, and then, we simulate the diagenesis phases given the facies before going through the distribution of the petrophysical properties. This process is described in the first part of this section. The key point consists in defining a simple and easy to use parametrization technique able to capture these diagenetic overprints. We assume that distinct regions can be identified within the reservoir depending on the occurrence of given diagenetic phases. For instance, we may distinguish regions within a facies, which are characterized by low, medium or high proportions of a targeted diagenetic phase.

Once the facies and the associated diagenesis imprint models are built, the facies is populated with porosity and permeability properties. Then, it is inputted into a fluid flow simulator to calculate dynamic flow responses that can be compared to the actual production data. The least-square differences between data and synthetic responses yield the objective function. The purpose of history matching consists in adjusting the unknown parameters everywhere to minimize the objective function: when generating facies (spatial distributions, variograms and proportions), when distributing the diagenetic phases (spatial distributions, variograms and proportions), when generating the petrophysical properties (spatial distributions, variograms and means) and when simulating fluid flow (aquifer strength, fault transmissivities, PVT, etc.). The optimization process applied in this paper is presented in the second part of this section. For simplicity, we focus on the parameters related to the simulation of the diagenetic phases. However, the generalization to any block of the simulation workflow is straightforward. 

Diagenesis model definition

As explained above, the generation of a static model calls first for the simulation of facies, second of diagenesis phases, and last of petrophysical properties. However, a preliminary mandatory step is the definition of the relationships between the facies and diagenetic phases. The diagenetic phases are produced under specific conditions by physical, chemical and biological processes: they locally modify the petrophysical properties of facies.

The most common diagenetic processes in carbonate reservoirs are micritization, dissolution, cementation, dolomitization and replacement of carbonate grains [START_REF] Moore | Carbonate Reservoirs: Porosity Evolution and Diagenesis in a Sequence Stratigraphic Framework[END_REF]. A preliminary step before going through modeling is characterization, which means description and classification of lithofacies. A wide range of analytical techniques can be used to study carbonate diagenesis [START_REF] Gasparrini | Characterization of dolomitizing fluids in the carboniferous of the cantabrian zone (NW Spain): a fluid-inclusion study with cryo-Raman spectroscopy[END_REF][START_REF] Nader | Reflux stratabound dolostone and hydrothermal volcanism-associated dolostone: a twostage dolomitization model (Jurassic, Lebanon)[END_REF]): conventional petrographic studies combined with cathodoluminescence, fluorescence, scanning electron microscopy, micro-CT, but also geochemical studies and fluid inclusion analyses. Description of diagenesis is usually qualitative. However, we can also perform a semiquantitative analysis by visual observation or point counting on thin sections. This makes it possible to determine how much a diagenetic P phase affects a given A facies. For instance, it can be observed that the occurrence of phase P in facies A is moderate. In addition, non-stationarity has also to be accounted for. The occurrence of phase P may spatially vary. It can be moderate in some regions, low or high in others. Clearly, a facies may be affected by several diagenetic phases.

The information resulting from the characterization study is recapped in a table such as Table 1. In this example, there are three facies: A, B and C. Focusing on facies A, the overprints of three diagenetic phases are evidenced. The first one, named Phase 1, occurs with high level in 80% of facies A and moderate level in the 20% remaining. Such a representation permits to approximate the complexity of the diagenesis overprints in a carbonate reservoir. 

Sedimentary facies modeling

Various geostatistical algorithms can be applied to randomly produce facies models.

They can be split into three main groups with two-point statistics pixel-based methods, multiple-point statistics pixel-based ones and object-based ones. In this paper, we focus on the truncated Gaussian simulation (TGS) technique, which belongs to the first group. It is used to generate a spatial categorical variable (Matheron et al. 1987) by simulating and truncating a Gaussian random function (GRF). This widely used approach exhibits a special feature that may be undesired in some cases: the generated facies respect a sequential ordering.

However, this limitation is easily overcome with pluriGaussian simulation, which involves the truncation of at least two Gaussian random functions (Le Loc'h et al. 1994). For simplicity, the description below is restricted to TGS.

Let us consider a standard GRF, named Yi(x), with i ∈ [1, n] and n the number of facies.

It is truncated by one or more thresholds in order to generate a series of indicators Ii(x)

representing the Fi(x) facies:

𝐹 𝑖 = {𝑥 𝜖 𝑅; 𝑖𝑓 𝑦 𝑖-1 < 𝑌(𝑥) ≤ 𝑦 𝑖 }
(1)

𝐼 𝑖 (𝑥) = { 1, 𝑖𝑓 𝑦 𝑖-1 < 𝑌(𝑥) ≤ 𝑦 𝑖 0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 , -∞, = 𝑦 0 < 𝑦 1 < ⋯ , < 𝑦 𝑖-1 < 𝑦 𝑖 < ⋯ < 𝑦 𝑛+1 = +∞
The Ii(x) indicators equal 1 when the values of Yi(x) belong to the interval defined by thresholds yi-1 and yi. This interval is associated to facies Fi(x).

The (yi) thresholds are estimated to match the indicator proportions (pi) from the following equation:

𝑦 𝑖 = 𝐺 -1 (∑ 𝑝 𝑗 𝑖 𝑗=1 ), 𝑖 = 1, ⋯ , 𝑛 -1 (2)
where G is the normal standard cumulative density function. Thus, we first simulate a realization of Y and turn it into a facies realization by applying the (yi) thresholds. A twodimensional example is shown in Fig. 2. This realization includes 3 facies with identical proportions. 

Diagenesis modeling

Once the facies model has been generated, the second stage of the proposed methodology is the modeling of the diagenetic phases inside facies, which is achieved again using a stochastic approach. The diagenetic phases are also represented by categorical variables. In addition, as explained above, the regions where a given diagenetic phase is observed may be split into subregions depending on the levels of occurrence, for instance, Low (L), Medium (M) and High (H). These distinct levels are also considered as categorical variables. To model the spatial distribution of these various levels of occurrence, we refer to the Bi-pluriGaussian simulation (Bi-PGS) as introduced by Renard et al. (2008). On one hand, the facies model is generated from a PGS model, or for simplicity from a TGS model. On the other hand, the diagenetic phase model is derived from another PGS model, or for simplicity from another TGS model. The link between the two PGS or TGS models is driven by a proportion table similar to Table 1. An example, inspired by Renard et al. (2008), is displayed in Fig. 3. A carbonate formation is assumed to include 3 sedimentary facies (A, B and C) that were differently submitted to the same diagenetic process. This resulted in a single diagenetic 

Petrophysical property modeling

As mentioned previously, the facies and diagenetic overprints are categorical variables that represent specific petrophysical rock characteristics. The last step of the static modeling workflow deals with the simulation of porosity, permeability and fluid saturation properties to populate the diagenetic levels. Distinct simulations algorithms can be applied to do so of which Sequential Gaussian Simulation (Goovaerts 1997) or Fast Fourier Transform Moving Average [START_REF] Le | The FFT moving average (FFT-MA) generator: an efficient numerical method for generating and conditioning Gaussian simulations[END_REF].

Reservoir modeling and history-matching

When the static model is built, it can be inputted into a fluid flow simulator to get numerical production responses, such as pressures or fluid rates at wells. This last block of the overall simulation workflow is said dynamic since the production responses vary with time.

The purpose of history-matching is to adjust any uncertain parameters involved in the simulation workflow to force the numerical production responses to reproduce as well as possible the production data collected at wells. The data mismatch is quantified from an objective function defined as:

𝐽(𝐩𝐚𝐫𝐚𝐦) = 1 2 ∑ 𝜔 𝑚 𝑀 𝑚=1
(𝑓 𝑚 (𝐩𝐚𝐫𝐚𝐦) -𝑓 𝑚 𝑜𝑏𝑠 ) 2

(3)

J is the objective function. It depends on vector param that includes all the parameters defining the static and dynamic models. Vectors f obs and f are the measured production data and the corresponding production responses simulated for the parameters included in param, respectively. The m coefficients are weights assigned to the measured production data fm obs with m=1,…,M, where M is the number of available production data. The determination of param given the production data is an ill-posed inverse problem meaning that there may be several solutions or no solutions at all and that the solution may be very sensitive to slight fluctuations in the production data. It is usually solved on the basis of an optimization process run to minimize the objective function. In a nutshell, the parameters are sequentially adjusted until the objective function is small enough. Any time a parameter is changed, a fluid flow simulation is run to compute the updated production responses. This process can be timeconsuming as it may call for a large number of iterations. The uncertain parameters can belong to any of the blocks of the simulation workflow. There can be of different types. There are scalar parameters like the proportions of a facies provided it is stationary, but also stochastic spatial parameters like porosity values. The perturbation in these stochastic parameters cannot be performed anyhow and specific parameterization techniques have been developed to handle this issue. One of them is the gradual deformation method [START_REF] Hu | Gradual deformation and iterative calibration of Gaussian-related stochastic models[END_REF]. The basic principle consists in combining two independent Gaussian random functions, Yo and U, with identical mean m and covariance function C:

Y(t) -m = (Yo -m) cos (t) + (U -m) sin (t) (4)
In such conditions, it can be shown that Y is also a Gaussian random function of mean m and covariance C whatever the value of the t deformation parameter. This property holds because the two Gaussian random functions are independent and because the sum of the squares of the coefficients applied to the two Gaussian random functions equals 1. Let us consider a realization yo of Yo and a realization u of U. yo can be considered as the initial guess for the static model and u as a random complementary realization. For simplicity, the mean of the two Gaussian random functions is assumed to be 0. When the t deformation parameter is 0, the equation above yields a y realization identical to yo. When t is 0.5, it leads to u. When t gradually varies from 0 to 0.5, the y realization is smoothly modified to evolve from yo to u. This is why the deformation process is said gradual: it makes it possible to slightly and continuously change the y realization. The whole process is periodic with t varying in [-1, 1]. When this parametrization technique is included into the minimization process, the purpose is to catch the y realization or equivalently the t deformation parameter that provides the smallest value for the objective function. Clearly, the chain of realizations built by varying t represents a very tiny part of the entire search space. Therefore, the complete gradual process consists in successively investigating different chains of realizations. The first one is produced from initial guess yo and realization u. A first minimization process is run to explore this first chain and to determine the realization associated to the smallest objective function. This realization is said to be the first optimal one. Then, we replace yo with the first optimal realization and randomly draw a new u realization. This provides a second chain of realizations. We can restart the minimization process to investigate this new chain and identify a new optimal realization, which permits to decrease further the objective function. The minimization loops are repeated until the data misfit is small enough.

A few authors [START_REF] Roggero | Gradual deformation of continunus geostatistical models for history matching[END_REF][START_REF] Thomas | History matching reservoir models simulated from Pluri-Gaussian method[END_REF][START_REF] Tillier | Local and continuous updating of facies proportions for history-matching[END_REF] showed that the gradual deformation process can be also used to perturb the realizations of categorical variables and match well production.

model is displayed in Fig. 4a. Constant porosity and permeability values were then assigned to each of the diagenesis levels (Table 2). This hypothesis was considered so that we can focus on the calibration of the diagenesis parameters. The ultimate reference porosity and permeability models are shown in Fig. 5. We check that, for this case, the more significant the diagenesis, the lower the permeability and the porosity. 

Diagenesis modeling

Parameterization of diagenetic proportions

As mentioned above, we aim at adjusting diagenesis from production data by varying the variograms considered for simulating the diagenetic phases, their spatial distributions, but also their proportions. The variograms involve scalar parameters such as the range that can be perturbed using any usual minimization algorithm. The variations in the spatial distributions can be driven by the gradual deformation method as explained in Sect. 2.5. The issue that still has to be solved is about the proportions of the various diagenetic phases, but also the proportions of the distinct levels of occurrence for a given diagenetic phase. All of these proportion values that have to be calibrated finally lead to a significant number of parameters.

In this section, we introduce a new parameterization technique to vary all diagenetic proportions from a reduced number of proportionality coefficients. This will contribute to ease the ultimate optimization process.

For illustrative purposes, we restrict our attention to a case with one diagenetic phase characterized by 3 levels of occurrence: high (H), medium (M) and low (L). A single a parameter is then defined to vary the proportions of any of the occurrence levels. The idea consists in splitting the diagenetic levels into two groups whose proportions evolve following the same trend inside each group. For the example studied, we separate level L from levels M and H. Thus, parameter a becomes the proportions of level L. If a increases, the proportion of L increases while those of M and H proportionally decrease (Fig. 7). This holds because the sum of the 3 proportions is 100%.

The proportions of the 3 diagenetic levels are modified depending on parameter a. The new proportions for levels L, M and H are given by:

𝑝𝐿 𝑛𝑒𝑤 = 𝑎 𝑝𝑀 𝑛𝑒𝑤 = ( 1+(𝑝𝐿 0 -𝑎) 𝑝𝑀 𝑜 +𝑝𝐻 0 ) × 𝑝𝑀 0 (5) 
𝑝𝐻 𝑛𝑒𝑤 = ( 1+(𝑝𝐿 0 -𝑎) 𝑝𝑀 𝑜 +𝑝𝐻 0 ) × 𝑝𝐻 0
pL, pM and pH stand for the proportions of the L, M and H diagenetic levels. Subscripts 0 and new are used to discriminate the initial and modified proportions, respectively.

This parameterization technique can be included into the optimization process described in Sect. 2.2. Then, a is viewed as an additional parameter to be determined from the minimization of the objective function. It is handled as any other scalar parameters. The methodology can become as complex as the diagenetic depositional conceptual model is.

Several diagenetic phases affecting in different extents the carbonate reservoir can be considered. The interest of this new approach is the decrease in the number of parameters:

the whole set of diagenetic proportions can be driven from one or a few proportionality a parameters.

Influence variograms

The starting reservoir model, denoted DM1, is the one shown in Fig. 4a. It was built using the TGS version of the Bi-PGS method. The two-dimensional grid that serves as a basis for the model consists of 200 × 200 × 1 grid blocks. The dimensions of each grid block are 1 × 1 × 1 m 3 . The variogram of the Gaussian random function used to simulate the diagenetic levels is Gaussian, anisotropic with a range of 20 grid blocks along the main axis that is the diagonal one. This model contains three facies, each differently modified by the same diagenetic phase. The regions defined by a given level of occurrence of the diagenetic phase in a given facies are attributed constant and identical petrophysical properties. This means that levels L in facies A and facies B have distinct porosity and permeability values. In a given facies, the rule followed is that the stronger the diagenesis impact or the occurrence of the diagenetic phase, the lower the porosity and permeability values. In a second step, we keep all parameters identical except the range along the main axis. It is now reduced to 10 grid blocks. The two diagenesis models are compared in Fig. 8. The extension of diagenesis over facies can be evaluated. Increasing the variogram range contributes to create large connected areas of fair reservoir quality like the areas in blue. On the other hand, the decrease in the variogram range produces less connected regions and consequently creates more tortuous flow path. To evidence the impact on fluid displacement, we assume that the reservoir is produced by injecting water at the bottom left corner. This makes it possible to push oil toward the producer that is in the top right corner. Saturation maps at breakthrough for DM1 and DM2 models are shown in Fig. 9a andb. The water cuts obtained for these two models are displayed in Fig. 9c. In this case, we note that varying the range has almost no impact on water cuts. 

History matching: calibrating diagenesis from dynamic data

At this stage, the purpose is to see whether the proposed history-matching procedure makes it possible to calibrate diagenesis from the available dynamic or production data. For the numerical experiment under consideration, we now assume that everything about the static reference model is known except the parameters characterizing silicification in Facies A. In other words, the spatial distribution of silicification heterogeneities as well as the proportions of the regions associated to the Low, Medium and High levels of occurrence are unknown. The issue to be investigated is about the possibility to calibrate this diagenetic phase from the reference water cut data provided in Fig. 6b. The matching process described in Fig. 1 is then run with unknown parameters in the diagenesis modeling block only. Two parameterization techniques are applied to drive the diagenesis model. The diagenesis proportion perturbation method proposed in this paper is considered to vary the proportions while the gradual deformation method permits to change the spatial distribution of the diagenesis heterogeneities. This thus calls for the definition of two parameters: parameter a for the diagenesis level proportions and parameter t for the spatial distribution of diagenesis heterogeneities.

A given starting point, that is a given initial diagenesis model, is randomly generated (Fig. 4b). It is characterized by a seed that yields the heterogeneity distribution and a diagenesis proportion parameter a of 0.5. As in the example presented in Fig. 7, this a parameter gives at once the proportion of the region with a low occurrence level of silicification.

This starting point is clearly different from the reference diagenesis model shown in Fig. 4a:

the value for the initial a parameter (0.5) is much larger than the one for the reference model (0.15).

The resulting porosity and permeability models are provided to the flow simulator to compute the water cut at the producer (Fig. 15). The resulting curve (black) is clearly different from the reference water cut (red curve) with a breakthrough time of 1750 days instead of 1500. The misfit is quantified by the objective function: its initial value is 0.34. Then, an optimized process is run to minimize this objective function by varying parameters a and t. A sketch of the approach followed is given in Fig. 14: Following this scheme, there are actually two loop levels. There is an inner loop that includes steps 3a) to 3g). At this level, U is fixed while t and a vary. The purpose of this loop is to identify parameters t and a so as to minimize the objective function. As U is fixed, a tiny part only of the search space is investigated. This is why there is a second level loop that groups step 2, 3 and 4. This makes it possible to consider other U realizations, to build other chains of realizations and to explore further the search space.


The stopping criterion is defined as 10% of the initial objective function: when the objective function gets smaller than this value or when it is a value almost constant, the optimization process is stopped. The algorithm used for minimizing the objective function in step 3 is Simulated Annealing [START_REF] Kirkpatrick | Optimization by Simulated Annealing[END_REF]. Its name comes from the annealing process in metallurgy, a technique with first heating then cooling under a controlled temperature. The idea behind is to reach an equilibrium state corresponding to a global optimum. Given a starting point, the algorithm considers a random parameter perturbation and calculates the resulting change in the system energy (i.e., objective function). If this system energy decreases, the perturbation proposed is accepted. If it increases, the perturbation is accepted following a given probability. This prevents the algorithm from getting stuck in local minima. Perturbations are repeated until the system energy reaches a steady state or complies with the stopping criterion. The first attempt performed required three second-level loops before satisfying the stopping criterion. The water cut curve simulated for the final model can be compared to the reference data in Fig. 15. Slight differences can be observed, but the general behavior is captured. The final objective function value was 2% of its initial value. It was reached for a parameter a of 0.22 that evolves the right way as it gets close to its reference value (0.15). In addition, we checked that the t value strongly varies all along the minimization process, which means that the spatial distribution of diagenesis heterogeneities has a significant effect on the history matching. It is also worth comparing the final diagenesis model (Fig. 4c) with the reference one (Fig. 4a): the main diagenesis heterogeneities are captured by the matching process. The overall process was actually repeated 10 times to study the potential of this matching method. In other words, 10 different starting points were considered and the matching process was then run 10 times providing 10 matched models. The results obtained are recapped in Table 3 and Fig. 16. Table 3 points out that the a parameter decreases every time and tends towards the reference a value. The mean a matched value is 0.24, while the variance is 0.06. Another important feature is that the t deformation parameter changes a lot, which evidences the influence of the spatial distribution of diagenesis heterogeneities on production data and the potential of these data to better constrain diagenesis. 

Conclusions

We developed a methodology to calibrate diagenesis from production data. A diagenesis modeling step was added to classical modeling workflows, and a new, simple and intuitive parameterization technique was proposed to drive the proportions of the various levels for a given diagenetic phase. This made it possible to design a matching workflow aiming at calibrating the proportions, the spatial distribution and variability of the diagenetic phases on top of usual parameters.

A sensitivity study was then performed. It evidenced that the diagenesis modeling parameters such as the variogram range, the proportions and the spatial variability influence the simulated production responses to various extents. The proportions of the diagenesis level have the most prominent impact and then followed but the spatial distribution. This is related to the fact that these parameters control connectivity and hence fluid flow.

Last, a numerical experiment was developed to evaluate the ability of the proposed inversion methodology to constrain diagenesis parameters from production data. The proposed methodology was applied to a two-dimensional synthetic case. We showed that the matching of the water cut profiles made it possible to properly capture the reference diagenetic model. The optimal a parameter was pretty close to its reference value, while the spatial distribution of the heterogeneities looks like the reference one.

A next step will consist in applying the methodology described in this paper to a real carbonate field with historical production. The challenge will be to consider more data, a complex configuration of diagenetic phases and the use of the pluriGaussian algorithm.

V. Conclusion and perspectives

The objective of the thesis was to characterize and model the diagenesis of carbonate rocks. The characterization of the diagenesis was performed for core samples extracted from the Mississippian Lime unit in the north-central part of Oklahoma, United States. A new diagenesis model was proposed that makes it possible to integrate diagenesis in the modeling of carbonate reservoirs and to adjust its parameters referring to history-matching. This resulted in the building of a history-matching workflow that ultimately provides geological models with diagenesis parameters constrained so that the production data are reproduced.

The core came from the north-central part of the Anadarko Basin. The extracted sediment interval corresponds to a depth of 4948 ft. (1508 m) to 4840 ft. (1475 m). These sediments were deposited at the edge of the Burlington platform undergoing paleoclimate and tectonic variations that controlled the depositional conditions and the sediment distribution. The regional exposure and erosion that occurred at the end of the Lower Carboniferous was an important event: it strongly modified the Mississippian rocks. This Pennsylvanian unconformity is evidenced through geological cross-sections constrained to well data, in which a thickness reduction and the absence of Chesterian Limestone to the east of the Anadarko Basin can be observed.

A set of petrographical, petrophysical and geochemical data was measured along the targeted core. The characterization and interpretation of these carbonate rocks led to the identification of six sedimentary facies. These facies correspond to an alternation of wackestone (F1, F3, and F5) and packstone/grainstone facies (F2, F4 and F6 before brecciation) which are believed to have deposited in a shallow water ramp profile with an important hydrodynamism.

On the one hand, the wackestone facies are characterized by poorly-sorted grains and by chert nodules of different size and shapes. On the other hand, the packstone/grainstone facies are characterized by moderately-sorted grains dominated by crinoids and bryozoans. It seems that the facies alternation reflects the changes in sea-level as follows. During sea-level rise periods, the low energy conditions contributed to the deposition of wackestone facies that were being perturbed by storms. During sea-level fall periods, the high energy conditions produced packstone/grainstone facies. This alternation of wackestone and packstone/grainstone facies can be related to depositional settings shifting from middle to inner ramp environments.

The facies were submitted to diagenetic processes that differentiate them from each other. For instance, the F1 wackestone facies shows a strong dolomitization and silicification compared to F3, which shows a partial occurrence of these diagenetic phases. Facies F5 shows partial silicification and no dolomitization at all. For the packstone/grainstone facies, the mechanical and chemical compactions were greater for facies F4 than for F2. Facies F6 evidences diagenesis features corresponding to subaerial exposure and erosion of grainstone. A total of sixteen diagenetic phases were identified. Eight of them are eogenetic, two others are related to meteoric diagenesis and six are mesogenetic. The primary porosity is not significant;

it can be even absent because the facies have been submitted to intensive diagenesis since their These diagenetic phases can be incorporated inside the geological model as part of the modeling workflow. For this purpose, a parameterization technique was proposed to adjust the proportions, the spatial distribution and the variability of a diagenetic phase in the production matching process. Given the limited data available from the real case at our disposal, the proposed approach was applied to a synthetic case.

The obtained results are promising. The matching of the production profiles made it possible to capture the spatial distribution of the heterogeneities in order to reproduce something similar to the reference case. The approach was complemented by a sensitivity analysis to investigate the impact of the parameters used to describe diagenesis on the simulated production responses. These parameters include the variogram range, the proportions and the spatial variability. The sensitivity analysis emphasized that the proportions of the diagenesis level and then the spatial distribution significantly influence the reservoir connectivity, hence fluid flow. This methodology is an original and novel approach, which has been patented (PA00247-FR001 -FR1661634).

The proposed technique may have limitations if one wants to integrate additional variables such as the modeling parameters of depositional facies or additional dynamic parameters such as pressure, hydraulic fracturing, among others. Indeed, the proposed technique was validated considering a relatively simple case. The computation time during the optimization of the synthetic bi-dimensional case was short, approximately 30 to 45 minutes (DELL M600 workstation). Consequently, for a complex configuration with more facies and several diagenetic phases, the computation time would increase. Additionally, the petrophysical properties were defined as constant values, although it would be more realistic to use the property distribution. These complex configurations would motivate the development of improved functionalities. First, it would be useful to extend the geostatistical simulation technique in order to be able to describe more arrangements for diagenetic phases and facies.

This could be done using the pluriGaussian method instead of the Gaussian truncated one for instance. Another point is about the stationarity hypothesis. To make it simple, it was assumed that the proportions of various diagenetic levels were the same everywhere. Considering nonstationary proportions would add flexibility in the representation process. The proportion trend could be approximated using secondary variables as seismic attributes. In addition, the impact on non-stationarity modeling configuration could be investigated by using secondary variables such as seismic attributes or probability cubes.

The application of the proposed technique to the Mississippian Lime would be of interest as its connectivity is driven by diagenesis. The Mississippian Lime reservoirs have produced hydrocarbons for more than 30 years. The methodology could help devise decisionmaking for future development plans. At this stage, the investigation focused on one core and the vertical association of facies and diagenetic phases. The study of the whole Mississippian Lime would require additional core wells to define the spatial correlation of facies and diagenetic overprints, seismic data to define the structure of the different lithostratigraphic units and production data to calibrate the geological model.

In the present study, the characterization and modeling of diagenesis focused on carbonate reservoirs. However, the understanding of overgrowth of silica grains in clastic reservoirs can also influence the petrophysical property distributions. Thus, an extended research area would be the application of the proposed methodology to the diagenesis of clastic reservoirs. The investigation can consider the degree of cementation of sandstones and their impact in the reservoir dynamic performance.

Annex -2 CT-Scan Data Set

This annex shows some CT-Scan images of the core for each of the interpreted facies.

The 2D section images on an axial and longitudinal axis have a pixel resolution of 0.6 millimeters. Each longitudinal section covers three core feet. The X-ray tomography allows to observe the changes in the density of the material, therefore, it is possible to differentiate the carbonates from the silica nodules. It is also possible to observe some fractures in the packstone/grainstone facies. 

Annex -4 Thick section images

This annex shows high resolution scanning images of the entire thick section used for the analysis of stable calcite isotopes. The scan images are shown in plain light that despite the thickness of the section, it is possible to appreciate the areas where the sampling of the calcite cement, the matrix and the grains was done. [START_REF] Ravalec | Integrated reservoir characterization and modeling ebook[END_REF] This approach is simple, flexible and capable to provide conditional simulations. It can work with any kind of distribution. However, the main limitation is the weak replication of the spatial structure when neighborhood is too small.

Fast Fourier Transform -Moving Average

The Fast Fourier Transform -Moving Average (FFT-MA) algorithm produces unconditional Gaussian stochastic fields with stationary covariance functions (Le Ravalec et al., 2000). This algorithm combines the moving average with the Fast Fourier Transform. In the Moving Average approach, a Gaussian realization y is obtained as in Equation 2.

𝑦 = 𝑚 + 𝑔 * 𝑧 Equation 2
where m is the mean of y and z is a Gaussian white noise and g results from the decomposition of the C covariance function (Olivier, 1995), defined as in Equation 3.

𝐶 = 𝑔 * 𝑔 ̆, Equation 3
𝑤ℎ𝑒𝑟𝑒 𝑔 ̆(𝑥) = 𝑔(-𝑥)

g depends on the variance, the correlation length and the covariance model. The computation of g can be time consuming. Therefore, it is used the discrete Fast Fourier transforms to get it. Based upon the Bochner (1936) theorem, the covariance C can be expressed as the function of the power spectrum S and frequency f as follows ( Equation 4):

𝐶(𝑥) = ∫ 𝑆(𝑓) exp(2𝑖𝜋 𝑓 • 𝑥)𝑑𝑓 +∞ -∞ Equation 4
C is the inverse Fourier transform of S. Subsequently, S is the forward Fourier transform of C and is defined as ( Equation 5):

𝑆(𝑥) = ∫ 𝐶(𝑥) exp(-2𝑖𝜋 𝑓 • 𝑥)𝑑𝑥 +∞ -∞ Equation 5
Combining discrete Fast Fourier transforms with Moving average, the Fourier transform 2The FFT-MA algorithm is fast and stable producing non-conditional realizations. The algorithm is limited to regular grids and double kriging should be implemented to obtain conditional realizations.

B) Gaussian simulation method for discrete or categorical variables

Truncated Gaussian Simulation Method

The Truncated Gaussian Simulation (TGS) method uses a Gaussian Random Function and thresholds to represent a sequential ordering of reservoir lithofacies (Matheron et al., 1987). Let us consider a standard GRF Yi(x), which is truncated by one or more thresholds in order to generate a series of indicators Ii(x) representing the lithofacies Fi(x). These indicators are defined as in the Equation 7. An indicator Ii(x) becomes one when the values of the GRF Yi(x), falls inside the interval defined by the threshold, yi-1 and yi, which is associated to lithofacies Fi(x). ) , 𝑖 = 1, ⋯ , 𝑚 -1

The relation between the cross-covariance of the indicators Ii(x) and the GRF Yi(x) is in the Equation 9.

𝐶 𝐹 𝑖 𝐹 𝑗 (ℎ) = 1 2𝜋√1-𝜎 2 (ℎ) ∫ ∫ 𝑒𝑥𝑝 (- 𝑢 2 +𝑣 2 -2𝑢𝑣𝜎(ℎ) 2(1-𝜎 2 (ℎ)) ) 𝑑𝑢 𝑑𝑣 𝑦 𝐽𝑗 𝑦 𝑗-1 𝑦 𝑖 𝑦 𝑖-1
Equation 9

Then, the main Truncated Gaussian Simulation steps are as follow:

1. Estimation of lithofacies proportions, covariance and cross-covariance Estimation of the thresholds as defined in 2. Equation 83. Estimation of the covariance of the standard GRF as in Equation 94. Realization of a standard GRF by any algorithm 5. Application of the thresholds to the realization to generate the lithofacies

The TGS method can be applied when lithofacies are sequentially ordered. However, it is limited by the lack of flexibility to simulate lithofacies transitions and complex anisotropies like the ones generated by diagenesis. This limitation can be overcome with the Pluri-Gaussian Simulation (PGS) method proposed by Le Loc'h et al., (1994) and described in the next section. Pluri-Gaussian Simulation Method

The Pluri-Gaussian Simulation (PGS) is an extension of the TGS and consists of working with more than one GRF Yi(x). In this approach, the relationship between the lithofacies is defined through a lithotype rule. Let us consider the case of two Gaussian Random Functions (GRFs) Y1(x) and Y2(x). The lithotype rule is defined as a two-dimensional diagram,

where the orthogonal axis of this diagram correspond to both GRFs Y1(x) and Y2(x). In this diagram, the horizontal axis represents one GRF, for instance Y1(x) and the vertical axis represents the second GRF like Y2(x). The lithotype rule permits to determine the thresholds during the simulation process and generate the lithofacies [START_REF] Amstrong | Pluri-Gaussian Simulation in Geosciences[END_REF]. Therefore, the lithotype rule is critical in this algorithm since it has to capture facies transitions and proportions from the observed data and the geological depositional model.

The PGS method proceeds as follow:

1. Estimation of lithofacies proportions, covariance and cross-covariance The PGS method permits to model lithofacies that not necessarily follow a sequential depositional order but also other structures with different orientations. 

C) Optimization techniques

The optimization methods aim to find the best solution by minimizing or maximizing a function commonly called objective function. In other words, the aim of these methods is to find a solution that matches all the available data. This section briefly recaps the Nelder-Mead method and the simulated annealing algorithm used as optimization methods in this thesis.

Nelder-Mean Method

Nelder-Mead simplex algorithm is a numerical method to find the minimum or the maximum of an objective function f(x) by applying a simplex-based direct search that convergences to a solution (Lagarias et al., 1996). The simplex is defined as a polytope of n+1 vertices in n dimensions. For instance, a line is a simplex in on dimensional space, a triangle in a bi-dimensional space, a tetrahedron in a three-dimensional space and so on (Figure 60).

Let x(i) denote the list of points in the current simplex, i = 1, …, n+1. The algorithm proceeds as follow:

1. Create a simplex of n+1 points for n-dimensional vectors x 2. Order the simplex points from lowest function value f(x( 1)) to highest f(x(n+1)) and discard the current worst point x(n+1)

3. Generate a reflect point r defined as r = 2mx(n+1), where m = Σx(i)/n, i = 1...n, accept The simplex at the next iteration shrink defined as x(1), v( 2), ... , v(n+1).

r if f(x(1)) ≤ f(r) < f(x(n))
8. The algorithm stops when it reaches the stopping criterion.

Figure 60 Nelder-Mead simplex showing all possible new points (dashed lines): r for reflection, s for expansion, c for shrink and cc for contraction. The bold line shows the original simplex. The original simplex is shown with a dashed line (modified form Lagarias et al., 1996) The main limitation of this method is that the solution found is not a global minimum.

In other words, the objective function value is not the smallest value found in the search space. 3 From left to rigth: The European and American geological time scale chart from [START_REF] Haq | Geological time table[END_REF], the lower Carboniferous δ 13 C and δ 18 O isotope profiles (black line) in North America and the ice glacial interval. Carbon stratigraphy from other studies are displayed as follows: blue broad bands (Pennsylvanian Composita data adjusted by -1‰), [START_REF] Holser | Gradual and abrupt shifts in ocean chemistry during Phanerozoic time[END_REF] red solid line), [START_REF] Bruckschen | Oxygen and carbon isotopic composition of Dinantian brachiopods: paleoenvironmental implications for the Lower Carboniferous of western Europe[END_REF] dashed boxes representing mean ±1s) and Popp et al. (1986a;black broad band). C1-C3 represents the isotopic stages. Source: modified from [START_REF] Mii | Carboniferous isotope stratigraphies of North America: Implications for Carboniferous paleoceanography and Mississippian glaciation[END_REF] 4 From left to rigth: time scale and the European regional stages compiled by [START_REF] Gradstein | A Geologic Time Scale[END_REF], [START_REF] Ogg | The Concise Geologic Time Scale[END_REF]; known intervals of continental glaciations estimated by [START_REF] Caputo | Migration of glacial centers across Gondwana during the Paleozoic Era[END_REF], [START_REF] Eyles | Earth's Glacial Record[END_REF] and [START_REF] Isbell | Timing of late Paleozoic glaciation in Gondwana: Was glaciation responsible for the development of Northern Hemisphere cyclothems[END_REF]; sequence boundaries in millions of years with the relative magnitude of short-term sea-level fluctuations: category 1 (<25m.), category 2 (25-75m.) and category 3 (>75m.); the sea level curves: long-term (second order), short-term (third order) and the approximation of the Present Day (PD) sea level as reference. Source: modified from [START_REF] Haq | A chronology of Paleozoic sea-level changes[END_REF]. .............. Figure 33 Cross plot of δ 13 C versus δ 18 C for the cement phases. The rectangles represent the values reported for the Mississippian marine cements as reported by [START_REF] Veizer | 87 Sr/ 86 Sr, d 13 C and d 18 O evolution of Phanerozoic seawater[END_REF]. .... Figure 34 Carbon isotopic signature correlation from Arrow Canyon Range [START_REF] Saltzman | Carbon and oxygen isotope stratigraphy of the Lower Mississippian (Kinderhookian-Lower Osagean), western United States: Implications for seawater chemistry and glaciation[END_REF], Anadarko Basin [START_REF] Koch | Stable-isotope chemostratrigraphy as a tool to correlate complex Mississippian marine carbonate facies of the Anadarko shelf, Oklahoma and Kansas[END_REF]. U.S. Mid-continent [START_REF] Mii | Carboniferous isotope stratigraphies of North America: Implications for Carboniferous paleoceanography and Mississippian glaciation[END_REF] La diagenèse fait référence à tous les processus physico-chimiques qui transforment les sédiments. Dans le calcaire du Mississippien, les roches ont été soumises à une histoire géologique et diagénétique complexe qui rend leur exploitation d'hydrocarbures difficile. Maintenant, l'industrie pétrolière et gazière fait face à d'importants défis pour maintenir le plateau de production et identifier les zones productives restantes. Par conséquent, la caractérisation et l'interprétation des processus diagénétiques sont cruciales pour comprendre l'évolution et la distribution des propriétés de porosité et de perméabilité. De plus, la diagenèse est rarement prise en compte dans la modélisation standard des réservoirs carbonatés. Ceci peut s'expliquer par les difficultés dans la modélisation des surimpressions diagénétiques et la complexité ajoutée dans l'ajustement historique des données de production. Ce travail porte sur la caractérisation diagénétique et la modélisation des roches carbonatées, appliquées à un noyau extrait du calcaire du Mississippien. Et une méthodologie innovante est proposée pour intégrer les phases diagénétiques à l'intérieur du modèle géologique dans le cadre du workflow de modélisation et de l'ajustement historique de la production. 
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Abstract :

Diagenesis refers to all the physicochemical processes that transform sediments. In the Mississippian Limestone, the rocks have been submitted to a complex geological and diagenetic history that makes its hydrocarbon exploitation difficult. Now, the oil and gas industry faces important challenges to keep production plateau and identify remaining productive areas. Therefore, the characterization and interpretation of diagenetic processes are crucial in order to understand the evolution and distribution of porosity and permeability properties. Moreover, diagenesis is rarely taken into account in the standard modeling of carbonate reservoirs. This can be explained by the difficulties in the modeling of diagenetic overprints and the complexity added in the historical adjustment of production data. This work addresses the diagenesis characterization and modeling of carbonate rocks, applied to a core extracted from the Mississippian Limestone. And an innovative methodology is proposed to incorporate the diagenetic phases inside the geological model as part of the modeling and the history-matching workflow.

Keywords : [diagenesis, characterization, modeling, history-matching, carbonates, Mississipian Lime] 

Figure 2

 2 Figure 2 Structural features, paleogeographic and lithofacies map of United States during Mississippian time. Source: modified from Craig and Waite (1979), Gutschick and Sandberg (1983).

Figure 5

 5 Figure 5 Paleoceanographic and palebathymetric map of conterminous United States at Osagean time showing major structural features, circulation patterns of surface sea current and direction of upwellings. The red dot is the approximated location of the core studied hereafter. Source: modified from Gutschik and Sanders (1983), Blakey (2011).

Figure 6

 6 Figure 6 From left to right: geological time scale from Harland et al. (1982), European and American Mississippian series, second order super cycle, long term (second order) and short term (third order) eustatic levels with the names of the associated stratigraphic units of the Midcontinent. Source: modified from Ross and Ross (1987).

Figure 8

 8 Figure 8 Structural map of Oklahoma and Kansas highlighting the current structures (red lines) such as Pratt Anticline, Nemaha Ridge and Kanoka ridge. The studied core data is located in Alfalfa County. Source: modified from Harris (1975); Campbell and Northcutt (2000); Mazullo and Wilhite, (2015).

  Figure 10 shows the CT-Scan core image corresponding to depth between 4883 to 4887 ft. (1488.3 to 1489.6 m.). Additional CT-Scan sets are shown in Annex-2.

Figure 10

 10 Figure 10 a) CT-Scan image of core interval between 4883 to 4886 ft. (1488.3 to 1489.3 m.). Numbers in purple corresponds to the 2D cross-section of the core at different depths. b) 2D cross-section of the core at: 1) 4883.25 ft. (1488.4 m.); 2) 4883.8 ft. (1488.6 m.); 3) 4884.6 ft. (1488.8 m.) and 4) 4885.8 ft. (1489.2 m.).

  shows the CT-Scan image of a plug sample corresponding to depth 4883 ft. (1488.3 m.).

Figure 11

 11 Figure 11 a) Perspective view of CT-Scan image of plug sample DOR17 at 4886.15 ft. (1489.3 m.). White lines correspond to cross sections at vertical direction (1) and transversal axis (2). b) Vertical cross section of the tomographic image at position 1. c) 2D cross section of the plug at position 2.

  acquired for the following samples: DOR34 (4841 ft./1475.5 m.), DOR33 (4843.4 ft./1476.3 m.), DOR20.1 (4070.3 ft./1240.6 m.), DOR17.1 (4883.1 ft./1488.4 m.) and DOR4.1 (4923.85 ft./1500.8 m.). These thin sections were used to study the horizontal variability in microfacies textures. The high-resolution thin section scans are shown in Annex-3.

Figure 12

 12 Figure 12 a) High resolution thin section scan of sample DOR 1.2 at 4941.35 ft. (1506.1 m.) The red rectangle represents the area are shown in the images b) and c). b) Thin section with plain light. c) Thin section with polarized light.

  of 200 microns of thickness were acquired to identify suitable calcite cement areas for carbon and oxygen stable isotope measurements. Figure13shows, for example, two thick section scans. Additional thick sections are shown in Annex-4.

Figure 13

 13 Figure 13 a) Thick section scan of sample DOR25 corresponding to a depth of 4859.6 ft. (1481.2 m.) b) Thick section scan of DOR17.W sample corresponding to depth of 4883.42 ft.(1488.5 m.)

  Figure 15 a) Basic features of a diffractometer. b) Cross plot of the intensity against the angles of X-ray diffraction. The highest pick corresponds to quartz crystals.

  the southern margin of the Craton, the Burlington shelf was developed and later on, it was affected by the Proto-Ouachita orogeny. This orogeny was responsible for the delineation of the uplifts, basins and domes in the Midcontinent region. Additionally, during the lower Carboniferous, a global paleoclimatological event at the scale of the Earth affected the climate settings, in which these sediments were deposited. A change from greenhouse to icehouse conditions contributed to the decline of the eustatic level at the end of the Mississippian. This climate change together with the tectonism affected the bathymetry, the depositional conditions and caused the exposure and erosion of the Mississippian rocks at the end of the lower Carboniferous.The Mississippian sediments have been divided into 4 chrono-stratigraphic series called from the base to the top as Kinderhookian, Osagean, Meramecian and Chesterian series. The study area corresponds to the north-center of the Anadarko Basin. This zone was under the influence of tectonic features such as Kanoka Ridge, Nehama Anticline and the Pratt Anticline.



  F1: Dolomitized and partially silicified wackestone  F2: Crinoidal packstone/grainstone  F3: Partially dolomitized and silicified spiculitic wackestone  F4: Crinoidalbryozoan packstone/grainstone  F5: Partially silicified spiculitic -bioclastic wackestone  F6: Silicified grainstone breccia

Figure 18

 18 Figure 18 Schematic ramp deposition of the studied facies (modified from[START_REF] Flugel | Microfacies of Carbonate rocks: analysis, interpretation and application[END_REF] 

Figure 19

 19 Figure 19 Left: Sedimentary column highlighting the facies interval (red box). A. Plain light core photo at 4944 ft. (1506.9 m.) depth, showing chert nodules (white dash line) in a lime mud matrix with some stylolites (blue arrows), large crinoids (red arrows) and healed fractures (white arrows). Large bioclasts are highlighted with the red arrows. B. Plain light thin section sample at 4938.7 ft. (1505.1 m.) depth showing abundant sponge spicules (Sp) in the silica nodule, fragments of fenestrate bryozoan (B), brachiopods shell wall (Br) and crinoids (C) imbibed in micrite (M). Some healed milimetric fractures (F) are at the base of the nodule. C. Plain light thin section at 4926.6 ft. (1501.6 m.) depth highlighting abundant rhombohedral dolomite (B), connected zoeccia of bryozoan form a chain (B), fragments of crinoids (C) in a micrite matrix (M) with an irregular stylolite (Stylo).

Figure 20

 20 Figure 20 Left: Sedimentary column highlighting the facies interval (red box). A. Plain light core photo at 4918 ft. (1499 m.) depth, showing horizontal stylolites (red arrows) in a sandy grainstone. B. Plain light thin section sample at 4817.1 ft. (1468.2 m.) depth showing abundant crinoids (C) and bryozoans (B) and brachiopods (Br). The left half of the thin section has been stained with ferricyanide and alizarin red S (Dickson, 1996) to identify calcite. Little calcite cement and porosity (blue color) are observed. C. Plain light thin section at 4912.4 ft. (1497.3 m.) depth highlighting abundant crinoids (C), bryozoans (B), large brachiopod (Br) in a calcine cement (Cm). A small irregular stylolite is observed (Stylo).

  laminated, poorly sorted and locally argillaceous wackestone (Figure 21.A) observed from 4877.4 to 4911 ft. (1486.6 -1496.9 m.) along the core. This facies is characterized by a medium brown to dark grey color. F3 is composed of the same biotic components as those observed in F1 (Figure 21.A and Figure 21.B). The major difference is in the degree of silicification (40%) and dolomitization (10%) that is lower compared to F1. Under microscope, abundant sponge spicules (monaxon, central axial canal) are observed around massive chert bands and nodules (Figure 21.B). The chert bands can reach thicknesses of 15 cm and the nodules show an oval shape. The chert nodules show irregular to rounded borders in contact with the lime mud (Figure 21.A). Silicification is widespread, partial and non-selective. Some fractures are cutting the chert nodules and are completely healed by calcite or silica cements. The average porosity and permeability are 4.6% and 0.07 mD, respectively. The average porosity (4.6%) of F3 compared to average porosity (3.9%) of F1 is slightly higher. Interpretation The occurrence of large isolated trepostome bryozoan and fenestrate zoeccia chains that are well preserved is an indicator of low energy environments (Figure 21.B). The presence of siliceous sponge spicules indicates open marine conditions

Figure 21

 21 Figure 21 Left: Sedimentary column highlighting the facies interval (red box). A. Plain light core photo at 4898 ft. (1492.9 m.) depth, showing chert nodules (white dash lines) in a lime mud matrix with some stylolites (blue arrows) and healed fractures (white arrows). B. Plain light thin section sample at 4898.6 ft. (1493.1 m.) depth showing abundant sponge spicules (Sp), fragments of bryozoan (B) and crinoids (C) imbibed in micrite with a stylolite (Stylo). C. Plain light thin section at 4898.6 ft. (1493.1 m.) depth highlighting monoaxon spore spicules (Sp), some bryozoan (B), crinoids (C), dolomite crystals (D) and porosity in blue.

  coinciding with abundant bryozoan and crinoid dominant fauna developed in a low-angle shelf/ramp of shallow open-waters. The mechanical and chemical compactions are more marked in facies F4 compare to F2. As in F2, the abundance of isolated crinoid steams and broken bryozoans (Figure 22.C) indicates the influence of storms in this environment.

Figure 22

 22 Figure 22 Left: Sedimentary column highlighting the facies interval (red box). A. Plain light core photo at 4866 ft. (1483.2 m.) depth, showing horizontal and vertical stylolites (red arrows) in a sandy grainstone. B. Plain light thin section sample at 4870.1 ft. (1484.4 m.) depth showing abundant crinoids (C) and bryozoans (B) in a calcine cement (Cm) with a stylolite (Stylo). C. Plain light thin section at 4870.1 ft. (1484.4 m.) depth highlighting abundant crinoids (C), brachiopod (Br) and bryozoans (B) in a calcine cement (Cm) as background with porosity in blue.

  3 feet interval shows silicification. The bioclastic wackestone (F5) would have deposited in a middle ramp environment of clam and low energy.

Figure 23

 23 Figure 23 Left: Sedimentary column highlighting the facies interval (red box). Plain light core photo at 4854 ft. (1479.5 m.) depth, showing chert nodules (white dash line) in a lime mud matrix with some stylolites (blue arrows) and large bryozoans (red arrows). B. Plain light thin section sample at 4854.1 ft. (1479.5 m.) depth showing abundant bryozoans (B) imbibed in lime mud (M) with some stylolites (Stylo). C. Plain light thin section at 4854.1 ft. (1479.5 m.) depth highlighting monoaxon spore spicules (Sp) and some bryozoan zoeccia (B), crinoid (C) and brachiopods (Br) with micrite as background.

Figure 24

 24 Figure 24 Left: Sedimentary column highlighting the facies interval (red box). A. Plain light core photo at 4852 ft. (1478.89 m.) depth, showing the breccia clasts (red arrows) in greenish brown clay mixed chaotically with the brown to dark brown grainstone. B. Plain light thin section sample at 4852.1 ft. (1478.92 m.) depth showing abundant bryozoans (B), crinoid (C), brachiopods (Br), Clay, Quartz grains (QG). C. Plain light thin section at 4852.2 ft. (1478.95 m.) depth highlighting bryozoans (B), crinoid (C), brachiopods (Br) and pore space (P). The thick red arrows show the grain penetration and grain breakage.

Figure 25

 25 Figure 25 Scheme of interpreted inner-middle ramp depositional of the study area. Source: modified from Franseen (2006).

Figure 26

 26 Figure 26 Gamma ray log cross section from Kansas to Oklahoma correlating the Series limits. The studied core interval is highlighted by a red rectangle. Source: modified from Thorton (1961).

Figure 27

 27 Figure 27 Gamma ray log cross section from Sooner Trend field area correlating the Series limits. The studied core interval is highlighted by a red rectangle. Source: modified from Harris (1975).

3. 3 . 1

 31 Diagenetic phases Eight diagenetic phases were identified in the Eogenetic stage: Micritization (M), Syntaxial calcite overgrowth cementation (C1), Sparry calcite cementation (C2), Microcrystalline silicification (S1), Glauconite filling pores (G1), Chalcedony silicification (S2), Mechanical compaction (MC) and Dolomitization (D1). After dissolution and brecciation processes, six other diagenetic phases were identified in the Mesogenetic stage: Fracturing (F), Sparry calcite cementation (C3), Macro-crystalline silicification (S3), Ferroan Dolomitization (D2), Ferroan calcite cementation (C4), Pyrite (P)

  Figure 23.B). Micritization favored the preservation of shell borders, which were locally affected by subsequent dissolution processes (Figure 19.C, Figure 21.C, Figure 23.C, Figure 29.A, and Figure 32.A).

  Figure 29.C and E, Figure 32.B). The cement crystals are characterized by a luminescent bright orange to brown zoning under cathodoluminescence (Figure 29.D and F). C2 is non ferroan andoccupies approximately 5% of the matrix in the packstone/grainstone facies. This diagenetic phase reduces the pore space, which is preserved between the bryozoan cavities.

Figure 28

 28 Figure 28 Diagenetic sequence defined from core data in North-central Oklahoma.

Figure 29 A

 29 Figure 29 A. Silicified fossils and bryozoan (B) fragments in a micritic (M) matrix with abundant polymodal euhedral dolomite crystals (D). Few porosity (white arrow) is preserved inside the bryozoan zoeccia structure. It is also visible some monoaxon spicules (dashed circle) -DOR2 sample at 4941.35 ft. (1506.1 m.) B. Same view with polarized light, the micro-crystalline silica (S1) is preserving the bryzoan zoeccia structure (B), chalcedony silica (S2) is observed in spicules. C. Crinoids (C), Brachiopods (Br) and Bryozoan (B) fragments are imbibed in a syntaxial calcite (C1) and sparry calcite (C2, C3) cements. Mechanical compaction with tangential and sutured contacts (pointed white line) are observed between grains. Glauconite (G) filled the space in the bryozoan zoeccia. Microcrystalline silica (S1) replaced part of the crinoid (C). Few porosity (white arrow) is kept in the fenestrate bryozoan. Syntaxial calcite (C1), Sparry calcite (C2, C3) constitute the matrix of the grainstone. DOR6 sample at 4886.15 ft. (1489.3 m.) D. Same view in cathodoluminescence light, syntaxial calcite cement (C1) is non-luminescent, sparry calcite C2 is bright orange to brown and sparry calcite C3 is dull brown. E. Plain light of the entire thin section and zoom on calcite cements (C1, C2 and C3) inside a crinoid columnal steam. Sample at 4883.72 ft. (1488.6 m.) F. Same view in cathodoluminescence light, syntaxial calcite cement (C1) is non-luminescent, sparry calcite C2 is bright orange to brown and sparry calcite C3 is dull brown.

  sediments to their lithification by cementation. The grains are in contact and some of them are deformed or broken (Figure 20, Figure 22.C, Figure 29.C, Figure 32.B). There are tangential and sutured contacts[START_REF] Flugel | Microfacies of Carbonate rocks: analysis, interpretation and application[END_REF]. These grains are observed in the packstone/grainstone facies(F4: 4858 -4877.4 ft. (1480.7 -1486.6 m.); F2: 4911 -4921.3 ft. (1496.9 -1500 m.), core depth), which indicates the continuous increase compaction resulting in pressure solution effect at grain contacts.

Figure 30 A

 30 Figure 30 A. Microporous (white arrow) micro-crystalline silica (S1) nodule contrasts with a micritic (M) matrix containing calcitic stained bryozoan (B) and crinoidal (C) fragments. Polymodal and unstained dolomite rhombs (D) replacing the micritic matrix and floating on the silica nodule are observed. Ferroan calcite cement (C4) at the center of the bryozoan is stained in a purple color. DOR15 sample at 4892.40 ft. (1491.2 m.) B. Same view with polarized light, micro-crystalline silica (S1) constitutes the nodule. The polymodal euhedral dolomite crystals (D) are seen both in the micritic matrix and the silica nodule. C. Plane light on micro-crystalline silica (S1) with abundant silicified (S2) sponge spicules (dashed lines) and floating polymodal unstained dolomite rhombs (D). Some micrite and fossil fragments such as bryozoan (B) surrounds the nodule. DOR17 sample at 4886.15 ft. (1489.3 m.) D. Same view with polarized light, the nodule is made of micro-crystalline silica (S1). The chalcedony silica (S2) is observed in the monoaxon structure of the sponge spicules. The polymodal euhedral dolomite crystals (D) are floating on silica nodule. E. Plain light of silicified (S1) micritic matrix in pale yellow color with brown spots. A translucent white silica (S2) bands surrounded a white limpid silica (S3). The pore space is in blue color. DOR33 Sample at 4843.5 ft. (1476.3 m.) F. Same view in polarized light, micro-crystalline silica (S1) is abundant followed by the chalcedony (S2) and the macro-crystalline silica (S3).

  .A). This non-ferroan calcite cement is characterized by a dull brown zoning under cathodoluminescence (Figure29.C, D, E and F). C3 occupies approximately 10% of the matrix in the packstone/grainstone facies. This diagenetic phase reduces the pore space.Macro-crystalline silica (S3)S3 consists of white limpid polymodal (25 -97 µm) and drussy silica crystals(Figure 31.E and F, Figure 31.C and D). It appears between clasts filling pore space and fractures. It is black under cathodoluminescence light.

Figure 31 A

 31 Figure 31 A. Irregular "branching" fracture filled by ferroan calcite (C4) in a microcrystalline silica (S1) nodule. S1 also has preserved the bryozoa structure. The bryozoan zoeccia was filled by chalcedony silica (S2). Abundant sponge spicules (black dashed circle) and floating polymodal unstained dolomite rhombs (D) are observed. DOR3 sample at 4926.6 ft. (1501.6 m.) B. Irregular fracture filled by ferroan calcite (C4) in a microcrystalline silica (S1). An irregular stylolite is marked in a white dashed line. Also abundant sponge spicules (black dashed circle) filled by chalcedony silica (S2) and floating polymodal unstained dolomite rhombs (D) are visible. DOR1.1 sample at 4943.85 ft. (1506.9 m.) C. Mega quartz (S3) filling irregular "branching" fracture generated in microcrystalline silica (S1) nodule. A mono-axon sponge spicule (black dashed circle) was filled by chalcedony silica (S2) after dissolution of the spicule body. Some porosity is visible in the fracture. DOR9 at 4910.80 ft. (1496.8 m.) D) Same view with polarized light. E) Fracture in a lime mud matrix filled by non-ferroan calcite (C3) which was replaced by chalcedony silica (S2). Abundant fragmets of crinoids (C), bryozoan (B) and polymodal unstained dolomite rhombs (D). DOR4.1 at 4823.85 ft. (1470.3 m.) F) Same view with polarized light.

  Figure 32 A. Abundant fossils fragments in a micritic (M) matrix with stylolites (white dashed line), arched fractures (blue) and intensive dolomitization (D). DOR2 sample at 4934.1 ft. (1503.9 m.) B. Packed and broken grains affected by mechanical compaction. Some sutured contacts are visible (dashed lines). Syntaxial calcite cement (C1) is common in crinoids (C) and sparry calcite occupies the space between bryozoan (B) fragments. Dolomite rhombs occur replacing matrix and filling pore space (D). DOR5 sample at 4917 ft. (1498.7 m.) C. Micro-crystalline silica matrix showing abundant moldic porosity (blue). Some crinoidal (C) and dolomite (D) ghost textures are observed. DOR32 sample at 4847 ft. (1477.4 m.) D. Connected pore space (blue) between silicified fossils (sponge spicules red dashed circles). Micro-crystalline silica (S1) is abundant. DOR34 sample at 4841 ft. (1475.5 m.) E. Crinoids (C), bryozoan (B) and brachiopods (Br) fragments of a grainstone with syntaxial calcite (C1) and sparry calcite (C2) cements. Ferroan calcite cement (C4) in purple occurred filling the bryozoan zoeccia space. Mechanical compaction with tangential and sutured contacts are observed (dashed lines). DOR24 sample at 4861.7 ft. (1481.8 m.) F. Reflected light, some polymodal dolomite rhombs crystals and pyrite cubic or spherical crystals (P). Right bottom corner image is a zoom on the framboid pyrite aggregate. DOR1.2 sample at 4941.35 ft. (1506.1 m.)

  sections. It was useful to verify the presence of iron in the clays filling the moldic porosity and or present in the stylolites. Magnesium also appears in thin sections where dolomite crystals are abundant. The thin section mineralogical maps permitted to tune the interpretation where by petrographical observations could induce to a different conclusion. For instance, Figure36.A, samples DOR28 and DOR 29 show the typical purple color on calcite cements related to the ferroan calcite cement (C4). However, the mineralogical maps indicate the absence of iron in the calcite cement. Iron is mainly present in the clays. Consequently, the observed calcite cement is not burial cementation. It is associated to a sparry calcite (C3).

Fig. 1

 1 Fig.1 Overall simulation workflow. Optimization can be applied to calibrate the parameters involved in any of the different blocks of the simulation workflow

Fig. 2

 2 Fig. 2 Truncated Gaussian simulation with a the realization of a Gaussian random function; b the resulting facies realization after applying truncation; c the threshold mask

phase occurring following 3

 3 levels in facies A (levels Low, Medium and High), 2 levels in facies B (levels Low and Medium) and 1 level (Low) in facies C. The proportions for each occurring bivariate associations (A-L; A-M; A-H; B-L; B-M; C-L) are all equal to 1/6. The proportion for any other association is 0. We first refer to TGS to simulate the facies realization. This explains why the threshold mask for facies is made of parallel rectangles. Then we use another TGS model to populate facies A and B with the required diagenetic levels. As facies C contains a single level of the diagenetic phase under consideration, there is no need to apply truncation in this facies. Again, the threshold mask for the diagenetic levels is formed of parallel rectangles because of the use of the TGS method.

Fig. 3

 3 Fig. 3 Bi-TGS Application: a Realization with facies A, B and C; b Realization with diagenetic levels L, M and H. The color lines indicate facies boundaries. c Threshold mask for facies and for diagenetic levels inside facies A and B

Fig. 4 aFig. 5

 45 Fig. 4 a Reference diagenetic model (DM1). b Starting diagenetic model. c Final diagenetic model. The lines overimposed on the figure indicate the boundaries of the facies

Fig. 6 a

 6 Fig. 6 a Water saturation map at breakthrough time. b Reference water cut

Fig. 8 a

 8 Fig. 8 a Diagenetic model DM1 with a variogram range of 20 m. b Diagenetic model DM2 with a variogram range of 10 m. The lines overimposed on the figures indicate the boundaries of the facies

Fig. 9 aFig. 12 a

 912 Fig. 9 a Saturation map for DM1 model at breakthrough. b Saturation map for DM2 model at breakthrough. c Water cuts simulated for DM1 (red) and DM2 (blue)

  Step 1: generate the facies model, define parameter a and generate Y0, an initial Gaussian white noise (See Eq. 4),  Step 2: generate U, a complementary Gaussian white noise,  Step 3: enter the gradual deformation loop that drives the t deformation parameter, a) Combine Yo and U to obtain Y b) Generate the diagenesis model c) Populate the resulting model with petrophysical properties d) Run the flow simulation e) Calculate the objective function f) Adjust parameters t and a g) Go back to 3a) until convergence  Step 4: update Y0 using the previous optimal Y and go back to step 2 until convergence.

Fig. 14

 14 Fig. 14 Flowchart with the steps followed to minimize the objective function

Fig. 15

 15 Fig. 15 Water cuts for the reference case (red), the initial model (black) and the final one (blue)

Fig. 16 a

 16 Fig. 16 a Initial water cut profiles for 10 cases (dotted lines). b Water cut profiles for 10 matched cases (dotted lines). The reference water cut is the solid red line

  deposition. The secondary porosity related to dissolution is prevailing. The diagenetic phases responsible for the decrease in porosity and permeability are: a) calcite cementation; b) microcrystalline silica, chalcedony and macro-crystalline silica cement; c) dolomite cement and replacement; and d) clay and detrital quartz grain infiltrations. Therefore, the facies with better petrophysical properties, such as high porosity and high permeability, are those associated with the dissolution phase. Of particular interest in the hydrocarbon production of the Mississippian Lime would be the breccia facies that shows an average porosity of 15% and permeability of 18 mD.The characterization of the diagenesis in the Mississippian Lime unit is of importance to better understand the origin, distribution and occurrence of the depositional facies and their relationship with the diagenetic phases. The diagenetic processes that have affected the Mississippian Lime destroyed the porosity and permeability except the karstification event in the upper part of the core. Therefore, a detailed study of the diagenesis would allow to identify those zones where the karstification phase had affected the rock in a higher degree and thus, propose an optimal field development adapted to this particular geological context. It is important to emphasize that it would be possible to characterize the sedimentation and architecture of the depositional facies of the Mississippian Lime at different scales from the core to the reservoir with more data available. Carrying out a similar sedimentological and diagenetic studies in other well cores of the study area would allow to spatially correlate the the depositional environment of the ramp. In addition, it would be possible to have a spatial quantification of the diagenetic phases in this carbonate reservoir leading to a robust geological model where the depositional facies and the most important diagenetic phases are represented.

  Figure 43 A. CT-Scan longitudinal core image from 4926 to 4929 ft.(1501.4 to 1502.4 m.) Numbers in purple corresponds to the 2D axial view of the core at different depths. B. 2D axial views of the core at: 1) 4926.1 ft./1501.5 m., 2) 4926.8 ft./1501.7m., 3) 4927.3 ft./1501.8 m., 4) 4927.7 ft./1502 m., 5) 4928.6 ft./1502.2 m., 6) 4928.9 ft./1502.3 m.

Figure 55 A

 55 Figure 55 A. Plain light thick section sample at 4861.5 ft. (1481.8 m.), depth, showing the sample areas (S.1.1 and S.1.2) of calcite cement for geochemistry analysis. B. Plain light thick section sample at 4912.4 ft. (1497.3 m.), depth, showing the sample areas (S.1.1, S.1.2 and S.1.1.3) of calcite cement.

Figure 56 A

 56 Figure 56 A. Plain light thick section sample at 4874.6 ft. (1485.8 m.), depth, showing the sample areas (S.1.1 and S.1.2) of calcite cement for geochemistry analysis. B. Plain light thick section sample at 4929.4A ft. (1502.5 m.), depth, showing the sample areas (S.1.1 and S.1.2) of calcite cement in crinoid steam and micrite matrix.
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  ℱ) of (ym) is the product of the Fourier transforms of each convolved function ( Equation 6). ℱ(𝑦 -𝑚) = ℱ(𝑔 * 𝑧) = ℱ(𝑔) ℱ(𝑧) Equation 6 Let us generate an unconditional Gaussian random field y following the steps below: 1. Building of the sampled covariance C 2. Generation of the normal deviates z on the grid 3. Calculation of the Fourier transforms of z and C, giving Z and the power spectrum S, respectively 4. Derivation of G from S 5. Multiplication of G by Z 6. Inverse Fourier transform of (G * Z) giving g * z 7. Derivation of y from Equation

  𝐹 𝑖 = {𝑥 𝜖 𝑅; 𝑖𝑓 𝑦 𝑖-1 < 𝑌(𝑥) ≤ 𝑦 𝑖 } , = 𝑦 0 < 𝑦 1 < ⋯ , < 𝑦 𝑖-1 < 𝑦 𝑖 < ⋯ < 𝑦 𝑚 = +∞ Where:Fi(x): lithofaciesIi(x): indicators yi-1 and yi: thresholdsThe thresholds (yi) are estimated to match the indicator proportions (pi) as shown in Equation8. (Figure58). The definition of the thresholds is associated to the depositional sequence of the lithofacies.

Figure 58

 58 Figure 58 Truncated Gaussian Simulation: a) Gaussian model with values from [0,1]; b) Truncated Gaussian Simulation of three lithofacies equally proportional; c) Histogram of the standard normal distribution showing lithofacies cut off (modified from Amstrong et al., 2010)

2 .

 2 Definition of the spatial relationship between the facies 3. Estimation of the thresholds for both GRFs Y1(x) and Y2(x) 4. Determination of the covariance for each GRF 5. Realization of a standard GRF by any algorithm 6. Application of the thresholds to the realization for the lithofacies generation

Figure 59

 59 Figure 59 Pluri-Gaussian Simulation: a) Gaussian realization of GRF1, [0,1]; b) Gaussian realization of GRF2, [0,1]; c) PGS model of 4 lithofacies; d) Lithotype rule (modified from Amstrong et al., 2010)

  and terminate the iteration 4. If f(r) < f(x(1)), generate an expansion point s defined as s = m + 2(mx(n+1)); accept s if f(s) < f(r) and terminate the iteration. Otherwise, accept r and terminate the iteration 5. If f(r) ≥ f(x(n)), generate a shrink point c between m and the better of x(n+1) and r. If f(c) < f(r), accept c and terminate the iteration 6. If f(r) ≥ f(x(n+1)), generate a contraction point cc and accept if f(cc) < f(x(n+1) and terminate the iteration 7. Calculate the n points as v(i) = x(1) + (x(i)x(1))/2 and calculate f(v(i)), i = 2,...,n+1.
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 1 Figure 1 Mississippian Lime oil play in Oklahoma and Kansas states (USA). The red rectangle highlights the area of study. Source: modified from Liner (2015). ............................ Figure 2 Structural features, paleogeographic and lithofacies map of United States during Mississippian time. Source: modified from Craig and Waite (1979), Gutschick and Sandberg (1983). ........................................................................................................................................Figure3From left to rigth: The European and American geological time scale chart from[START_REF] Haq | Geological time table[END_REF], the lower Carboniferous δ 13 C and δ 18 O isotope profiles (black line) in North America and the ice glacial interval. Carbon stratigraphy from other studies are displayed as follows: blue broad bands (Pennsylvanian Composita data adjusted by -1‰),[START_REF] Holser | Gradual and abrupt shifts in ocean chemistry during Phanerozoic time[END_REF] red solid line),[START_REF] Bruckschen | Oxygen and carbon isotopic composition of Dinantian brachiopods: paleoenvironmental implications for the Lower Carboniferous of western Europe[END_REF] dashed boxes representing mean ±1s) andPopp et al. (1986a; black broad band). C1-C3 represents the isotopic stages. Source: modified from[START_REF] Mii | Carboniferous isotope stratigraphies of North America: Implications for Carboniferous paleoceanography and Mississippian glaciation[END_REF]. ............................................................................................... Figure4From left to rigth: time scale and the European regional stages compiled by[START_REF] Gradstein | A Geologic Time Scale[END_REF],[START_REF] Ogg | The Concise Geologic Time Scale[END_REF]; known intervals of continental glaciations estimated by[START_REF] Caputo | Migration of glacial centers across Gondwana during the Paleozoic Era[END_REF],[START_REF] Eyles | Earth's Glacial Record[END_REF] and[START_REF] Isbell | Timing of late Paleozoic glaciation in Gondwana: Was glaciation responsible for the development of Northern Hemisphere cyclothems[END_REF]; sequence boundaries in millions of years with the relative magnitude of short-term sea-level fluctuations: category 1 (<25m.), category 2 (25-75m.) and category 3 (>75m.); the sea level curves: long-term (second order), short-term (third order) and the approximation of the Present Day (PD) sea level as reference. Source: modified from[START_REF] Haq | A chronology of Paleozoic sea-level changes[END_REF]. .............. Figure 5 Paleoceanographic and palebathymetric map of conterminous United States at Osagean time showing major structural features, circulation patterns of surface sea current and direction of upwellings. The red dot is the approximated location of the core studied hereafter. Source: modified from Gutschik and Sanders (1983), Blakey (2011). .................... Figure 6 From left to right: geological time scale from Harland et al. (1982), European and American Mississippian series, second order super cycle, long term (second order) and short term (third order) eustatic levels with the names of the associated stratigraphic units of the Midcontinent. Source: modified from Ross and Ross (1987). .................................................Figure 7 From left to right: geological time scale from Gradstein et al. (2004), European and American Mississippian series and Chronostratigraphic Chart in the study area indicating the principal lithologies and fossils. ............................................................................................... Figure 8 Structural map of Oklahoma and Kansas highlighting the current structures (red lines) such as Pratt Anticline, Nemaha Ridge and Kanoka ridge. The studied core data is located in Alfalfa County. Source: modified from Harris (1975); Campbell and Northcutt (2000); Mazullo and Wilhite, (2015). ...................................................................................... Figure 9 One foot of slabbed core surface for the depth of 4863 ft. (1482 m.), under natural light (left) and ultra-violet (right) light..................................................................................... Figure 10 a) CT-Scan image of core interval between 4883 to 4886 ft. (1488.3 to 1489.3 m.). Numbers in purple corresponds to the 2D cross-section of the core at different depths. b) 2D cross-section of the core at: 1) 4883.25 ft. (1488.4 m.); 2) 4883.8 ft. (1488.6 m.); 3) 4884.6 ft. (1488.8 m.) and 4) 4885.8 ft. (1489.2 m.). ............................................................................... Figure 11 a) Perspective view of CT-Scan image of plug sample DOR17 at 4886.15 ft. (1489.3 m.). White lines correspond to cross sections at vertical direction (1) and transversal axis (2). b) Vertical cross section of the tomographic image at position 1. c) 2D cross section of the plug at position 2. ........................................................................................................... Figure 12 a) High resolution thin section scan of sample DOR 1.2 at 4941.35 ft. (1506.1 m.) The red rectangle represents the area are shown in the images b) and c). b) Thin section with plain light. c) Thin section with polarized light. ......................................................................
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 7 Figure 1 Mississippian Lime oil play in Oklahoma and Kansas states (USA). The red rectangle highlights the area of study. Source: modified from Liner (2015). ............................ Figure 2 Structural features, paleogeographic and lithofacies map of United States during Mississippian time. Source: modified from Craig and Waite (1979), Gutschick and Sandberg (1983). ........................................................................................................................................Figure3From left to rigth: The European and American geological time scale chart from[START_REF] Haq | Geological time table[END_REF], the lower Carboniferous δ 13 C and δ 18 O isotope profiles (black line) in North America and the ice glacial interval. Carbon stratigraphy from other studies are displayed as follows: blue broad bands (Pennsylvanian Composita data adjusted by -1‰),[START_REF] Holser | Gradual and abrupt shifts in ocean chemistry during Phanerozoic time[END_REF] red solid line),[START_REF] Bruckschen | Oxygen and carbon isotopic composition of Dinantian brachiopods: paleoenvironmental implications for the Lower Carboniferous of western Europe[END_REF] dashed boxes representing mean ±1s) andPopp et al. (1986a; black broad band). C1-C3 represents the isotopic stages. Source: modified from[START_REF] Mii | Carboniferous isotope stratigraphies of North America: Implications for Carboniferous paleoceanography and Mississippian glaciation[END_REF]. ............................................................................................... Figure4From left to rigth: time scale and the European regional stages compiled by[START_REF] Gradstein | A Geologic Time Scale[END_REF],[START_REF] Ogg | The Concise Geologic Time Scale[END_REF]; known intervals of continental glaciations estimated by[START_REF] Caputo | Migration of glacial centers across Gondwana during the Paleozoic Era[END_REF],[START_REF] Eyles | Earth's Glacial Record[END_REF] and[START_REF] Isbell | Timing of late Paleozoic glaciation in Gondwana: Was glaciation responsible for the development of Northern Hemisphere cyclothems[END_REF]; sequence boundaries in millions of years with the relative magnitude of short-term sea-level fluctuations: category 1 (<25m.), category 2 (25-75m.) and category 3 (>75m.); the sea level curves: long-term (second order), short-term (third order) and the approximation of the Present Day (PD) sea level as reference. Source: modified from[START_REF] Haq | A chronology of Paleozoic sea-level changes[END_REF]. .............. Figure 5 Paleoceanographic and palebathymetric map of conterminous United States at Osagean time showing major structural features, circulation patterns of surface sea current and direction of upwellings. The red dot is the approximated location of the core studied hereafter. Source: modified from Gutschik and Sanders (1983), Blakey (2011). .................... Figure 6 From left to right: geological time scale from Harland et al. (1982), European and American Mississippian series, second order super cycle, long term (second order) and short term (third order) eustatic levels with the names of the associated stratigraphic units of the Midcontinent. Source: modified from Ross and Ross (1987). .................................................Figure 7 From left to right: geological time scale from Gradstein et al. (2004), European and American Mississippian series and Chronostratigraphic Chart in the study area indicating the principal lithologies and fossils. ............................................................................................... Figure 8 Structural map of Oklahoma and Kansas highlighting the current structures (red lines) such as Pratt Anticline, Nemaha Ridge and Kanoka ridge. The studied core data is located in Alfalfa County. Source: modified from Harris (1975); Campbell and Northcutt (2000); Mazullo and Wilhite, (2015). ...................................................................................... Figure 9 One foot of slabbed core surface for the depth of 4863 ft. (1482 m.), under natural light (left) and ultra-violet (right) light..................................................................................... Figure 10 a) CT-Scan image of core interval between 4883 to 4886 ft. (1488.3 to 1489.3 m.). Numbers in purple corresponds to the 2D cross-section of the core at different depths. b) 2D cross-section of the core at: 1) 4883.25 ft. (1488.4 m.); 2) 4883.8 ft. (1488.6 m.); 3) 4884.6 ft. (1488.8 m.) and 4) 4885.8 ft. (1489.2 m.). ............................................................................... Figure 11 a) Perspective view of CT-Scan image of plug sample DOR17 at 4886.15 ft. (1489.3 m.). White lines correspond to cross sections at vertical direction (1) and transversal axis (2). b) Vertical cross section of the tomographic image at position 1. c) 2D cross section of the plug at position 2. ........................................................................................................... Figure 12 a) High resolution thin section scan of sample DOR 1.2 at 4941.35 ft. (1506.1 m.) The red rectangle represents the area are shown in the images b) and c). b) Thin section with plain light. c) Thin section with polarized light. ......................................................................
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 13 Figure 13 a) Thick section scan of sample DOR25 corresponding to a depth of 4859.6 ft. (1481.2 m.) b) Thick section scan of DOR17.W sample corresponding to depth of 4883.42 ft. (1488.5 m.) ............................................................................................................................... Figure 14 From left to right: Depth scale, Core section, Gamma Ray log, Photo Electric Factor log and Resistivity logs: shallow (black), medium (blue) and deep (red). ................... Figure 15 a) Basic features of a diffractometer. b) Cross plot of the intensity against the angles of X-ray diffraction. The highest pick corresponds to quartz crystals. ......................... Figure 16 Basic features of a Micro X-Ray Fluorescence (https://www.xos.com/Micro-XRF). .................................................................................................................................................. Figure 17 Radiation level for different rock types (Russel, 1944) ........................................... Figure 18 Schematic ramp deposition of the studied facies (modified from Flugel, 2011) ..... Figure 19 Left: Sedimentary column highlighting the facies interval (red box). A. Plain light core photo at 4944 ft. (1506.9 m.) depth, showing chert nodules (white dash line) in a lime mud matrix with some stylolites (blue arrows), large crinoids (red arrows) and healed fractures (white arrows). Large bioclasts are highlighted with the red arrows. B. Plain light thin section sample at 4938.7 ft. (1505.1 m.) depth showing abundant sponge spicules (Sp) in the silica nodule, fragments of fenestrate bryozoan (B), brachiopods shell wall (Br) and crinoids (C) imbibed in micrite (M). Some healed milimetric fractures (F) are at the base of the nodule. C. Plain light thin section at 4926.6 ft. (1501.6 m.) depth highlighting abundant rhombohedral dolomite (B), connected zoeccia of bryozoan form a chain (B), fragments of crinoids (C) in a micrite matrix (M) with an irregular stylolite (Stylo). .................................. Figure 20 Left: Sedimentary column highlighting the facies interval (red box). A. Plain light core photo at 4918 ft. (1499 m.) depth, showing horizontal stylolites (red arrows) in a sandy grainstone. B. Plain light thin section sample at 4817.1 ft. (1468.2 m.) depth showing abundant crinoids (C) and bryozoans (B) and brachiopods (Br). The left half of the thin section has been stained with ferricyanide and alizarin red S (Dickson, 1996) to identify calcite. Little calcite cement and porosity (blue color) are observed. C. Plain light thin section at 4912.4 ft. (1497.3 m.) depth highlighting abundant crinoids (C), bryozoans (B), large brachiopod (Br) in a calcine cement (Cm). A small irregular stylolite is observed (Stylo). .... Figure 21 Left: Sedimentary column highlighting the facies interval (red box). A. Plain light core photo at 4898 ft. (1492.9 m.) depth, showing chert nodules (white dash lines) in a lime mud matrix with some stylolites (blue arrows) and healed fractures (white arrows). B. Plain light thin section sample at 4898.6 ft. (1493.1 m.) depth showing abundant sponge spicules (Sp), fragments of bryozoan (B) and crinoids (C) imbibed in micrite with a stylolite (Stylo). C. Plain light thin section at 4898.6 ft. (1493.1 m.) depth highlighting monoaxon spore spicules (Sp), some bryozoan (B), crinoids (C), dolomite crystals (D) and porosity in blue. . Figure 22 Left: Sedimentary column highlighting the facies interval (red box). A. Plain light core photo at 4866 ft. (1483.2 m.) depth, showing horizontal and vertical stylolites (red arrows) in a sandy grainstone. B. Plain light thin section sample at 4870.1 ft. (1484.4 m.) depth showing abundant crinoids (C) and bryozoans (B) in a calcine cement (Cm) with a stylolite (Stylo). C. Plain light thin section at 4870.1 ft. (1484.4 m.) depth highlighting abundant crinoids (C), brachiopod (Br) and bryozoans (B) in a calcine cement (Cm) as background with porosity in blue. ............................................................................................ Figure 23 Left: Sedimentary column highlighting the facies interval (red box). Plain light core photo at 4854 ft. (1479.5 m.) depth, showing chert nodules (white dash line) in a lime mud matrix with some stylolites (blue arrows) and large bryozoans (red arrows). B. Plain light thin section sample at 4854.1 ft. (1479.5 m.) depth showing abundant bryozoans (B) imbibed in lime mud (M) with some stylolites (Stylo). C. Plain light thin section at 4854.1 ft. (1479.5 m.) depth highlighting monoaxon spore spicules (Sp) and some bryozoan zoeccia (B), crinoid (C) and brachiopods (Br) with micrite as background. ..................................................................

Figure 24

 24 Figure 24 Left: Sedimentary column highlighting the facies interval (red box). A. Plain light core photo at 4852 ft. (1478.89 m.) depth, showing the breccia clasts (red arrows) in greenish brown clay mixed chaotically with the brown to dark brown grainstone. B. Plain light thin section sample at 4852.1 ft. (1478.92 m.) depth showing abundant bryozoans (B), crinoid (C), brachiopods (Br), Clay, Quartz grains (QG). C. Plain light thin section at 4852.2 ft. (1478.95 m.) depth highlighting bryozoans (B), crinoid (C), brachiopods (Br) and pore space (P). The thick red arrows show the grain penetration and grain breakage. ............................................ Figure 25 Scheme of interpreted inner-middle ramp depositional of the study area. Source: modified from Franseen (2006). ............................................................................................... Figure 26 Gamma ray log cross section from Kansas to Oklahoma correlating the Series limits. The studied core interval is highlighted by a red rectangle. Source: modified from Thorton (1961). ........................................................................................................................ Figure 27 Gamma ray log cross section from Sooner Trend field area correlating the Series limits. The studied core interval is highlighted by a red rectangle. Source: modified from Harris (1975). ........................................................................................................................... Figure 28 Diagenetic sequence defined from core data in North-central Oklahoma. .............. Figure 29 A. Silicified fossils and bryozoan (B) fragments in a micritic (M) matrix with abundant polymodal euhedral dolomite crystals (D). Few porosity (white arrow) is preserved inside the bryozoan zoeccia structure. It is also visible some monoaxon spicules (dashed circle) -DOR2 sample at 4941.35 ft. (1506.1 m.) B. Same view with polarized light, the micro-crystalline silica (S1) is preserving the bryzoan zoeccia structure (B), chalcedony silica (S2) is observed in spicules. C. Crinoids (C), Brachiopods (Br) and Bryozoan (B) fragments are imbibed in a syntaxial calcite (C1) and sparry calcite (C2, C3) cements. Mechanical compaction with tangential and sutured contacts (pointed white line) are observed between grains. Glauconite (G) filled the space in the bryozoan zoeccia. Microcrystalline silica (S1) replaced part of the crinoid (C). Few porosity (white arrow) is kept in the fenestrate bryozoan. Syntaxial calcite (C1), Sparry calcite (C2, C3) constitute the matrix of the grainstone. DOR6 sample at 4886.15 ft. (1489.3 m.) D. Same view in cathodoluminescence light, syntaxial calcite cement (C1) is non-luminescent, sparry calcite C2 is bright orange to brown and sparry calcite C3 is dull brown. E. Plain light of the entire thin section and zoom on calcite cements (C1, C2 and C3) inside a crinoid columnal steam. Sample at 4883.72 ft. (1488.6 m.) F. Same view in cathodoluminescence light, syntaxial calcite cement (C1) is non-luminescent, sparry calcite C2 is bright orange to brown and sparry calcite C3 is dull brown. .............................. Figure 30 A. Microporous (white arrow) micro-crystalline silica (S1) nodule contrasts with a micritic (M) matrix containing calcitic stained bryozoan (B) and crinoidal (C) fragments. Polymodal and unstained dolomite rhombs (D) replacing the micritic matrix and floating on the silica nodule are observed. Ferroan calcite cement (C4) at the center of the bryozoan is stained in a purple color. DOR15 sample at 4892.40 ft. (1491.2 m.) B. Same view with polarized light, micro-crystalline silica (S1) constitutes the nodule. The polymodal euhedral dolomite crystals (D) are seen both in the micritic matrix and the silica nodule. C. Plane light on micro-crystalline silica (S1) with abundant silicified (S2) sponge spicules (dashed lines) and floating polymodal unstained dolomite rhombs (D). Some micrite and fossil fragments such as bryozoan (B) surrounds the nodule. DOR17 sample at 4886.15 ft. (1489.3 m.) D. Same view with polarized light, the nodule is made of micro-crystalline silica (S1). The chalcedony silica (S2) is observed in the monoaxon structure of the sponge spicules. The polymodal euhedral dolomite crystals (D) are floating on silica nodule. E. Plain light of silicified (S1) micritic matrix in pale yellow color with brown spots. A translucent white silica (S2) bands surrounded a white limpid silica (S3). The pore space is in blue color. DOR33 Sample at 4843.5 ft. (1476.3 m.) F. Same view in polarized light, micro-crystalline silica (S1) is abundant followed by the chalcedony (S2) and the macro-crystalline silica (S3). ..............

Figure 31 A

 31 Figure 31 A. Irregular "branching" fracture filled by ferroan calcite (C4) in a microcrystalline silica (S1) nodule. S1 also has preserved the bryozoa structure. The bryozoan zoeccia was filled by chalcedony silica (S2). Abundant sponge spicules (black dashed circle) and floating polymodal unstained dolomite rhombs (D) are observed. DOR3 sample at 4926.6 ft. (1501.6 m.) B. Irregular fracture filled by ferroan calcite (C4) in a microcrystalline silica (S1). An irregular stylolite is marked in a white dashed line. Also abundant sponge spicules (black dashed circle) filled by chalcedony silica (S2) and floating polymodal unstained dolomite rhombs (D) are visible. DOR1.1 sample at 4943.85 ft. (1506.9 m.) C. Mega quartz (S3) filling irregular "branching" fracture generated in microcrystalline silica (S1) nodule. A mono-axon sponge spicule (black dashed circle) was filled by chalcedony silica (S2) after dissolution of the spicule body. Some porosity is visible in the fracture. DOR9 at 4910.80 ft. (1496.8 m.) D) Same view with polarized light. E) Fracture in a lime mud matrix filled by non-ferroan calcite (C3) which was replaced by chalcedony silica (S2). Abundant fragmets of crinoids (C), bryozoan (B) and polymodal unstained dolomite rhombs (D). DOR4.1 at 4823.85 ft. (1470.3 m.) F) Same view with polarized light. .................................................................................... Figure 32 A. Abundant fossils fragments in a micritic (M) matrix with stylolites (white dashed line), arched fractures (blue) and intensive dolomitization (D). DOR2 sample at 4934.1 ft. (1503.9 m.) B. Packed and broken grains affected by mechanical compaction. Some sutured contacts are visible (dashed lines). Syntaxial calcite cement (C1) is common in crinoids (C) and sparry calcite occupies the space between bryozoan (B) fragments. Dolomite rhombs occur replacing matrix and filling pore space (D). DOR5 sample at 4917 ft. (1498.7 m.) C. Micro-crystalline silica matrix showing abundant moldic porosity (blue). Some crinoidal (C) and dolomite (D) ghost textures are observed. DOR32 sample at 4847 ft. (1477.4 m.) D. Connected pore space (blue) between silicified fossils (sponge spicules red dashed circles). Micro-crystalline silica (S1) is abundant. DOR34 sample at 4841 ft. (1475.5 m.) E. Crinoids (C), bryozoan (B) and brachiopods (Br) fragments of a grainstone with syntaxial calcite (C1) and sparry calcite (C2) cements. Ferroan calcite cement (C4) in purple occurred filling the bryozoan zoeccia space. Mechanical compaction with tangential and sutured contacts are observed (dashed lines). DOR24 sample at 4861.7 ft. (1481.8 m.) F. Reflected light, some polymodal dolomite rhombs crystals and pyrite cubic or spherical crystals (P). Right bottom corner image is a zoom on the framboid pyrite aggregate. DOR1.2 sample at 4941.35 ft. (1506.1 m.) ............................................................................................Figure33Cross plot of δ 13 C versus δ 18 C for the cement phases. The rectangles represent the values reported for the Mississippian marine cements as reported by[START_REF] Veizer | 87 Sr/ 86 Sr, d 13 C and d 18 O evolution of Phanerozoic seawater[END_REF]. .... Figure34Carbon isotopic signature correlation from Arrow Canyon Range[START_REF] Saltzman | Carbon and oxygen isotope stratigraphy of the Lower Mississippian (Kinderhookian-Lower Osagean), western United States: Implications for seawater chemistry and glaciation[END_REF], Anadarko Basin[START_REF] Koch | Stable-isotope chemostratrigraphy as a tool to correlate complex Mississippian marine carbonate facies of the Anadarko shelf, Oklahoma and Kansas[END_REF]. U.S. Mid-continent[START_REF] Mii | Carboniferous isotope stratigraphies of North America: Implications for Carboniferous paleoceanography and Mississippian glaciation[END_REF] and North-central Oklahoma in this study. ............................................................................................................ Figure 35 Mineralogy quantification of major elements estimated along the core. The calcite dominates the packestone/ graintone facies, while the quartz and dolomite dominate the wackestone. .............................................................................................................................. Figure 36 Major element map in thin sections based on Micro X-Ray fluorescence. The elements are calcium (Ca), Silicon (Si), Magnesium (Mg) and Iron (Fe)................................ Figure 37 A. Plain light core photo at 4924 ft. (1500.8 m.) depth, showing chert nodule (white dash lines) in a lime mud matrix and large crinoids (yellow arrow). Ultraviolet light photo shows chert nodule with healed fractures (white arrows). B. Plain light core photo at 4929 ft. (1502.4 m.) depth, showing large crinoids (yellow arrow) in a lime mud matrix. Also healed fractures in the bottom part are highlighted (white arrows). Ultraviolet light photo shows chert nodule (white dash lines). ....................................................................................................... Figure 38 A. Plain light core photo at 4915 ft. (1498.1 m.) depth, shows irregular stylolites (yellow arrows) in a grain texture. Ultraviolet light photo shows large healed fractures (white

  Figure 31 A. Irregular "branching" fracture filled by ferroan calcite (C4) in a microcrystalline silica (S1) nodule. S1 also has preserved the bryozoa structure. The bryozoan zoeccia was filled by chalcedony silica (S2). Abundant sponge spicules (black dashed circle) and floating polymodal unstained dolomite rhombs (D) are observed. DOR3 sample at 4926.6 ft. (1501.6 m.) B. Irregular fracture filled by ferroan calcite (C4) in a microcrystalline silica (S1). An irregular stylolite is marked in a white dashed line. Also abundant sponge spicules (black dashed circle) filled by chalcedony silica (S2) and floating polymodal unstained dolomite rhombs (D) are visible. DOR1.1 sample at 4943.85 ft. (1506.9 m.) C. Mega quartz (S3) filling irregular "branching" fracture generated in microcrystalline silica (S1) nodule. A mono-axon sponge spicule (black dashed circle) was filled by chalcedony silica (S2) after dissolution of the spicule body. Some porosity is visible in the fracture. DOR9 at 4910.80 ft. (1496.8 m.) D) Same view with polarized light. E) Fracture in a lime mud matrix filled by non-ferroan calcite (C3) which was replaced by chalcedony silica (S2). Abundant fragmets of crinoids (C), bryozoan (B) and polymodal unstained dolomite rhombs (D). DOR4.1 at 4823.85 ft. (1470.3 m.) F) Same view with polarized light. .................................................................................... Figure 32 A. Abundant fossils fragments in a micritic (M) matrix with stylolites (white dashed line), arched fractures (blue) and intensive dolomitization (D). DOR2 sample at 4934.1 ft. (1503.9 m.) B. Packed and broken grains affected by mechanical compaction. Some sutured contacts are visible (dashed lines). Syntaxial calcite cement (C1) is common in crinoids (C) and sparry calcite occupies the space between bryozoan (B) fragments. Dolomite rhombs occur replacing matrix and filling pore space (D). DOR5 sample at 4917 ft. (1498.7 m.) C. Micro-crystalline silica matrix showing abundant moldic porosity (blue). Some crinoidal (C) and dolomite (D) ghost textures are observed. DOR32 sample at 4847 ft. (1477.4 m.) D. Connected pore space (blue) between silicified fossils (sponge spicules red dashed circles). Micro-crystalline silica (S1) is abundant. DOR34 sample at 4841 ft. (1475.5 m.) E. Crinoids (C), bryozoan (B) and brachiopods (Br) fragments of a grainstone with syntaxial calcite (C1) and sparry calcite (C2) cements. Ferroan calcite cement (C4) in purple occurred filling the bryozoan zoeccia space. Mechanical compaction with tangential and sutured contacts are observed (dashed lines). DOR24 sample at 4861.7 ft. (1481.8 m.) F. Reflected light, some polymodal dolomite rhombs crystals and pyrite cubic or spherical crystals (P). Right bottom corner image is a zoom on the framboid pyrite aggregate. DOR1.2 sample at 4941.35 ft. (1506.1 m.) ............................................................................................Figure33Cross plot of δ 13 C versus δ 18 C for the cement phases. The rectangles represent the values reported for the Mississippian marine cements as reported by[START_REF] Veizer | 87 Sr/ 86 Sr, d 13 C and d 18 O evolution of Phanerozoic seawater[END_REF]. .... Figure34Carbon isotopic signature correlation from Arrow Canyon Range[START_REF] Saltzman | Carbon and oxygen isotope stratigraphy of the Lower Mississippian (Kinderhookian-Lower Osagean), western United States: Implications for seawater chemistry and glaciation[END_REF], Anadarko Basin[START_REF] Koch | Stable-isotope chemostratrigraphy as a tool to correlate complex Mississippian marine carbonate facies of the Anadarko shelf, Oklahoma and Kansas[END_REF]. U.S. Mid-continent[START_REF] Mii | Carboniferous isotope stratigraphies of North America: Implications for Carboniferous paleoceanography and Mississippian glaciation[END_REF] and North-central Oklahoma in this study. ............................................................................................................ Figure 35 Mineralogy quantification of major elements estimated along the core. The calcite dominates the packestone/ graintone facies, while the quartz and dolomite dominate the wackestone. .............................................................................................................................. Figure 36 Major element map in thin sections based on Micro X-Ray fluorescence. The elements are calcium (Ca), Silicon (Si), Magnesium (Mg) and Iron (Fe)................................ Figure 37 A. Plain light core photo at 4924 ft. (1500.8 m.) depth, showing chert nodule (white dash lines) in a lime mud matrix and large crinoids (yellow arrow). Ultraviolet light photo shows chert nodule with healed fractures (white arrows). B. Plain light core photo at 4929 ft. (1502.4 m.) depth, showing large crinoids (yellow arrow) in a lime mud matrix. Also healed fractures in the bottom part are highlighted (white arrows). Ultraviolet light photo shows chert nodule (white dash lines). ....................................................................................................... Figure 38 A. Plain light core photo at 4915 ft. (1498.1 m.) depth, shows irregular stylolites (yellow arrows) in a grain texture. Ultraviolet light photo shows large healed fractures (white
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 49 Figure49A. Plain light thin section sample at 4838.6 ft. (1477.9 m.), depth, showing abundant fragments of sponge spicules, bryozoan and crinoids (blue arrows) imbibed in micrite with irregurlar stylolites (white dashed lines) and a silicified nodule (S). Also some fractures (yellow arrows) filled by ferroan calcite (purple color) are observed. B. Plain light thin section at 4943.85 ft. (1506.9 m.), depth highlights large monoaxon spore spicules and crinoids (C) in a micrite matrix with irregular stylolites (white dashed liens). A sealed fracture is indicated with the yellow arrow. ........................................................................................ Figure 50 A. Plain light thin section sample at 4912.8 ft. (1497.4 m.), depth, showing abundant large crinoids (yellow arrows), fragments of brachiopods and bryozoans in a calcite cement. Inter-and Intra-particle porosity is preserved in broked bryozoans (blue arrows). B. Plain light thin section sample at 4917 ft. (1498.7 m.), depth showing abundant large crinoids (C) and bryozoans (B) in a calcine cement. Little porosity is observed in this packstone/grainstone facies (blue arrows). ............................................................................ Figure 51 A. Plain light thin section sample at 4892.6 ft. (1491.3 m.), depth, showing abundant fragments of sponge spicules in the silicified matrix with fractures sealed by ferroan calcite (yellow arrows). Also large bryozoans (blue arrows) are observed in dolomitized micrite. B. Same thin section in polarized light highlighting two types of silica: microcrystalline silica (S1) and the chalcedony silica (S2). .................................................. Figure 52 A. Plain light thin section sample at 4912.8 ft. (1497.4 m.), depth, showing abundant large crinoids (yellow arrows), fragments of brachiopods and bryozoans in a calcite cement. Inter-and Intra-particle porosity is preserved in broked bryozoans (blue arrows). B. Plain light thin section sample at 4917 ft. (1498.7 m.), depth showing abundant large crinoids (C) and bryozoans (B) in a calcine cement. Little porosity is observed in this packstone/grainstone facies (blue arrows). ............................................................................ Figure 53 A. Plain light thin section sample at 4854.5 ft. (1479.7 m.), depth, showing large bryozoans (yellow arrows), fragments of crinoids, sponge spicules and brachiopods in a micrite matrix. B. Same sample in polarized light showing stilolites (blue arrows) and silicified organisms (S1). The zoeccia of the bryozoans are filled by chalcedony silica (S2). ................................................................................................................................................ Figure 54 A. Plain light thin section sample at 4852.1 ft. (1478.9 m.), depth, showing silicified grainstone blocks intercalated with clays (yellow arrows) with stylolites. Abundant fragments of bryozoans, crinoid, brachiopods are visible, even some of them have clay infiltrations (yellow arrows). Moldic porosity is observed (blue arrows). B. Same sample in polarized light shows the complete silicification of the grainstone blocks. The microcrystalline silica is dominant and some chalcedony is observed replacing some large organism. ................................................................................................................................ Figure 55 A. Plain light thick section sample at 4861.5 ft. (1481.8 m.), depth, showing the sample areas (S.1.1 and S.1.2) of calcite cement for geochemistry analysis. B. Plain light thick section sample at 4912.4 ft. (1497.3 m.), depth, showing the sample areas (S.1.1, S.1.2 and S.1.1.3) of calcite cement. ...................................................................................................... Figure 56 A. Plain light thick section sample at 4874.6 ft. (1485.8 m.), depth, showing the sample areas (S.1.1 and S.1.2) of calcite cement for geochemistry analysis. B. Plain light thick section sample at 4929.4A ft. (1502.5 m.), depth, showing the sample areas (S.1.1 and S.1.2) of calcite cement in crinoid steam and micrite matrix. .......................................................... Figure 57 Sequential Gaussian Simulation: a) Simulated values (green blocks) and original data (orange blocks) in a grid 10x10 blocks. The new estimation value is in the location y(u). b) Cumulative distribution functions of the two simulated values y1 and y2 (modified from Le Ravalec et al., 2014) ............................................................................................................... Figure 58 Truncated Gaussian Simulation: a) Gaussian model with values from [0,1]; b) Truncated Gaussian Simulation of three lithofacies equally proportional; c) Histogram of the

  5 m.) to 4900 ft. (1493.5 m.) ............................................................................................................................... Table 3 Petrophysical measurements of 44 samples from 4901 ft. (1493.8 m.) to 4948.7 ft. (1508.4 m.) ............................................................................................................................... Table 4 XRD measurements: major minerals and their quantification ....................................

  Mots clés : [diagenèse, caractérisation, modélisation, ajustement-historique, roches carbonatées, calcaire Mississipian] [Diagenesis characterization and modeling of carboante rocks -Application to Mississippian Lime (Oklahoma, United States of Ameria)]

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  open ocean currents, creating a low oxygenated environment. The Antler Orogeny (latest middle Devonian to early Mississippian) is considered as the second major orogeny in North America. This orogeny produced the Antler foreland trough, which was filled by clastic sediments stemming from the west and by carbonates coming from the east[START_REF] Gutschick R | Mississippian continental margins of the conterminous United States[END_REF]. These first two orogenies were characterized by compression stresses leading to the structuration of the Transcontinental Arch. This Transcontinental Arch generated the emersion of the extensive carbonate shelf, separating the Burlington Shelf to the east, the Redwall -Escabrosa Shelf to the south and the Madison Shelf to the west (Figure2).The third orogeny, the Proto-Ouachita one, resulted from the convergence (late Paleozoic) and the collision (late Pennsylvanian) of the Gondwana Plate with the North

. The Acadian Orogeny occurred during middle Devonian to early Mississippian. It gave rise to the Appalachian highlands affecting the Eastern Interior Trough. The Appalachian uplift and its consequent erosion generated an important source of siliciclastic that filled the Eastern Interior Trough. In addition, this uplift restricted the circulation of America Craton (Gutschick and Sandberg, 1983). From late Devonian to middle Mississippian, the plate convergence resulted in the emersion of positive topographic structures such as Caballos-Arkansas Island Chain, Ozark Uplift, Central Kansas Uplift and the Transcontinental Arch. It also caused the subsidence of the Anadarko Basin and Marathon Basin. At the end of the Mississippian, new structural features originated northward such as the Amarillo-Wichita Mountains and the Nemaha Anticline (Craig and Waite

Table 1

 1 lists the measurements performed for this study.

Table 1 Type of data collected Data Type Total number of measurements Description

 1 

	Core photos	99	One picture per foot
	Core CT-Scan	32	96 ft (29m), resolution (0.29x0.29x0.29x0.60 mm 3 )
	Plug CT-Scan	33	33 plugs, resolution (0.1x0.1x0.1 mm 3 )
	Plug RCAL	88	Porosity, Permeability, Bulk Density
	XRD Samples	24	24 samples
	Thin sections	48	43 vertical + 5 horizontal
	Thick sections	9	9 samples
	Stable Isotopes	39	δ 13 C PDB, δ 18 O PDB (24 bulk samples) + (15 calcite samples)
			GR, PEF, RHOB, DTCO, Neutron, Resistivity
	Wireline logs	7	along the borehole [measured depth 2979 ft. (908
			m.) to 5791 ft. (1765.1 m.)]
	2.6.1 Core Photos		
	A set of twelve photos were taken under both natural and ultra-violet light on the raw
	core interval ranging from 4841 ft. (1475.5 m.) to 4851 ft. (1478.6 m.). The remaining 99 ft.

Table 2

 2 

	Petrophysical measurements of 45 samples from 4841 ft. (1475.5 m.) to 4900 ft.
			(1493.5 m.)		
				Porosity (%)	Permeability (mD)	
	DOR34	4841.00	1475.91	16.81	15.930	2.63
	DOR33	4843.40	1476.65	21.45	18.508	2.56
	DOR32	4847.00	1477.74	13.47	36.372	2.58
	DOR30	4851.85	1479.22	8.85	2.045	2.56
	DOR29	4852.10	1479.30	6.60	19.820	2.64
	DOR28	4852.20	1479.33	6.20	0.049	2.63
	DOR27.1	4852.40	1479.39	3.00	0.004	2.62
	DOR27	4852.50	1479.42	5.26	0.047	2.62
	DOR26.1	4854.10	1479.91	0.81	0.002	2.69
	DOR25.2	4857.00	1480.79	-	0.005	2.70
	DOR25.1	4858.25	1481.17	8.57	0.004	2.68
	DOR24	4861.70	1482.23	1.49	0.001	2.69
	DOR23.2	4865.85	1483.49	2.40	1.474	2.70
	DOR23.1	4866.15	1483.58	3.20	3.426	2.70
	DOR23	4866.00	1483.54	3.20	0.002	2.70
	DOR20.1	4870.30	1484.85	7.15	0.060	2.68
	DOR20.2	4870.45	1484.89	7.30	0.254	2.69
	DOR20.3	4871.65	1485.26	0.94	0.001	2.69
	DOR22	4872.50	1485.52	2.55	0.001	2.69
	DOR21.4	4872.65	1485.56	1.77	0.000	2.69
	DOR21.3	4872.95	1485.66	2.60	0.844	2.70
	DOR21.2	4873.05	1485.69	2.00	0.853	2.70
	DOR21.1	4874.75	1486.20	0.73	0.000	2.69
	DOR19.3	4877.10	1486.92	1.60	0.009	2.70
	DOR19.2	4877.20	1486.95	1.70	0.001	2.70
	DOR19.1	4877.30	1486.98	0.80	0.006	2.70
	DOR19	4878.00	1487.20	0.75	0.00001	2.64
	DOR18.1	4880.20	1487.87	3.90	0.003	2.65
	DOR17.4	4881.80	1488.35	4.01	0.0003	2.69
	DOR17.1	4883.10	1488.75	5.24	0.001	2.68
	DOR17.3	4886.25	1489.71	3.20	0.006	2.69
	DOR17.2	4886.35	1489.74	1.00	0.002	2.69
	DOR17	4886.15	1489.68	3.90	0.002	2.69
	DOR16.2	4888.95	1490.53	2.40	0.006	2.72
	DOR16.1	4889.10	1490.58	13.02	1.200	2.61
	DOR15.3	4891.35	1491.27	4.52	0.001	2.70
	DOR15.2	4892.45	1491.60	6.20	0.089	2.72
	DOR15.1	4892.70	1491.68	9.10	0.062	2.68
	DOR15	4892.60	1491.65	5.70	0.301	2.71
	DOR14.1	4893.00	1491.77	8.30	0.107	2.68
	DOR14	4895.70	1492.59	9.92	0.039	2.67
	DOR13	4897.00	1492.99	3.01	0.002	2.71
	DOR12	4898.60	1493.48	3.75	0.065	2.72
	DOR11.5	4899.90	1493.87	3.00	0.005	2.72
	DOR11.4	4900.00	1493.90	5.68	0.003	2.70

Density (g/cm 3 ) Sample ID Depth (ft) Depth (m)

  

Table 3

 3 

	Petrophysical measurements of 44 samples from 4901 ft. (1493.8 m.) to 4948.7 ft.
			(1508.4 m.)			
	DOR11.3	4901.10	1494.24	3.10	0.004	2.70
	DOR11.2	4902.85	1494.77	6.50	0.019	2.68
	DOR11.1	4902.95	1494.80	6.90	0.064	2.65
	DOR11	4903.10	1494.85	2.70	0.012	2.70
	DOR9.1	4907.90	1496.31	3.48	0.001	2.70
	DOR8	4912.40	1497.68	6.80	0.160	2.69
	DOR7.1	4914.70	1498.38	2.91	0.003	2.69
	DOR7	4915.20	1498.54	4.09	0.003	2.70
	DOR6.3	4915.30	1498.57	4.90	0.011	2.71
	DOR6.2	4916.85	1499.04	5.30	0.007	2.70
	DOR6.1	4917.10	1499.12	5.20	0.017	2.70
	DOR6	4917.00	1499.09	5.60	0.023	2.70
	DOR.5.1	4920.50	1500.15	4.70	0.003	2.69
	DOR5	4921.30	1500.40	1.58	0.001	2.69
	DOR4.3	4922.30	1500.70	5.21	0.071	2.68
	DOR4.2	4922.40	1500.73	4.30	0.007	2.72
	DOR4.1	4923.85	1501.17	3.03	0.001	2.73
	DOR3.2	4925.55	1501.69	2.80	0.0003	2.73
	DOR3.1	4926.45	1501.97	5.10	0.006	2.68
	DOR3	4926.60	1502.01	3.90	0.003	2.72
	DOR2.9	4927.50	1502.29	5.79	0.001	2.69
	DOR2.8	4927.20	1502.20	7.40	0.020	2.67
	DOR2.7	4927.35	1502.24	5.50	0.007	2.69
	DOR2.6	4928.15	1502.48	3.50	4.196	2.73
	DOR2.5	4928.30	1502.53	4.00	0.171	2.74
	DOR2.4	4930.70	1503.26	2.62	0.0002	2.68
	DOR2.3	4931.10	1503.38	3.70	0.006	2.70
	DOR2.2	4931.40	1503.48	4.71	0.00001	2.70
	DOR2.1	4933.70	1504.18	3.70	0.0090	2.68
	DOR2	4934.10	1504.30	3.80	0.097	2.73
	DOR1.13	4934.25	1504.34	4.45	0.00001	2.69
	DOR1.12	4935.20	1504.63	3.16	0.001	2.61
	DOR1.11	4936.50	1505.03	4.60	0.002	2.69
	DOR1.10	4937.80	1505.43	3.90	0.116	2.70
	DOR1.3	4938.70	1505.70	3.97	0.001	2.64
	DOR1.9	4939.35	1505.90	3.00	0.007	2.71
	DOR1.8	4939.50	1505.95	4.20	0.000	2.70
	DOR1.7	4939.65	1505.99	2.70	0.020	2.70
	DOR1.2	4941.35	1506.51	3.25	0.0002	2.72
	DOR1.6	4941.45	1506.54	3.30	0.008	2.71
	DOR1.1	4943.85	1507.27	3.07	0.0004	2.71
	DOR1.5	4945.10	1507.65	3.82	0.0002	2.68
	DOR1.4	4946.30	1508.02	3.07	0.0004	2.71
	DOR1	4948.70	1508.75	3.71	0.00001	2.68

Depth (ft) Sample ID Permeability (mD) Density (g/cm 3 ) Porosity (%) Depth (m)

  

Table 4 XRD measurements: major minerals and their quantification Quartz (%) Calcite (%) Dolomite (%)

 4 

	DOR29	4852.10	1479.30	91	-	-
	DOR27.1	4852.40	1479.39	82	13	-
	DOR27	4852.50	1479.42	87	10	-
	DOR25	4859.56	1481.57	1	99	-
	DOR24	4861.70	1482.23	-	100	-
	DOR23	4866.00	1483.54	1	94	-
	DOR23	4866.15	1483.58	1	97	-
	DOR22	4872.50	1485.52	1	99	-
	DOR21	4875.00	1486.28	1	97	-
	DOR19	4878.00	1487.20	37	62	-
	DOR18	4881.30	1488.20	31	56	13
	DOR17	4886.15	1489.68	53	36	9
	DOR16	4891.20	1491.22	81	7	6
	DOR14	4895.70	1492.59	44	40	12
	DOR13	4897.00	1492.99	5	75	18
	DOR12	4898.60	1493.48	29	44	22
	DOR11	4903.10	1494.85	7	72	17
	DOR8	4912.40	1497.68	2	94	-
	DOR7	4915.20	1498.54	1	95	3
	DOR6	4917.00	1499.09	2	96	-
	DOR5	4921.30	1500.40	11	63	21
	DOR4	4923.40	1501.04	69	14	12
	DOR2	4934.10	1504.30	48	23	24
	DOR1	4948.70	1508.75	57	27	14

Sample ID Depth (ft) XRD (%) Depth (m)

  

Table 5

 5 Stable Isotopes measurements for 21 calcite and dolomite bulk samples

	Sample ID Depth (ft) Depth (m)	δ	18 OPDB	δ	13 CPDB
	DOR27.1	4852.40	1479.39		-9.14	-2.35
	DOR27	4852.50	1479.42		-9.99	-2.53
	DOR25	4859.56	1481.57		-7.60	-1.70
	DOR24	4861.70	1482.23		-5.61	0.08
	DOR23	4866.00	1483.54		-5.62	0.29
	DOR22	4872.50	1485.52		-5.36	-0.11
	DOR21	4875.00	1486.28		-8.14	-1.24
	DOR19	4878.00	1487.20		-7.11	0.05
	DOR18	4881.30	1488.20		-6.57	0.67
	DOR16	4891.20	1491.22		-6.42	1.08
	DOR14	4895.70	1492.59		-6.56	1.31
	DOR13	4897.00	1492.99		-6.69	0.87
	DOR12	4898.60	1493.48		-3.62	2.03
	DOR11	4903.10	1494.85		-4.16	1.80
	DOR8	4912.40	1497.68		-4.66	2.07
	DOR7	4915.20	1498.54		-7.07	0.86
	DOR6	4917.00	1499.09		-4.15	2.20
	DOR5	4921.30	1500.40		-4.45	1.98
	DOR4	4923.40	1501.04		-7.14	0.73
	DOR2	4934.10	1504.30		-3.68	1.80
	DOR1	4948.70	1508.75		-6.58	1.08

Table 6

 6 Stable Isotopes measurements for 15 calcite powders

Depth (ft) Depth (m) Number δ 18 OPDB δ 13 CPDB

  

				1	-8	-2
	DOR25	4860	1482	2	-7	-4
				3	-5	-1
				4	-4	-1
				5	-4	1
	DOR17.W	4883	1489	6	-5	2
				7	-7	0
				8	-4	2
				9	-5	2
	DOR8	4912	1498	10 11	-6 -6	2 2
				12	-6	2
				13	-5	2
	DOR2.W2	4929	1503	14	-5	3
				15	-3	2
	Figure 14 From left to right: Depth scale, Core section, Gamma Ray log, Photo Electric
	Factor log and Resistivity logs: shallow (black), medium (blue) and deep (red).

Table 7

 7 Radioactive logging parameters for common minerals in carbonate rocks(Edmunson and Rayner, 1979) 

	Name	Formula	Molecular Weigth	Density (g/cc)	Photoelectric
			(g/mol)		Factor
	Calcite	CaCO3	100.09	2.71	5.08
	Dolomite	CaCO3MgCO3	181.41	2.87	3.14
	Ankerite	Ca(Mg,Fe)(CO3)2	240.25	2.90	9.32
	Siderite	FeCO 3	115.86	3.94	14.69

Table 8

 8 Summary of depositional facies in this study

	Depth (ft./m.)	Code	Lithofacies	Texture (Dunham, 1962)	Sedimentary features	Components	Diagenetic features	Depositional environment
	4921/ 1500	F1	Dolomitic cherty limestone	Wackestone	Sub-horizontal laminations Elongated chert nodules	Poorly-sorted sponge spicules, crinoids, bryozoans fragments	Sealed fractures Irregular stylolite	Middle ramp
	4911/ 1496.9	F2	Bioclastic limestone	Packstone/ grainstone	Planar lamination Local grain flat alignment	Moderated-sorted grains: crinoids (dominant), bryozoans, brachiopod fragments	Few fractures Irregular swarm stylolite	Inner ramp
	4878/ 1486.8	F3	Cherty limestone	Wackestone	Sub-horizontal lamination Massive to round cherts	Poorly-sorted sponge spicules, bryozoan, brachiopods fragments crinoids, trepostome & fenestrate	Sealed fractures Irregular stylolite Wavy to wispy solution seams	Middle ramp
	4861/ 1481.6	F4	Bioclastic limestone	Packstone/ grainstone	Planar lamination Close packaging Local grain flat alignment	Moderated-sorted crinoids, bryozoans and brachiopod fragments	Few fractures Irregular swarm stylolite	Inner ramp
	4854/ 1479.5	F5	Cherty limestone	Wackestone	Sub-horizontal lamination Thin lenticular cherts	Poorly-sorted crinoids, trepostome spicules fragments & fenestrate bryozoan, sponge	Sealed fractures Irregular stylolite Wavy to wispy solution seams	Middle ramp
	4840/ 1475.2	F6	Breccia of silicified limestone	Grainstone	Clay laminations surrounding blocky grainstone clasts	Moderated-sorted crinoids, bryozoan, brachiopods, sponge spicules fragments	Dissolution ghost textures Anastomosed solution seams	Inner ramp

Table 1

 1 Quantitative

relationships between facies A, B, C and diagenetic phases P1, P2, P3

Table 3

 3 Optimization results for 10 different initial points: initial and final objective function, optimal a parameter
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Geochemistry

In this section, the stable isotopes and XRD measurements are analyzed and incorporated in the diagenesis interpretation. These chemical analysis and X-ray results provide insights about the paleoenvironmental setting and climate fluctuations.

Stable Isotopes

The δ 13 C and δ 18 O stable isotopes can provide information about the diagenetic processes that affected the carbonate rocks and the fluids that interacted with the carbonate host rocks [START_REF] Moore | Carbonate Reservoirs: Porosity Evolution and Diagenesis in a Sequence Stratigraphic Framework[END_REF]. Matrix, grains and cements (C1, C2 and C3) were micro-sampled for geochemistry analyses (Figure 29.C,D,E and F). A total of 15 powder samples were studied.

The matrix has δ 13 C isotope values ranging from +2.11‰ to +1.92‰. It shows negative values for δ 18 O that evolves between -5.81‰ and -2.76‰. These values are consistent with the Mississippian marine calcites reported by [START_REF] Veizer | 87 Sr/ 86 Sr, d 13 C and d 18 O evolution of Phanerozoic seawater[END_REF] as shown in Figure 33.

The grains show values of δ 13 C isotopes ranging from +2.83‰ to -0.73‰. Negative values are obtained for δ 18 O that varies from -5.4‰ to -5.33‰.

The syntaxial calcite cement (C1) displays positives values for δ 13 C isotopes (+0.8‰ to +1.9‰) but negative values for δ 18 O (-5.8‰ to -4.2‰).

The sparry calcite cement (C2) shows a transition from positive to negative values for δ 13 C with variations between +1.8‰ to -3.8‰. The δ 18 O stable isotope values remain negative in between -6.6‰ to -4.3‰. These values are shifted negatively compared to the Mississippian marine calcites reported by [START_REF] Veizer | 87 Sr/ 86 Sr, d 13 C and d 18 O evolution of Phanerozoic seawater[END_REF] Figure 33.

The dull cement (C3) has δ 13 C isotopic values going from -1.9‰ to 1.5‰ and the δ 18 O values going from -8.5‰ to -5.4‰. As in the previous phase, these values are shifted compared to the Mississippian marine calcites reported by [START_REF] Veizer | 87 Sr/ 86 Sr, d 13 C and d 18 O evolution of Phanerozoic seawater[END_REF], (Figure 33). The possible explanations for this shift are discussed later in Section 3.4. [START_REF] Rogers | Deposition and diagenesis of Mississippian chat reservoirs, North-central Oklahoma[END_REF]. There are three possible sources of silica-rich marine water. The first source of silica is directly linked to the strong abundance of siliceous sponge spicules. The upwelling currents (Gutschik and Sandberg, 1983) provided an important amount of oxygen and food supply to nourish silica-rich organisms in the area of deposition. The silica rich waters led to the formation of siliceous carbonates in the Mississippian sediments [START_REF] Lowe | Regional controls on silica sedimentation in the Ouachita system[END_REF]. The conditions were thus favorable to the development of heterozoan organism such as bryozoan, sponges, brachiopods and crinoids. As soon as the sponges pass away, the spicules fall on the sea floor and dissolve because of high solubility in seawater. It resulted in the in-situ silicification of the carbonate mud and grains [START_REF] Meyers | Chertification in the Mississippian Lake Valley Formation[END_REF][START_REF] Maliva | Diagenetic replacement controlled by force of crystallization[END_REF]. A few authors considered the dissolution of these organisms as an in-situ source of silica for the Mississippian sediments in the southern Kansas [START_REF] Rogers | Spiculitic Chert Reservoir in Glick Field, South-Central Kansas[END_REF][START_REF] Montgomery | Mississippian "chat" reservoirs, south Kansas-Low-resistivity pay in a complex chert reservoir[END_REF][START_REF] Watney | Characterization of the Mississippian chat in south-central Kansas[END_REF]. [START_REF] Lowe | Regional controls on silica sedimentation in the Ouachita system[END_REF] suggested that volcanism in the orogenic convergence zone of the North America-Gondwana plates enriched the surface currents of silica. The high levels of silica dissolved in marine waters promoted the development of siliceous organisms. The latter associated with the dynamic upwelling allowed the distribution of these organisms throughout the southern-eastern margin of the craton.

The chalcedony silica (S2) seems to have appeared after the microcrystalline silica (S1), when there was enough time for silica-rich fluid interaction with the sediments. Some spicules have been observed with the central channel filled with micrite or microcrystalline silica (S1) and the mold cemented with chalcedony. This means that the central channel of the spicule was first filled with micrite or silica (S1), then the original body of the spicule dissolved, leaving a space that was cemented by the chalcedony silica. The silica of chalcedony (S2) has a pale brown to yellow color that may be related to impurities in the fluids rich in silica. However, a more detailed geochemical study is recommended to clearly establish the genesis of silica.

The syntaxial calcite cement (C1) was influenced by marine waters as evidenced in the cathodoluminescence and stable isotopes analyses. The positive values of δ 13 C isotopes ranging from +0.8‰ to +1.9‰ indicates that cement C1 is close to the range of values reported for Mississippian marine calcites by [START_REF] Veizer | 87 Sr/ 86 Sr, d 13 C and d 18 O evolution of Phanerozoic seawater[END_REF]. Based on this analysis, it turns out that C1 is the first cement formed over the crinoids in the packstone/grainstone facies in marine conditions.

The glauconite (G) originates in marine environments [START_REF] Moore | Carbonate Reservoirs: Porosity Evolution and Diagenesis in a Sequence Stratigraphic Framework[END_REF]. Glauconite grains are particularly common in ancient carbonate platforms and ramps of Cambro-Ordovician to

Reference case

The methodology described above is applied to a synthetic case to evaluate its potential. First, we built a reference case populated with facies, diagenetic phases, and petrophysical property distributions.

The reference case is associated to a two-dimensional grid including 200x200x1 blocks whose size is 5x5x5 m 3 for each. The reservoir was assumed to consist of three sedimentary facies named Facies A, Facies B and Facies C (Fig. 3a). Their proportions were set to 0.5, 0.33 and 0.17, respectively. Their spatial variabilities were characterized by an anisotropic Gaussian variogram with a range of 600 m along the main axis, this one being defined by an azimuth of 45°. The range along the perpendicular axis was 120 m. The Truncated Gaussian Method was then used to generate the facies model.

The principal diagenetic process that altered Facies A was silicification. This phase was characterized by 3 levels with occurrences defined as Low, Medium and High. The corresponding proportions were 0.15 for the Low level, 0.21 for the Medium one and 0.64 for the High one. Silicification contributed to reduce porosity and permeability in different degrees as shown in Table 2. On the other hand, Facies B was mainly affected by calcite cementation according to two levels of occurrence defined as Low and Medium. The two levels occurred with identical proportions. This diagenetic phase occluded the pore space and reduced connectivity when its proportion was high. Finally, Facies C was fully silicified (High level of occurrence only) so that its porosity and permeability properties were very low. The diagenetic phases were then distributed inside each facies still referring to the Truncated Gaussian Method. In this case, the variogram describing the spatial variability of diagenesis was an isotropic Gaussian one with a range of 600 m. The resulting diagenesis

Influence of the spatial distribution

The purpose of this subsection is to stress the influence of the spatial distribution of the diagenetic levels on fluid flow. We actually refer to the gradual deformation method to vary this spatial distribution. This implies a variation in the gradual deformation parameter (Eq. 4), all other parameters being fixed. Three diagenetic models, DR1, DR2 and DR2, were generated by setting a gradual deformation parameter of 0, 0. 

Influence of level proportions

Finally, we investigate the effect of the proportions of the diagenetic levels. We generate two diagenetic models applying the TGS method with identical variograms. The only differences result from the proportions of high, medium and low levels in facies A. For the other facies, the proportions are kept. For the first model, DP1, the level proportions in facies A are defined as 0.1 for low, 0.4 for medium and 0.5 for high. For the second model, DP2, these proportions are set to 0.8 for the low level, 0.1 for the medium one and 0.1 for the high one (Fig. 12). The corresponding simulated water cuts are reported in Fig. 13. We observe that the proportions of the levels of occurrence of the diagenetic phase significantly affect the fluid flow.

The two water cut curves are very different with breakthrough times varying from about 1300-2300 days.

Annex -1 Core Photos

This annex shows additional photos of the core for each of the interpreted facies. Two This core interval was defined as a dolomitized and partially silicified wackestone (F1). This core interval was interpreted as a crinoidal packstone/grainstone (F2). This core interval was defined as a crinoidalbryozoan packstone/grainstone (F4). This core interval was defined as partially silicified spiculitic -bioclastic wackestone (F5). This core interval was defined as silicified grainstone breccia (F6). 

Annex -3 Thin section images

This annex shows high-resolution scanning images of the entire thin section for each of The microcrystalline silica is dominant and some chalcedony is observed replacing some large organism.

Annex -5 Stable Isotopes Workflow

It consists of introducing a weight of between 50 and 100 micrograms of carbonate into a reaction tube, which is loaded onto the carrousel of a carbonate device. There, at 70 °C, the vacuum is made in the tube, and the sample is attacked with 100% phosphoric acid. The released gas is captured in a cold trap at -180 °C, and then the incondensable gases are pumped out.

After this step, the water is removed, raising the temperature of the trap to -100ºC, thus the carbon dioxide (CO2) is released but not the water (H2O). The CO2 is trapped in a second cold trap at -180 °C. Once transferred, the two traps are isolated and the CO2 is released to be transferred in line to a Thermo-Finnigan mass spectrometer (now Thermo-Fisher) MAT-252 ratio of isotopes in which it is analyzed.

Stable isotope measurements were made at the Scientific and Technological Centers of the University of Barcelona. Measurements of isotopes are reported to the Vienna standard Peeddee belemnite. NBS-18 and NBS-19 were used as quality control standards. Once a geological model is built, this model is inputted in a simulator to estimate the hydrocarbon production in a field. However, there are commonly discrepancies between the simulated model and the observed data. Thus optimization techniques permit to reduce the error between the observed and simulated data by adjusting parameters inside the model.

Annex -6 Geostatistical and Optimization techniques

A) Gaussian simulation method for continuous variables

Sequential Gaussian Simulation Method

The Sequential Gaussian Simulation method refers to simple kriging to build local pdfs considering original data and previously simulated values (Goovaerts 1997). Let us consider standard Gaussian Random Function Y(x) and , the simulated and original data y(x) in a grid of size N (Figure 57). The method proceeds as follows to simulate a value at a new location u:

1. Define a random path visiting all grid blocks 2. Transform the data and simulated values to a standard normal distribution 3. Go to the location u and determine the simple kriging estimate and variance (Equation 1) 4. Draw a random value from the local normal distribution defined by the estimate and variance 5. Add the estimated value to the data set Simulated Annealing Method Simulated Annealing [START_REF] Kirkpatrick | Optimization by Simulated Annealing[END_REF]) is a technique inspired from the annealing process in metallurgy where first the material is heating and then cooling under a controlled temperature. The idea behind is to reach an equilibrium state corresponding to a global optimum. The algorithm iteratively evaluates if each new perturbation reduces the temperature in the system. If it increases, the perturbation is accepted following a given acceptance criterion, preventing the algorithm to stuck in local minima.

The simulated annealing algorithm proceeds as follow:

1. Generate a random trial point, defined as the current point.

2. Choose a trial point from a certain distance from the current point.

Evaluate if the new point is better or worse than the current point. If the new point is better than the current point, it becomes the next point ( Equation 103. ) 4. Otherwise, use the acceptance function to accept the new point ( Equation 12).

5. Repeat the steps 2 to 3 storing the best point found so far.

6. The algorithm stops when it reaches the stopping criterion.

-𝑇 = 𝑇 0 𝑥 0.