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ABSTRACT
Sediments formed by fluvial processes are highly heterogeneous and often characterised by complex reservoir sequences. The hydrocarbon potential of these reservoirs is often associated with high degree of uncertainty due to the level of variability in properties and dimensions of the sandstone bodies. The variability in the properties and dimensions of these sandstone bodies is caused by fluvial controls during the deposition and these reservoirs are characterised by variable facies, structures, grain sizes, textures and, architectural style. Many of these sandstone bodies are characterised by sub-environment (genetic units) and predicting the lateral extent of these sandstone bodies critical in the exploration and production of hydrocarbon. There are many established approaches in the oil and gas industry that realistically predict the lateral extent of sandstone bodies using the width thickness relationship. This study documents the dataset generated from the subsurface analysis of 41 wells spread across the Berwyndale South Gas field of the Surat Basin of Australia. The dimensions of the seventeen sandstone bodies identified from four stratigraphic intervals show high level of variability regardless of the methodology. The dimensions (thickness, channel width and channel belt width) of these sandstone bodies range between 2 and 15 m in thickness, between 35 to 200 m for channel width and between 62 to 4902m. These dimensions are typical for a meandering river deposits which can serve as analogue in the evaluation of fluvial hydrocarbon reservoirs of similar geological settings.
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[bookmark: _Toc491535494]Key Concepts and Aims
[bookmark: _Toc491535495]What are Petroleum Reservoirs?
A petroleum reservoir  geologically can be defined as a pool or accumulation of petroleum in porous or permeable  rock formation  buried several meters underground (Dandekar, 2013). This rock formation together with the petroleum fluid makes up a system, defined by an aerial extent at certain depth and exists at a given temperature and pressure conditions (Dandekar, 2013) .  In another related definition, petroleum reservoir is  a portion of trapped formation that contains oil/gas as a single hydraulically connected system (Terry and Rogers, 2013).This system may contain any of the three fluid phases (gas/oil/water) depending on the depth, temperature, pressure, migration,  and overall composition of the reservoir (Terry and Rogers, 2013). The term rock formation in this context is a natural container that contains or holds petroleum in its pore spaces. While the term petroleum which may be refer to as hydrocarbon is a combination of hydrogen and carbon in both gaseous and liquid states found in nature in raw unrefined forms (Dandekar, 2013).
A major characteristic of a petroleum reservoir is the depth of occurrence and most reservoirs are within the depth range of 1600 to 13000 ft. and recent discoveries in the oil and gas industries have shown discoveries of petroleum reservoirs at depth that exceed 30000ft. Other characteristics is that a reservoir must have  good porosity and permeability distribution (Dandekar, 2013).The term reservoir can be defined as a rock containing porosity, permeability, sufficient hydrocarbon accumulation and a sealing mechanism where commercial flows of hydrocarbon can be produced (Neuendorf et al., 2005). The term porosity in this context is defined as void space in a rock that has the ability to store hydrocarbon fluid inside the pores (Bear, 2013). Permeability is defined in this context as the ability of reservoir to transmit hydrocarbon through a rock (Bear, 2013). 
There are different classes of petroleum reservoirs, classify based on rock types as shown in figure 1.1. All rock types for example, can act as petroleum reservoir if they can accommodate and drain hydrocarbon, but most petroleum reservoirs around the world are dominated by sedimentary rocks,  primarily  because of porosity. In general 50% of petroleum reservoirs  rocks are sandstone (Bjørlykke and Jahren, 2015), furthermore, 50% of the known hydrocarbon reserves in the world are contained in carbonate reservoir, and carbonates are responsible for 60% of the world’s oil production and 40% of the gas production (Corbett et al., 2016). In another scheme for example in engineering classification system, petroleum reservoirs are classified on the basis  of fluid phase behaviour existing in the reservoir. There are basically four fluid phases, which include a single phase gas, gas condensate, under saturated oil and saturated oil phase (Terry and Rogers, 2013). Example of petroleum reservoirs around the world include but not limited to the following: Agbada Formation of the Niger Delta basin, Springbok Sandstone of the Surat Basin, Unayzah Formation of Saudi Arabia, Rotliegend Group, North Sea, and the Norphlet Sandstone of the Gulf of Mexico. Figure 1.1 is a simple classification scheme for petroleum reservoirs based on the rock type, showing example of associated reservoirs around the world. 
[bookmark: _Toc491535496]What is Reservoir Heterogeneity?
Petroleum reservoirs of fluvial origin are heterogeneous assemblages which consists of depositional facies  defined to a large extent by  textures, stratification, and bedding architecture with  characteristics/properties which are highly variable and are sometimes affected  by post-depositional alteration (Miall, 2014).  This wide variation in the reservoir assemblages (elements) reflects the different depositional processes acting at different time in the deposition of the petroleum reservoir and these assemblages may act to facilitate or hinder flow of petroleum through the reservoir. The term reservoir assemblages (elements) in this context represent the constituent (facies, sub-facies, textures, stratification, bedding, petrophysical properties) of the reservoir. The term facies is defined as the character of the rock distinguished based on the formation, composition and fossil content of the rock.
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[bookmark: _Toc475808679][bookmark: _Toc491529099]Figure 1.1: A simplified classification of petroleum reservoirs based on rock types within the sedimentary environment with associated examples around the world.

Therefore, the term reservoir heterogeneity is use to communicate the variation of the reservoir assemblages (grains, facies, sand bodies, shale layers, mineral) in a geological sense and their resultant effect on fluid flow within the reservoir. Most published studies on reservoir heterogeneity defined this term in relation to the reservoir properties, stratigraphic architecture, internal and external barriers geometry, the extent of aquifer, and the impact on fluid flow. 
For example, Jackson (2011), defined geological heterogeneity as features within the hydrocarbon reservoir created by geological processes such as stratigraphic, structures and diagenesis that control the spatial distribution of petrophysical properties such as porosity, permeability, relative permeability and capillary pressure. These features control the flow of oil, gas and water. A structure is, define in this context as visible features within the sedimentary rocks that formed at the time of deposition and represent the different depositional processes (physical and biological). Diagenesis is defined in this context as, all the processes both chemical and physical, which affect the deposit after deposition.
In another definition for example, Eaton (2006) defined reservoir heterogeneity to includes variations in grain size, porosity, mineralogy, texture, mechanical properties of rocks, structure and diagenetic processes whose resultant effects has great influence on hydraulic conductivity and storage capacity of the reservoir. In  a related definition, Crooijmans et al. (2016) defined reservoir heterogeneity as those physical parameters within the reservoir such as porosity, salinity of the pore fluid, temperature, thickness of shale layers between the reservoir sand bodies, which are critical for any geothermal energy production.
[bookmark: _Toc491535497]Why is it important to study Reservoir Heterogeneity?
[bookmark: _GoBack]The greatest achievement for  any hydrocarbon explorers and producers for now and in the future will be to significantly improve hydrocarbon recovery from green or mature reservoirs (Barwis et al., 2012). Hydrocarbon recovery in this context is the total amount of hydrocarbon produced from a reservoir in relation to the estimated volume. To achieve this, the knowledge and understanding of reservoir heterogeneity can be use in addressing the impact of heterogeneity in the exploration and production of oil and gas. 
The study of reservoir heterogeneity will provide a comprehensive picture of the reservoir in three-dimension enhancing our understanding in the distribution of facies, petrophysical properties (porosity and permeability) within the reservoir and how these reservoir features affect fluid flow (Barwis et al., 2012).The knowledge and understanding from the study of reservoir heterogeneity will provide the best means of integrating knowledge of depositional processes in the distribution of the reservoir properties. For example, to accurately predict the spatial distribution of the reservoir properties and other attributes, knowledge of the geological depositional processes in response to the deposition of the reservoir formation is required (Waltonz et al., 2012).
In carrying out any reservoir heterogeneity analysis, valuable information on the reservoir is provided in the form of descriptions. These descriptions may include the reservoir external and internal geometry, the distribution of fluid flow barriers, thickness and distribution of shale barriers, the pay types or zones, the flow units, distribution of reservoir properties (porosity and permeability), the aquifer size and lateral extent of the sand units, sand continuity and framework minerals both grains (Barwis et al., 2012). For example, table 1.1 provide some basic information of the possible questions that can be ask in the course of carrying out any reservoir characterization. In another related development, results from studies of reservoir heterogeneity were used to improved and refined previous interpretation in the distribution of reservoir facies within the reservoir, such that a gas bearing formation which was earlier interpreted as fluvial sands is now delineated as aeolian environment based on the understanding of reservoir heterogeneity (Shrivastava et al., 2012).
In a similar study, results from reservoir heterogeneity analysis have been used to constrained the site-selection criteria for geological storage of carbon dioxide (CO2) projects in the oil and gas industry. The underground accumulation of CO2  is a geological phenomenon that required information and knowledge of the reservoir,which are obtained from the number of existing injection or storage of CO2 or enhanced oil recovery and acid projects (Benson et al., 2005). For example, in the selection criteria used in the acid gas injection sites in the Alberta Basin, Canada, which include item like a satisfactory sealing caprock or confining unit and sufficiently stable geological environment to avoid compromising the integrity of storage site are all geological. These criteria required adequate knowledge about the basin characteristic which is all controlled by geological processes and in turn affected by heterogeneity (Benson et al., 2005).
The knowledge of reservoir heterogeneity can also be apply in mapping of the variability in bitumen properties and delineating the different saturation zones (water and gas) within a reservoir. For example, Fustic et al. (2013), demonstrated in the analysis of the Athabasca oil sands of Canada, that the lateral and vertical variations in the bitumen composition and properties are due to geological features which resulted in the presence and/ or absence of oil-water contacts, the compartmentalization of the reservoir and variations in lithologies,and properties (porosity and permeability). The knowledge of reservoir heterogeneity can be apply in understanding the production performance and recovery of the reservoir as well. For example, the evaluation of the of the giant Azeri-Chirag Gunashin field, South Caspian Basin offshore Azerbaijan, indicates the impact of large and intermediate-scale heterogeneity on the performance of the reservoir. The improved oil production and good pressure support from the sandstone bodies that were initially thought to be isolated  sand bodies due to low net to gross values was actually found to be due to the large and intermediate scale heterogeneity acting on the fluid flow (Choi et al., 2007).
Knowledge from reservoir heterogeneity maybe applicable in the subsurface lithostratigraphic correlation between subsurface wells. The interpretation of the facies/subfacies of the reservoir is controlled or guided by the variation observed in terms of the reservoir elements (Bridge, 2002). Furthermore, knowledge on heterogeneity is applied by engineers to better understand the mechanism on sweep efficiency within the reservoir. Reservoir elements such as facies, internal barriers, properties etc could impact greatly on fluid flow and the reservoir elements can influence largely the heterogeneity of the reservoir (Sheng, 2013; Weber, 1986). Reservoir sweep efficiency is defined in this context as a measure of the effectiveness of the oil recovery process that depends on the volume of the reservoir contacted by an injected fluid.
Knowledge from reservoir heterogeneity is also applicable in well-testing operations. Well-test results provide meaningful information about the reservoir facies and properties. Fokker et al. (2012) demonstrated that the analytical interpretation approaches of interference tests do not yield reliable results about the characterization of reservoirs and determination of flow pattern in the field/reservoir that has a significant degree of heterogeneity. In general, the application of reservoir heterogeneity cut across the entire life cycle of the reservoir, from exploration to production to abandonment. In each of the stages, the understanding of the reservoir elements and their impact to fluid flow is critical for any meaningful reservoir development.
[bookmark: _Toc491535498]Aims and Objectives of Current Study
Petroleum reservoirs of fluvial nature are characterised by highly variable elements or parameters, which are sometimes compounded by post-depositional alteration of the reservoir due to the depositional processes and fluvial controls acting at the time during deposition. In particular, these deposits are characterised by different subenvironments (channels, levees, crevasse splay, point bars, floodplains) and these elements are constrained by dimensions (thicknesses, widths, thickness/width ratios), geometries,properties (porosity and permeability) and composition. The identification, mapping and definition of these elements and their spatial distribution across a reservoir are critical component of any subsurface analysis.
Therefore, this research will aimed at providing the dimensions (width, thickness and width/thickness ratios) of the different sandstone bodies in the Berwyndale field of the Surat Basin with the following objectives: -
· To estimates the sandstone bodies dimensions (thickness, channel width, channel belt width) of the Berwyndale South Gas Field using wireline logs only.

· Compare the sandstone bodies dimensions (channel width and channel belt width) in each stratigraphic interval of the Berwyndale South Gas Field.


[bookmark: _Toc491535499]Intention to Restrict Research on fluvial Reservoir in Cratonic Settings.
Cratonic, or intracratonic or interior or intracontinental sag basins are circular to oval-shaped crustal sags, which are located on the stable, relatively thick continental lithosphere located some distance from stretched or convergent continental margins (Allen and Armitage, 2012). Research have shown that most deposits of cratonic settings have relatively complete stratigraphic records (Eriksson and Condie, 2014), due to the prolong history which is occasionally marked by an initial stage of relatively fast subsidence followed by period of decreasing subsidence rate (Allen and Armitage, 2012). The architecture of the sediment is determined by the rate of subsidence and the frequency of avulsion (Nichols, 2009). Basins from this setting are simple which lack major syn-tectonic faults but are characterised by significant thickness of sediments with long histories in terms of subsidence and sedimentation (Allen and Armitage, 2012). Additionally, most sediments of cratonic setting are deposited in continental setting and sediments of continental setting are sensitive to climatic fluctuation as a result of increase temperature which in turn leads to increase in rates of evaporation (Nichols, 2009). Additionally most cratonic settings systems have complete longitudinal profile of sediment from proximal to the distal part of the basin (figure 1.2). A cratonic basin has a complete fluvial profile which consists of the different fluvial morphologies (braided and meandering rivers deposits etc) which will provide an excellent platform for the study of fluvial environment.
Cratonic basins are very long lived and the basin-fill is commonly composed of a number of different megasequence some of which may be associated with entirely different mechanism in terms of formation (Allen and Armitage, 2012). Therefore the study of sediments in a cratonic settings will provide the opportunity to understanding the interaction of the fluvial controls and depositional processes on sedimentation in relation to the evolution of the basin. Furthermore, the dataset for this study is from the Surat Basin which has been interpreted as an cratonic basin (see chapter 2).
[bookmark: _Toc491535500]Fluvial Systems and Sedimentary Facies
Sedimentary facies are the fundamental building blocks of sedimentary succession (Reading et al., 1996). These facies have specific or unique characteristics that distinguished them on the basis of grains size, sedimentary structures, textures, sorting, colour, composition, and fossil content. A sedimentary environment represents a specific depositional setting of a particular sedimentary facies or rock with unique physical, chemical and biological characteristics (Boggs and Boggs, 2011). Therefore, it is important to note the distinctive difference between a sedimentary environment and sedimentary facies (Boggs and Boggs, 2011), with one being a component of the other.This section will attempt to provide an overview of the fluvial environment, the different type of fluvial deposits and an insight into the different sedimentary facies models and concepts.
[bookmark: _Toc491535501]Overview of Fluvial Environments
Fluvial deposits or fluvial depositional environment are the products or deposits that are transported by rivers in a continental environment (Slatt, 2006). These deposits are well-studied because they are easily accessible, economically important and also because they represent the preserved record of one major non-marine environment (Miall, 2013). Overall, the fluvial environment is characterised by sediment with a grain size that ranges between boulder and mud reflecting  the characteristic of the source area and the capacity of the river (Miall, 2013).
In addition, the preserved fluvial architecture is controlled by the rate of sedimentation, accommodation space, and the environment of deposition which is also influenced by tectonics, climate and the geology of the source area (Reading, 2009). Figure 1.2 is a conceptual model of a fluvial system, showing the general profile of a fluvial system from source areas to the terminus, with an indication of some environments.
[image: Fluvial depositional environmen2]
[bookmark: _Toc475808680][bookmark: _Toc491529100]Figure 1.2: A conceptual model of a fluvial system, showing a longitudinal profile with the braided and meandering river deposits.

[bookmark: _Toc491535502]Classification of types of Fluvial Systems
Fluvial systems are classified based on stratigraphy, facies composition, morphology, geometry, and the general behaviour of the depositional patterns of the system from source to the terminus. Traditionally, the river system that deposited the fluvial system is considered as either braided or meandering, depending on the channel morphology and the nature of bedforms within them. There are several types of fluvial deposits within the fluvial system deposited along the longitudinal profile. These include alluvial fan, which are fan shaped sediment bodies that form at the bases of mountain, slope at the mouths of rivers. A fan delta, which also form at the base of the mountain slopes, but deposited very close to marine shoreline. A braided river deposit, which forms at and beyond the bases of the mountains with gradient steeply, inclined. A meandering river deposits, which form on more gently, incline floodplains, and incised-valley fill deposits which fill pre-existing continental valleys (Slatt, 2006). Each of these types of deposits has a unique set of properties that distinguish it from the other fluvial deposits and the understanding of these properties is critical for any subsurface evaluation. For this study, only the braided and meandering river deposit systems will be discussed.
Braided river deposits are characterised by a lower sinuosity, steeper gradient and the presence of several channels separated by small island or bars (Boggs and Boggs, 2011). These deposits are developed in the upper reaches of the fluvial system and often located in areas close to the sediment source such as the lower reaches of alluvial fans (Miall, 2013). In the depositional process, the coarse-grained sedimentary particles (gravel) move along the river floor by rolling and sliding which may also move by saltation and the finer grained sand and mud remain in suspension which is carried beyond the confines of the braided river system (Slatt, 2006).
These deposits are also found to occurs in areas where there is absence of vegetation to established banks, with high water discharge and a network of longitudinal, transverse/linguoid and lateral bars (Boggs and Boggs, 2011). The longitudinal bars and mid-channel bars are oriented such that the long axis is parallel to the stream and this served as one of the distinctive features of a braided river deposit (Boggs and Boggs, 2011). Sedimentary structures are also abundant within the braided river system; these include a planar parallel cross-stratification, planar and trough cross stratification, and ripples laminations (Boggs and Boggs, 2011; Miall, 2013).



	Reservoir
Description
Indices
	
Geophysical/Geological/Petrophysical Contribution.

	


External Geometry of the Reservoir
	· Structural definition, size, shape, orientation, continuity
· Structure maps: combine log and seismic chronostratigraphic correlation. 
· Isopach maps: Reveal burial history, pre-existing oil/water contacts.
· Fault orientation: Flow barriers, segmentation into fault-bounded units, high permeability fault-breccia zones in a fractured reservoir


	





Internal Geometry of the Reservoir both barrier units and pay intervals
	· Selection of cores and test intervals to provide representative sampling of reservoir matrix types.
· Chronostratigraphic correlation of wells (and of seismic data for thick reservoirs) to delineate internal stratal geometry
· Mapping of vertical flow barriers. 
· Mapping of gross and net pay interval 
· Does well and seismic correlation show unconformity truncation of beds within the reservoir?
· What is the effect of faulting on reservoir continuity? 
· Has fracturing in hard massive reservoir zones enhanced permeability? What is the fracture spacing? What are dimensions of fracture drainage blocks? Orientation of fractures


	
Distribution of porosity, permeability and capillary pressure-saturation properties
	· Make description of cores and cuttings to provide a petrophysical basis for log analysis and for selection of core analysis wells and intervals
· Do studies of cores reveal that thin shale or other impermeable laminae are common and may interfere with vertical permeability?
· What are the distribution and continuity of porosity, permeability (Kh horizontal permeability/Kv-vertical permeability).


	Aquifer extent and permeability thickness 
	· What is the thickness of effective porous-permeable aquifer rock in communication with the reservoir?
· How do you distribute permeability data for aquifer over the area of predicted drainage?
· Is there any reason to suspect that hydrodynamic flow may be present and may affect the fluid contact position.

	
Distribution of clay minerals, minerals and fines
	· What are the types, amount, and distribution of clay minerals?
· What minerals (grains and cement) will interact with the natural or injected pore fluid? 
· What are the types and distribution of fines? 


[bookmark: _Toc491529165]Table 1.1: Key reservoir description questions addressing heterogeneity within the reservoir (Adopted and modified from Barwis et al, 2012). 

The sediments are characterised by multistory sandstone bodies e.g. the Salt Wash Member of the Morrison Formation (Slatt, 2006). Braided river deposits make excellent production reservoirs; they have a higher net to gross values and with little or no interbedded shale. In terms of dimensions, they can occur on a large continental scale with individual systems having a very thick and laterally extensive, with quoted widths in the excess of 40km and thicknesses up to 1200m (Gibling, 2006).
Meandering river deposits are deposits characterised by relatively high sinuosity and the channels are narrower with finer sediment load consisting of a higher percentage of suspended load compared to the braided river deposit (Boggs and Boggs, 2011). The deposits can form either within incised valleys or directly onto floodplains in non-incised valleys (Slatt, 2006). Generally, the deposit tends to migrate both laterally and downstream, such that during high flow regime, it sometimes take a relatively easy straight path, but along the course of the river, the stream slows down and become deeper causing a helical flow that swings back and forth resulting in the deposition of the point bar (Bhattacharyya et al., 2015). Gravel and sand-size particles are transported down current as bedload, whereas finer-grained suspended load may overtop the channel margins and deposited on the adjacent floodplain by a combination of erosion and deposition during times of high-energy flow (Slatt, 2006).
Meandering river deposits consist of abandoned channel and oxbow lakes, which develops as a result of high sinuosity of the meander loop/bend forming a neck-cut off and the grain size variation indicate a coarsening trend towards the convex side of the meander bend (Miall, 2013). This deposit can be very complex containing series of sandy point bars, which are truncated by muddy channel-fill deposits because of the complex depositional processes which have implication for reservoir characterization and performance (Slatt, 2006). There is a level of heterogeneity in meandering river deposit which are quite significant compared to the braided river deposit due to the high chances of compartmentalised deposits caused by mud-filled channel. The point bar is the most important landforms associated with this deposit (Bhattacharyya et al., 2015).
1.1.1 [bookmark: _Toc491535503]Sedimentary Facies Models and Concepts
A sedimentary facies model can be defined as a general summary of a particular depositional system (Walker and James, 1992), which is often used to explain the depositional environment of a sedimentary system with the aim of understanding the depositional processes by which the individual beds, facies or subfacies were formed (Reading, 2009). According to Colombera et al. (2013), the descriptive characteristic of the facies model is obtained from combining results from studies of both modern and ancient systems and the validity of such facies model comes from the process of integration where the sedimentary features observed in many real-world examples are combined to develop the model and concept. There are several sedimentary facies models and concepts for fluvial deposits which have evolved over the years due to the inadequacy of the simplistic models used in explaining fluvial sedimentation. For example, a twofold subdivision of fluvial patterns of braided and meandering styles may not be adequate in addressing other geomorphic settings within the fluvial settings (Miall, 2013). Sequence stratigraphy concept has been applied in the study of fluvial successions deposited close to the shoreline (Holbrook et al., 2006), which may not be applicable in predicting the nature of fluvial deposits in areas that are unaffected by sea level changes.
1.2 [bookmark: _Toc491535504]Major Controls on Fluvial Facies
[bookmark: OLE_LINK191][bookmark: OLE_LINK190]Sediments of fluvial system exhibit some level of variability/complexity in terms of facies, stratigraphy, styles, and architectures. These complexities are attributed to the variety of interdependent controls that govern fluvial sedimentation (Miall, 2013). Facies in this context is defined as a body of rock with specific characteristic that reflect the environment of deposition, composition, structure, textures, and fossil content. A stratigraphy in this context represents the general arrangement in space and time, the lithologic and chemical properties of the strata. The effect of these controls is more pronounce in the upstream part of the fluvial system due to the interplay of tectonics, climate and topography (Sato and Chan, 2015). Furthermore, these controls may have direct impact on sedimentation resulting in significant variation across the system in terms of stratigraphic, structures and properties (porosity and permeability) reflecting the nature of the environment of deposition.
There are several fluvial controls that affect fluvial sedimentation; however, tectonics and climate tend to have the greatest impact. For example, tectonic controlled the magnitude, position, and development of drainage basins, while climate and local geology influenced the flux of sediments fed into the system (Miall, 2013). In general, sediment supply is controlled primarily by tectonics and climate, whereas the composition of the sediment will depend largely on the geology of the source area from which sediment is derived, and the climatic condition will influence the sediment before final burial (Miall, 2013).

1.2.1 [bookmark: _Toc491535505]Tectonics and Tectonic Settings
Fluvial deposits are sensitive indicator of tectonic processes and nature of the deposits, the lithofacies, composition, vertical stratigraphic record and architecture reflects the interplay of many tectonic processes (Miall, 2013). A lithofacies can be define as a subdivision of the strata into different units based on the grain size, physical and biogenic sedimentary structures, and stratification that bear a direct relationship with the depositional processes. This process plays an important role in the determination of the gross architecture of the basin having direct or indirect impact on sedimentation and facies distribution (Miall, 2013).Tectonic force is responsible for the macro-architectural framework and influences the behaviour of river at the meso-architectural scale (Bertotti, 2001). The character of sedimentary provenance and sedimentary processes within the basin influences sandstone compositions and the kind of dispersal paths linking provenance to the basin and the key relation between provenance and basin are all governed by tectonics, which also controls the distribution of the different facies. This is solely because the regional deposition of sediments, non-deposition or denudation of older rocks are controlled by tectonic movement (Einsele, 2013).
For example, Ichaso and Dalrymple (2014) illustrate the influence of tectonics on sedimentation by identifying the two main tectonic pulses responsible in whole and in part for the two main sequence boundaries recognised in Tilje Formation off-shore Norway. Results indicate an abrupt change from wave-dominated to tide-dominated sedimentation, and the second indicate a change in the sediment-transport pathway and all these are influenced by tectonics. Particularly in the fluvial system, tectonic tends to influence both upstream (e.g. uplift of source area affect sediment supply) and downstream (e.g. subsidence affects the position of base level). Slope adjustment in discrete sections of the fluvial profile due to tectonic uplift or subsidence will locally affect the balance between transport capacity and sediment supply. Research has shown that a change from a braided river morphology to a meandering river is mainly as a result of tectonics influence (Miall, 2013). Figure 1.3 is an illustration of the interplay of different processes affecting sedimentation in fluvial system.
In a related example, the influence of tectonic on sedimentary units as indicated from the coarse-grained member of the Duchese River Formation. In this formation, the distinctive change in fluvial styles between the western and eastern part of the basin is related to tectonic controls (Sato and Chan, 2015). This study, indicate that tectonics not only controlled sedimentation but also influenced the style and architecture of the fluvial system. Therefore, the slope adjustment in the different sections of the fluvial profile are due to tectonic uplift or subsidence and this will locally affect the balance between transport capacity and sediment load.
1.2.2 [bookmark: _Toc491535506]Climate and Climate Change
Climatic changes have significant or considerable influence on the rate of weathering, erosion, transportation, and deposition of fluvial deposits (Just et al., 2014). Different climatic regimes have different combination of climatic components (hydrosphere, atmosphere, cryosphere, lithosphere, and biosphere) which acts on the different climatic variables working at the time of sedimentation resulting in the different sedimentary environments (Macklin et al., 2012). The change in the frequency and magnitude of floods is the main direct driver that determines the response of river systems to climatic change (Macklin et al., 2012). The stability and multiplicity of a channel are also attributed to climatic control, given a constant climate, a river may change sinuosity and channel multiplicity in response to local factors of sediment supply and bank erodibility (Miall, 2013).
For examples, Banham and Mountney (2014), demonstrates the role of climate-driven variation in the rate and style of sediment supply in the fluvial succession of the Moenkopi Formation, South Western Utah-USA. In this, the evolutionary history and general fluvial style of the mini-basin is influence to a large extend by changes in the palaeoclimate condition and sediment delivery style despite the complexities created by halokinetic controls to be climate. In another example, Forzoni et al. (2015), highlighted the effect of climate on sedimentation by looking at the different parasequence within the Upper Cretaceous sandstone of Wasatch Plateau of Central Utah, USA. Results indicate that within this parasequence, the variations, and lateral transition from a river-to-wave dominated facies is attributed to the localization of the major river acting as sediment source area, which is affected by climate and other factors such as relative sea level and sediment supply. Finally, climate influences the manner in which sediment is transported from its source to terminus influencing the channel slope, sediment supply, discharge, and overall channel pattern as a result of the adjustment from the geomorphological processes (Grenfell et al., 2014). 
1.2.3 [bookmark: _Toc491535507]Hinterland and Basin
In fluvial system, the supply of sediment is determined by the hinterland with climate influencing the weathering and erosional processes and the discharge, as well as the amount of water in the rivers (Nichols, 2009). Hinterland can be defined in this context as the structural high that develops adjacent and parallel to a mountain belt, which is characterised by high elevation compared to the basin. In addition, the type of material that constitutes the hinterland determined the composition of the basin next to it.
[image: ]
[bookmark: _Toc491529101][bookmark: _Toc475808681]Figure 1.3: Diagram showing the effect of climate on  rivers with key controls on sedimentation. Sediments are transported in various forms by rivers. 

Sedimentary basins are places where sediments accumulate and they range in size from 10s to 100s of kilometres (Nichols, 2009). In some cases, a basin may just be a geomorphological feature, which does not necessarily be a place for sediment accumulation. There are different types of basins, grouped on basis of the tectonic movement that creates them. This may include basins created from the regional extension of plates, or convergent of plate boundaries or those associated with strike-slip boundaries (Nichols, 2009). In general, a sedimentary environment is determined by the sedimentary basin, for example, most fluvial and lacustrine sediments are found in intracratonic basins.
1.2.4 [bookmark: _Toc491535508]Tributary and Distributary Models
Distributary Fluvial Systems (DFS) are fluvial deposits that radiate away from an apex (proximal to the distal part of the basin) (Fielding et al., 2012; Nichols and Fisher, 2007; Weissmann et al., 2010). These deposits sometimes flow to the sea; while others drain into lakes, with some others terminating on alluvial plains or feed into axial rivers (Fielding et al., 2012; Weissmann et al., 2010). Nichols and Fisher (2007) demonstrates that most fluvial systems in active basins are likely to have the distributary pattern rather than other types of patterns which are often associated with the confinement at the exits point of the fluvial system. These systems show features that distinguished them from other deposits and these features are a downstream decrease in river depth, an absence of alluvial incision, and a convex-upward lobate topography of the river system). In terms of dimensions, DFS extend for tens of kilometers from the apex to the distal fringe in some foreland basins and intracratonic settings where there is more horizontal accommodation.
A detailed evaluation of the Luna System Ebro Basin Spain, results indicate that this basin is characterised by distinctive facies across the different sections along the system from the proximal to the distal part of the basin. There is marked difference in grain sizes, structures, facies, sandstone bodies lateral extent and stacking pattern (Nichols, 1987). For example, the proximal zone facies consist of a coarse sandy conglomerate with clast imbrication and cross bedding structures. The sand bodies are highly connected with connectivity up to 100%. While the medial zone facies are marked by a high proportion of overbank facies with a decrease in the clast size. The channel sand bodies are mostly trough-cross-bedded sandstone which could sometimes be pebbly sandstone occurring in multi-story complexes, with a general decrease in a channel filled dimension downstream and sandstone bodies connectivity is around 50% (Nichols, 1987). The distal facies are characterised by the very high proportion of floodplain facies with the sandstone bodies forming an only small portion of the overall facies. The prominent features of the distal facies are that most of the sandstone bodies are present as thin sheet deposits than channel-fill (Nichols, 1987).
In a similar publication (Weissmann et al., 2011; Weissmann et al., 2010), Distributary Fluvial System dominate the continental rock record compared to axial and incised river deposits. One of the main factor in the development of this model hinge on the ability of the river to spread out from confinement. The variability in fluvial styles in most Fluvial Distributary System (DFS)  are controlled by discharge, sediment supply, slope and tectonics, such that the gradient and accommodation are often associated with tectonic setting leading to great variations in geometry across different basins (e.g. intra-cratonic, compressional, extensional and strike-slip).These distinctive characteristics established in the different sections of the of the fluvial system in terms of facies, structures, geometry and textural elements can be used in the characterization of a fluvial system.
1.3 [bookmark: _Toc491535509]Characterization of Heterogeneity Related to Fluvial Facies at Various Scales
A detailed petroleum reservoir heterogeneity characterization (analysis) is designed to answer key reservoir performance questions, which is the fundamental tool for appraisal, planning, development and reservoir management (Barwis et al., 2012). A reservoir heterogeneity characterization in this context, is the identification, mapping and quantification of the different reservoir elements assessing their impact on fluid flow within the reservoir in-respective of the scale. Particularly, this process is also designed to address the questions which relate to stratigraphic, structure and diagenesis in relation to fluid flow within the reservoir. Table 1.1 is a compilation of the list of possible questions aimed at addressing relevant issues with respect to reservoir. This set of questions will provide a comprehensive picture of the three dimensional distribution and continuty of the different component of the reservoir that could affect the quanlity, and flow of hydrocarbon within the reservoir.
Heterogeneity in fluvial reservoirs is complex and its influence ranges in scales from small-scale (a millimeter e.g. diagenetic cements at grain-level  to 10’s of centimeters vertically and 1’s of meters laterally e.g., facies transition and cross stratification) to intermediate-scale (1’s of meters  vertically and 10’s laterally e.g. stacking of architectural elements) to large-scale (10’s of meters vertically and 100’s of meters laterally e.g. spatial distribution of channelized sand bodies) (Sahoo et al., 2016). The characteristics at each scale have the potential of giving rise to stratigraphic reservoir compartmentalization, resulting in the creation of different flow units with different reservoir properties (Sahoo et al., 2016). To evaluate heterogeneity within the reservoir, the different scales of influence may be evaluated, depending on the objective of the evaluation and the reservoir performance issues to be address. In a broader sense, heterogeneity scales and the range of influences can be grouped into four categories (microscopic, mesoscopic, macroscopic, and megascopic). For example, Haldorsen and Lake (1984), classified heterogeneity into  four group based on the  technique of averaging reservoir properties. These are (1) microscopic scale, the smallest scale which represent the individual pore spaces within the reservoir, (2) macroscopic, the scale of individual core plugs (3) megascopic, the size of grid blocks in the field model and finally (4) megascopic represents the total formation or reservoir (Miall, 1988). However, in the subsurface classification by (Weber, 1986), heterogeneity is grouped into a wellbore, interwell, and field wide scale (figure 1.4) depending on the scale of complexity and the impact to flow fluid. Heterogeneities at well-bore scale in this context is due to elements such as (pores, pore throats, grain size and composition, grain packing, lamination, bedding styles, structures) of the reservoir that affect the matrix permeability, residual oil, fluid-rock interaction, and formation damage of the reservoir. Heterogeneities at the interwell are due to reservoir elements such as bedding styles and continuity, vertical and lateral textural pattern that has impact on the fluid flow patterns, drainage efficiency and sweep efficiency of the reservoir. While heterogeneity at the fieldwide scale are due to reservoir elements such as (reservoir thickness, facies geometries and continuity and the overall reservoir properties) which could result to compartmentalization, facies variation and different flow units with the reservoir (Weber, 1986). Figure 1.4 is an illustration of the various scales of heterogeneity as defined above capturing the possible different heterogeneities existing in a subsurface field.
In a related classification by (Jordan and Pryor, 1992) based on the evaluation of Mississippi River Meander-belt system in south-eastern Missouri, heterogeneity is grouped into six hierarchical levels (1 to 6) depending on the level of impact on production. Heterogeneity Level 1 is the field scale heterogeneity, which consists of channel sands, meander scrolls and clay plugs within the reservoir. The impact of this level results in isolated pool of hydrocarbon accumulation. Heterogeneity level 2, an equivalent to the size of oil pool within a field consists of channels and point-bar sands, which are isolated from other sand bodies in the field. While the level 3 heterogeneity represents a size of individual sand bodies such as channel, point-bar, crevasse-splay, thin sheets, and lenses of sands, as well as muds and silts that affect mostly vertical fluid flow within the reservoir. Heterogeneity level 4 represents a sheet unit of sand, which consists of channel, point-bar and crevasse-splay but with a much smaller rock volume than level 3. Heterogeneity level 5 is presented by a single bedding unit, which could represent a single flow unit within a reservoir, such as cross-bedded sand separated by mud-silt layer and lenses. Lastly, heterogeneity level 6 is individual sand laminae such as grain-flow lenses or grain fall sheets that is separated by textural variations or isolated mud-silt.
All the above classifications and categories of heterogeneity are related in size and the range of impact in fluid flow spread wide across the reservoir. Therefore, each scale of heterogeneity has a set of reservoir elements whose variation could have great influence on fluid flow and each scale is important depending on the issue to be address in the development stage of the reservoir.

1.3.1 [bookmark: _Toc491535510]Channel-belt: Connectivity
The importance of channel-belt and sand connectivity in the evaluation of subsurface fluvial reservoir heterogeneity cannot be over-emphasised. Especially, in fields where the number of well counts or penetrations are limited and also in field operations where decision is needed in well placement during exploration and development stages (Issautier et al., 2014). A channel-belt can be defined as sediment deposited by the rivers between two general avulsions (Issautier et al., 2014). Connectivity of sandstone bodies within the channel-belt is one of the fundamental properties of a fluvial deposit that directly affect hydrocarbon recovery. This depends on the arrangement of the sand bodies vertically or laterally and the degree of mutual communication of these sand bodies which is a fundamental element of heterogeneity and has great impact on fluid flow.  Pisel (2015), in evaluating the channel-belt widths of the Wasatch Formation and Dakota Sandstone Utah indicates that channel-belt with a high coefficient of variation in width is more likely to have more diverse facies proportions than channel-belt with a low coefficient of variation. The coefficient of variation in this context is an estimate of the channel-belt width obtained from the standard deviation of numerous widths estimated from a single channel-belt. Results from this analysis further revealed that within a channel-belt, only about (0.25% to 6.0%) of the volume is occupied by reservoir sand bodies, indicating that most of the reservoir volume occurs as isolated sand bodies (92% of small bodies) or only 8% connected sand bodies. 
In a series of numerical experiments conducted by (Larue and Hovadik, 2008) to demonstrate the impact of stratigraphic and reservoir architecture on oil production. Results from the experiments indicate that sand body connectivity and facies variation along the flow paths has great impact on oil recovery efficiency of the reservoir. Oil recovery efficiency in this context is the product of the volume fraction of the reservoir contacted or swept by water. As published in Miall (2013), the most important control on reservoir performance at this level is sand body connectivity, which sometimes depends on reservoir architecture. Reservoir performance in this context represents the overall behaviour in real time of the reservoir in terms of production comparing the initial production rate and the production rate decline over time. Sand body connectivity is a critical issue when constructing a reservoir model and the scale at which the correlation is carried out will also determine the nature of the connectivity. Therefore, connectivity of the sandstone bodies within the reservoir is a critical issue that affects fluid flow in the reservoir and has great impact on hydrocarbon recovery efficiency and performance in general.
1.3.2 [bookmark: _Toc491535511] Channel Width-Thickness Studies
An extensive literature (Bridge and Mackey, 1993; Fielding and Crane, 1987; Friend et al., 1979; Friend, 2009; Gibling, 2006; Lorenz et al., 1985; Reynolds, 1999) do exist which dealt significantly with channel width-thickness relationship, where empirical equations are used to estimate the lateral extent of sand bodies.  In these studies thickness values, have been widely used to predict the lateral extent or dimensions of sandstone bodies as well as, in the classification/interpretation of fluvial deposits (Gibling, 2006). Early work in predicting  sandstone body dimensions, comes from  Rich (1923), in which the dimensions of the sand bodies were predicted using an established relationship of length/width in the longitudinal and cross-sectional directions of the sand body. This concept was further expanded  by Krynine (1948) to incorporate  width/thickness ratio relationship. This width/thickness ratio relationship was further used by Friend et al. (1979) to divide sandstone bodies into ribbons and sheets.
These studies focused on the dimensions of the channel-width and channel belt width of the fluvial deposits because of the relevance in exploration and production most especially in fields with limited data coverage. For example, Lorenz et al. (1985), determined the dimensions of channel width of a meandering fluvial deposit, using only the vertical component (channel depth) of the fluvial deposit. In this evaluation, the fluvial point-bars were identified and their thicknesses were measured from the core data. These thicknesses are equivalent to the channel depths, which was converted later to the channel widths and the meander-belt width, are then calculated from them. The channel depth is estimated as follows: as a river meander enlarges and migrates towards its outer bank, it leaves behind on the inner bank a point-bar, the thickness of which is an approximation of the depth of the channel (Lorenz et al., 1985). To use this approach, the effect of post depositional compaction of the point-bar must be corrected in this case 10% compaction factor has been used for the conversion of sand to sandstone, as well as, establishing if the sandstone body is a single preserved point-bar or amalgamated channel bodies. Thickness of the point-bar is divided by 0.9 to approximate the original bankfull depth.
IIn another related example by Fielding and Crane (1987), the dimensions of the sand bodies were determined using equation with a series of relationship established from published data relating to fluvial channel deposit width, thickness and channel depth for various channel morphologies. In this study, various relationships was established for example channel depth vs. sandstone bed thickness and channel depth vs. channel belt, as well as, sandstone body interconnectivity to sand fraction to create a predictive model in interpreting and establishing the cross-sectional area of a sandstone body that maybe intersected by a well for well plaining (Fielding and Crane, 1987).  Table 2.1 captured the various equation by some authors in estimating the lateral extent of the sand bodies.
In Bridge and Mackey (1993) the equation generated used cross-bed sets and the mean thickness of channel-fill deposits to estimate the mean bankfull depth which is then use in the estimation of the channel-belt width. Overall, results from these studies revealed that there is a significant downstream decrease of channel-belt and width/thickness ratio along the length of the channel-belt (Gouw and Berendsen, 2007). Results from these studies indicate a relationship between channel-belt width and thickness of channel sandstone bodies do exist. The width thickness relationships were established from data of fluvial channel belt, width and channel depths compiled from various channel morphologies ranging from braided system through meandering to anastomosed and straight in the generation of predictive models for the interpretation of fluvial deposits. Therefore, the thickness and width relationship established from many studies (Gibling, 2006) can be used in the evaluation and interpretation of heterogeneity at this level.
Typically, a braided and low -sinuosity rivers deposits are characterised by (thickness range between 5 to 60m. channel width between 50 to 13000m and width/thickness ratio between 15-15000) with mainly multistory geometry, while a meandering river deposit is characterised (thickness range between 2-20m, width 30 -15000m and a width/thickness ration between 7-940) with mainly single to multistory bodies (Gibling, 2006).
1.3.3 [bookmark: _Toc491535512]Intra-Channel: Macroforms
In the characterization of fluvial deposits, attempts to develop a system of breaking down the deposit into recognisable units for example, macroform that represent an order of time and a physical scale used for identification and interpretation do exist. There are several architectural elements, which defined the fluvial deposit regardless of whether it straight, anastomosed, braided or meandering river deposit. For example, within the fluvial environment there are channel ,crevasse splay, chute channel, levees, and flood plain and all of these show significant variation in sizes and morphology (Miall, 2013).
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[bookmark: _Toc475808682][bookmark: _Toc491529102]Figure 1.4: Level of heterogeneity within a petroleum reservoir. (Modified from Weber, 1982).

As published by Ford and Pyles (2014), there are basically eight different architectural elements (channels, gravel bars and bedforms, downstream accreting macroform, lateral accreting deposit, sandy bedforms, sediment gravity flow ,laminated sand sheet and overbank fines) defined on the basis of grain size, bed form composition, internal sequence and the external geometry within the fluvial deposit (figure 1.5). It is suggested that most fluvial deposits are composed of a various proportion of these architectural elements (Miall, 2013). The major channel and larger compound bar, such as point bars, complex bar and meander-belt which reflect a cumulative effect of many dynamic events over periods of tens of thousands years (Miall, 2013). The channel is the largest identifiable elements in the fluvial system (Miall, 2013). 
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w=6.89h0.99

Where 
w=bankfull channel width
0.99= river sinuosity

	
y=192(0.57h)1.37
Where 
h=bankfull channel depth
1.37=river sinuosity



[bookmark: _Toc491529166]Table 1.2: Theoretical expression for channel depth, channel width and channel belt width by different authors. All units are in meters

1.3.4 [bookmark: _Toc491535513]Sedimentary Structures
In the characterization of fluvial deposits, sedimentary structures are important features of the different architectural elements of the fluvial system and they occur over wide range of scale in the rock record. As shown in figure 1.5, each of the architectural elements identified by (Miall, 1985) is characterised by set of sedimentary structures, which are used in the identification and interpretation of the deposits. 
For example a large-scale incline strata within a channel-bar and channel-fill sequences represent episodic seasonal deposition during floods which can be recognised by the vertical changes in grain size and sedimentary structures (Bridge and Tye, 2000). A sedimentary structure can be defined in this context as visible features within the sedimentary rocks that formed at the time of deposition and represent the different depositional processes (physical and biological) that operated in the depositional environments e.g. stratification. For example, Fielding (2006), show that the reconstruction of ancient alluvial channel lithosome in terms of channel styles relies on the recognition of the internal architectural elements and the palaeoflow relationship identified from sedimentary structures and other features at a variety of scales. Sedimentary structures have also been used to differentiate between deposits of upper and lower regime (Fielding, 2006). Additionally, sedimentary structures found within the sedimentary rocks are important keys to the interpretation of their depositional settings and provide critical clues as to the depositional setting of the fluvial system. For example, a cross-bedding structure with humpback, sigmoidal and low angle cross-sectional foreset geometries can be interpreted to indicate a transition from dune to upper plane bed bedform, while planar lamination with parting lineation with minor convex-upward elements is interpreted as a transition from upper plane bed to antidune stability fields (Fielding, 2006). These structures can provide a valuable means in the characterization of heterogeneity at this level.
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[bookmark: _Toc475808683][bookmark: _Toc491529103]Figure 1.5: Major fluvial architectural elements with lithofacies codes.  Sp-sand, medium to very coarse, to pebbly. St-sand, medium to very coarse, to pebbly, Sr-sand, very fine to coarse, Gm-massive or crudely bedded gravel,Sh-sand,very fine to very coarse to pebbly,SI- sand,fine Gp-gravel stratified, FI-sand,silt, mud (Modified from Miall 1985).



1.3.5 [bookmark: _Toc491535514]Sediment Textures and Heterogeneity
Reservoir heterogeneity is affected significantly by the textural characteristic of the reservoir, because reservoir quality largely is control by sedimentary facies and in turn control by the arrangement of the grains, sorting and composition, which affects the porosity, and permeability of the reservoir. A rock texture is defined in this context as grain size, the shape and the arrangement of the grains existing in sediment. Sun et al. (2007) indicate in the study conducted on the Putaohua Member of the Yoajia Formation, Weixing field China that the microscopic textural heterogeneity within reservoir sandstone evaluated is closely related to the depositional facies with which the sandstones were formed. Sediment textures could have great effect on the on fluid flow because heterogeneities resulting from the complex pore-throat structures of a sandstone reservoir in most fluvial deposits may turn out to be an important textural feature of the reservoir fluid and the prediction in the selection of development strategies for the reservoir (Sun et al., 2007). For example, at a reservoir scale, the grain size is the primary control of porosity and permeability and a decrease in grain size from more a proximal to more distal facies within the system generally accompanied decreasing permeability. 
1.3.6 [bookmark: _Toc491535515]Bioturbation
The process of bioturbation or organism/sediment interaction has a strong impact on reservoir quality and also affects the flow behaviour of the reservoir with also the capability of enhancing or diminishing the overall quality of the reservoir (Knaust, 2014). Generally, the resulting textures from a bioturbation have shown to be an important agent in the post depositional modification of sediments, which could increase or reduce the reservoir quality. For example, the petrographic analysis of the Bluesky formation in the La Glace area in Alberta, Canada showed a highly bioturbated formation, such that the grain segregation has greatly improved the reservoir quality by effectively restoring compaction and cement resistant chert and quartz into the borrow fill (Gordon et al., 2010). Bioturbation is defined in this context as the disturbance of the sediments due to movement or burrowing activity by organism. This activities ,may result to highly variable textures and structures that could have great  impact on rock porosities, that may  significantly diminished or enhanced the reservoir quality (Anderskouv and Surlyk, 2012).
Therefore, in characterising heterogeneity, the effect of bioturbation fossils may have an impact on fluid migration across the reservoir in such a way that the re-organised rock fabric and trace fossil can act as preferred fluid paths for soluble mineral phases and promote early-diagenetic cementation with reduced porosity.
1.4 [bookmark: _Toc491535516]Characterization of Heterogeneity Related to Diagenesis
Diagenesis has strong control on the preservation, enhancement or destruction of reservoir quality in sandstone (Morad et al., 2010), and diagenetically induced heterogeneity is rarely assessed despite the major impact it has on reservoir quality (Henares et al., 2016).
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[bookmark: _Toc491529104][bookmark: _Toc475808684]Figure 1.6: A conceptual meandering river deposit with some architectural elements. 

Diagenesis can be defined in this context as the physical and chemical changes that alter the characteristic of a sediment after deposition (Milliken, 2003). The characterization of heterogeneity related to diagenesis is very important to the development of any petroleum reservoir. For example, facies induced heterogeneity due to internal depositional features such as lateral accretion surfaces, mud drapes, internal facies variation due to vertical change from trough cross-bedding to ripple lamination may in one way or the other have great impact on fluid flow in the reservoir (Henares et al., 2016). Additionally, research on upscaling of reservoir properties have highlighted the importance of small-scale heterogeneity (pore scale) properties variation for accurate field scale reservoir modelling and why is very important to address diagenetically induced heterogeneity. Therefore, an evaluation of the reservoir property (porosity and permeability) will not be complete without characterising diagenetically related heterogeneity, because understanding of the pore network and the contribution of each type of pore to the overall properties in key for reservoir development.
1.4.1 [bookmark: _Toc491535517]Sediment Composition and Matrix
Fluvial sediments are the product of river processes, which involves weathering and transportation, and the composition of sediment will largely reflect the composition of the source rocks. These sediments are also made of minerals which are largely controlled by the provenance and the depositional environment determines the sediment distribution, grain size and sorting (Henares et al., 2016). For example, most clastic rocks (conglomerate, sandstone, siltstone, and shale), sandstone consists mainly of framework grains such as quartz, feldspath and clasts) with accessory minerals such as muscovite, biotite, olivine, pyroxene and matrix or very fine materials present within pore spaces between the framework grains. Framework grains in this context are sand-sized ( 0.03 to 2mm ) detrital particles that makes up the bulk of a sandstone, which can be classified into several different categories based on their mineral composition (Pettijohn et al., 2012). While matrix is finer grained material with size up to 0.03mm, in which the framework grains or larger grains are embedded and common matrix mineral in sandstone, are fine silica mineral such as feldspars, micas, clay minerals and chlorite.
The composition and arrangement of these grains and supporting fine materials may cause heterogeneity of the smallest level resulting in an overall impact on the fluid flow within the reservoir.

1.4.2 [bookmark: _Toc491535518]Sediment Compaction
The quality of a petroleum reservoir may, largely be determined by diagenetic processes that either reduce or enhance the flow of fluid within the reservoir. For example, during compaction, weaker grains may physically deform due to the pressure exerted on them by stronger grains, and the resultant effect will influence porosity and permeability, which in turn affect fluid flow within the reservoir. Compaction in this context is the reduction in bulk volume of a sedimentary body, which occurs during burial, where increasing pressure results in an expulsion of pore fluids and a loss of porosity. As published by (Nichols, 2009), compaction has little effect on horizontal layers of sediments except to reduce the thickness and internal sedimentary structures, however, research has also shown that mechanical compaction, intergranular pressure solution, cementation, framework grain and cement dissolution play an important role in modifying porosity of various sandstones and this modification will result in reservoir heterogeneity. Processes of compaction may be divided into chemical (pressure solution at grain boundaries) and physical (mechanical) , and the extent to which each contribute to compaction depends on the composition, depositional environment and burial history of the sediment (Houseknecht, 1987).
Physical (mechanical) compaction represents the bulk volume reduction caused by processes other than framework grain dissolution. This involve the physical re-arrangement of the grains, which may involve rotation and movement into a more stable packing configuration, thereby reducing the overall porosity and bulk volume of the sediment. (Houseknecht, 1987). However, chemical compaction (pressure solution) relates to bulk volume reduction caused by dissolution of framework grains at points of contacts and produces material, which is then able to precipitate as cement reducing further the reservoir quality. In general, sediment compaction plays an important role in the reduction of reservoir porosity and the factors such as grain size, fluid content, organic content, and mineralogical composition of the reservoir contribute in one way or the other in creating the heterogeneity in the reservoir.
1.4.3 [bookmark: _Toc491535519]Vadose Cements
Cements are authigenic minerals that fill interstitial areas that were originally open pore spaces. The alteration of the framework grains during diagenesis may also produce significant amount of clay matrix and cement. For example, the analysis of the Sierra Ladrones Formation of the Rio Grande Rift in Central New Mexico, indicate that the vadose micrite cement have higher trace elements content than phreatic sparite due to more rapid precipitation in the vadose zone (Hall et al., 2004). Vadose zone can be defined in this context as the region between the surfaces and the water table and cement formed by diagenesis in this zone are often meniscus cement. Vadose cement preserves primary porosity and increases variation in permeability more than phreatic cement and this could have some impact on the fluid flow within the reservoir.
1.4.4 [bookmark: _Toc491535520]Deeper Diagenetic Environment
Near-surface and shallow burial diagenetic processes (early diagenesis) have a substantial control on deep-burial diagenesis (Henares et al., 2016), and shallow burial diagenesis is dominated by compaction and cementation resulting to losses of porosity and permeability. Porosity in near-surface marine diagenetic regimes is largely controlled by the flow of water through the sediment. The intermediate to the deep-burial regime is characterized by further compaction and other processes such as dissolution, recrystallization, and cementation. Primary porosity present when the sediment is deposited is frequently destroyed or substantially reduced during burial. However, other diagenetic processes may also be at work, some of which may enhance porosity overall creating heterogeneity in terms of reservoir properties.
1.4.5 [bookmark: _Toc491535521]Multi-phase Cementation
Petroleum reservoir quality is determine largely by diagenetic processes that could reduce or enhance porosity (Houseknecht, 1987). Recent work emphasize that cementation reduces porosity, while the framework grains and cement dissolution enhance porosity (Houseknecht, 1987). The amount and type of cement in sandstone depends largely on the composition of the pore fluids and flow rate through the pores, as well as, the time available for cementation and the kinetics of cement-precipitating reactions. Cementation is defined here as the occlusion (blockage) of intergranular volume by precipitation of authigenic minerals with no directly related reduction of bulk volume. Cementation always results in the reduction of intergranular porosity
1.5 [bookmark: _Toc491535522]Synthesis of Concepts
An understanding of the impact of geological heterogeneity in petroleum reservoir is critical for any meaningful development of the reservoir in the oil and gas industry. The spatial distribution of the different reservoir elements will provide an insight into the reservoir characteristic and behaviour over time in terms of production. However, heterogeneity influences the distribution of the reservoir properties, the geometry of the sandstone bodies, and the internal fabric of the reservoir with resultant effect on fluid flow. This variation is, even more, pronounce in fluvial deposits, because they are known to be characterised by high level of variation in the vertical and lateral direction not only in terms of facies and internal fabrics of the reservoir but also in geometries and reservoir properties, and the mapping and estimation of the reservoir properties come with a high degree of uncertainty. The degree of uncertainty is even higher when dealing with subsurface deposits due to limited data, which are associated with fluvial reservoirs. 
In the reviewed of some recent literature, petroleum reservoir heterogeneity is created by depositional processes, influenced by the geology of the source area, tectonics, and climate. The interplay of these controls results in the deposition of sediments that are highly variable in terms of stratigraphic, textures, properties (porosity and permeability) and geometries (thickness and width dimension). These variations affect fluid flow at different levels or scales.

1.5.1 [bookmark: _Toc491535523]How does Heterogeneity at the Various Scales Discussed Influence Hydrocarbon Extraction?
The impact of reservoir heterogeneity is huge in the exploration and production of oil and gas and cut across the entire life cycle of the reservoir from exploration to abandonment. The producibility of the reservoir is affected by the facies, reservoir properties (permeability and porosity) the presence and geometry of the shale internal barriers which tends to form by-passed oil, the diagenetic alteration of the reservoir regardless at the scale of heterogeneity. The impact of heterogeneity in the hydrocarbon reservoir is measurable in hydrocarbon volume, production rate, reserve, development strategy, well counts, well placement positions and the recoverable volume from the reservoir. 
The hydrocarbon volume can be affected by the facies distribution, the geometry, internal structures of sandstone bodies and internal barriers, grain size, sorting, the degree of bioturbation, and diagenetic alteration of the deposit which may cut across the various scale of heterogeneity. Heterogeneity created by the gross stratigraphic variations in the sandstone bodies stacking pattern and connectivity, facies variation created by the different elements (crevasse splay, levee, channel, point bar, flood plain) to the pore throat variation in the grains and cements have great impact or control in fluid flow within the reservoir regardless of the scale of heterogeneity. However, each scale of heterogeneity represents a specific set of elements of the reservoir whose variations have resultant effect on fluid flow.
The megascopic and macroscopic scale of heterogeneity has field wide impact on hydrocarbon extraction resulting to compartmentalization within the reservoir creating separate pool of hydrocarbon accumulations.  Figure 1.6 is a conceptual model of a meandering river deposit showing different reservoir elements or units (channel, crevasse splay, levee, floodplain etc.). Each one of this unit is characterise by variable parameters in terms of geometry, properties, and internal barriers.  The connectivity of the different genetic units, which may be permeable or impermeable, or separated by internal barriers, will lead to compartmentalization within the reservoir resulting in different accumulations with different capillary pressures.  These unconnected volumes of oil/gas will require many wells or horizontal wells to produce.  The impact of megascopic or macroscopic scale of heterogeneity is more visible at the exploration and development stages of oil and gas development where questions are asked on the sand bodies connectivity.
The mesoscopic or interwell scale of heterogeneity, (intra-channel macroforms, sedimentary structures, and sediment texture) have great impact on the overall quality of the reservoir affecting  the draining behaviour of the reservoir. This level of heterogeneity is created by the textural characteristics of the reservoir. The overall reservoir quality is affected by the bedding units (flow units) defined by geological attributes of textures, mineralogy, sedimentary structures, internal barriers, permeability, and porosity. The geometry and, lateral extent of each flow unit within the reservoir may act to hinder or facilitate flow. For example, the mudstone drapes in a cross-bedded heterolithic sandstone unit may significantly reduce the effective permeability of the reservoir and influence the permeability anisotropy in both horizontal and vertical flow directions. 
The microscopic or wellbore scale of heterogeneity, the pore-throat scale impact fluid flow due to variations in grain size, grain packing, sediment composition, as well as, a diagenetic alteration within the reservoir. This level of heterogeneity is created by diagenetic processes which may sometimes enhance the reservoir quality due to distortion of the original grain arrangement after deposition. This type of heterogeneity may be difficult to assess but the overall impact is on the performance of the reservoir. Therefore, a reliable evaluation of reservoir properties on wellbore scale not only depend on the estimation of porosity value to evaluate the permeability but also to understand the pore network and the contribution of each type of pore to the overall reservoir properties of the reservoir. 
In conclusion, petroleum reservoir heterogeneity plays an important role in reserve estimation, hydrocarbon volume, development strategy, well placement decision, well counts, reservoir recovery mechanism, water or gas injection strategy, abandonment conditions decisions and the overall investment decisions in the exploration and production of oil and gas. 


[bookmark: _Toc491535524]Geology and Stratigraphy
2.1 [bookmark: _Toc491535525]Introduction
The geologic history of the Australian Continent is quite long rising continuously from the Archaean to recent. According to Clarke (2009), its geological evolution can be categories under five discrete time particularly under this time duration 3800 – 2100 Ma, 2100 – 1300 Ma, 1300 – 600 Ma, 600 – 160 Ma and 160 Ma to present, and each of the age range covers the duration of creation of a craton. For example, Clarke (2009), indicated that the first duration (3800 – 2100 Ma) witnessed the growth of the craton and its elements and while the remaining four eras witnessed the consolidation and distribution of the supercontinents respectively. Geologically, the growth of the continent started from the west to the east, with majority of the older rocks (Archaean rocks), occurring in the western part of the continent, while the rocks of Proterozoic age occurs in the center and those Phanerozoic in the east. Also in Clarke (2009) indicated that the geology of Australia can be further divided into several sections (Archaean Cratons, Proterozoic Fold-belts and Sedimentary Basins, Phanerozoic Sedimentary Basins, and Phanerozoic metamorphic and igneous rocks) based on the ages and type of rocks within the continent. These exposed rocks exhibits a reduction in age with distance eastward from Archaean rocks of the Yilgara and Pilbara Cratons of Western Australia to the rocks of Eastern Australia (Clarke, 2009). Figure 2.1 is an overview geology of Australia continent after Adario et al. (1982) showing the distribution of Precambrian and Phanerozoic rocks across the entire continent.
Clarke (2009), also show that the western Australian craton (figure 2.2) consists of rocks from the Pilbara and Yilgarn Cratons, such that the extension component within this craton is centered on the Capricorn Orogen, a zone of Palaeoproterozoic orogenic activity that was reactivated during Meso and Neoproterozoic basin formation and deformation. The southern and south-eastern margin of the craton is defined by high-grade Mesoproterozoic rocks of the Albany-Fraser Complex, formed when the craton collided with rocks that now form parts of Antarctica (Clarke, 2009). The Pinjarra Orogen contains Palaeo to Neoproterozoic rocks and reflected the repeated reactivation of the western margin of the Yilgarn Craton (Clarke, 2009).  The north Australian craton consists of Archaean rocks buried by Palaeoproterozoic rocks of the Kimberley Craton, and Archaean to earliest Palaeoproterozoic rocks that form the basement to Meso and Neoproterozoic sedimentary basins to the south and east. However, the south Australian craton consists of Archaean to Palaeoproterozoic rocks of the Gawler Craton which extend under Phanerozoic rocks into Western Australia, where they are separated from the Yilgarn Craton by the Albany-Fraser Orogen (Clarke, 2009).
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[bookmark: _Toc491529105][bookmark: _Toc475808685]Figure 2.1: The geology of the Australian continent, showing the ages and distribution of rocks across the basin 
(After Adario et al, 1982). 

Geologically, the continent is surrounded by continental margins at the west, south and by normal oceanic crust, and Tertiary to Recent margins to the north (Müller et al., 2000). According to Clarke (2009), the northern boundary of the continent is created by the collision of the Australian and Eurasian plates around the Timor region resulting in the reactivation and overprinting of older passive margin structures. However, the West Australia Craton which is sometime known as Archaean Craton consists mostly of rocks of the Pilbara and Yilgarn Cratons which are mainly created from the Capricorn Orogeny (Clarke, 2009). For example, the Pilbara Craton consists of 2 major tectonic units:-(1) a granite-greenstone formed between 3500 – 2800 Ma and (2) a volcano-sedimentary succession of the Late Archaean – Early Proterozoic Hamersley Basin. The Yilgarn Craton is the largest Archaean Craton in Australia and this consists of rocks (granite-greenstone) of age between 3000–2600 Ma and it also contain the oldest rocks in Australia found in the Narryer Gneiss Complex with Zircons of up to 4200 Ma old (Clarke, 2009).
The tectonic evolution as presented in Müller et al. (2000) show that the Australia plate has undergone some major changes since the breakup of Gondwanaland time which also corresponds to the time of the onset of seafloor spreading in Western Australia. For example, seafloor spreading event started in the Argo Abyssal plain region during the Late Jurassic (Oxfordian) 154.3 Ma, which is from the northwest (Müller et al., 2000). While in the Early Cretaceous (Hauterivian) 131.9 Ma witnessed, the seafloor spreading at the Gascoyne and Cuvier Abyssal plains.  The Gascoyne Abyssal plain is separated from the Argo Abyssal plain to the north by the Roo and Joey Rises and bounded to the east by the platy 136 Ma corresponds to the time of breakup between Greater India and Australia (Müller et al., 2000). At around 95 Ma, rifting started at the Lord Howe Rise between Eastern Australia and Antarctica in the northwest to southeast and north to south direction which resulted in the opening of the Tasman Sea (Müller et al., 2000). 



	Term
	Definition

	Precambrian
	The Precambrian Era is the earlies period of the geological earth history and this represents the largest subdivision within the geological time scale which cover a time range of 600 million years. Three eras exist as subdivision wthin the Precambrian (the Hadean, the Archean and the Proterozoic).

	Craton
	This represents the stable portion of the earth’s continental crust that has attained stability with little or no deformation from regions that are geologically active and unstable 

	Super-craton
	A large, ancestral (largely Archean) landmass consisting of two or more cratons

	Super-terrane 
	This is a collection of two or more terranes which represents  a  region of crust with well defined margins with essentially similar geological history.

	Tectonic
	Is a process, which controls the structure and properties of the Earth’s crust and its evolution through time.

	Elements
	This represents a part within a continent with common or shared broad-scale geological history for example cratons.

	Gondwana
	Gondwana also called Gondwanaland is an ancient supercontinent which broke up about 180 million years ago,

	Auburn Arch
	A Palaeozoic elevated basement block located in the northeast part of the Surat basin.

	Texas High
	A Palaeozoic elevated basement block located in the southeast of the Surat basin.

	New England Fold Belt
	A Palaeozoic elevated basement block located in the southeast of the Surat basin.

	Kumbarilla Ridge
	A Palaeozoic elevated basement block located in the northwest of the Surat basin.

	Nebine Ridge
	A Palaeozoic elevated basement block located in the northwest of the Surat basin

	Palynostratigraphic
	An application of the study of spores, pollen and particulate organic matter in the study of stratigraphic

	Nuna
	A supercontinent that existed approximately 2.5 to 1.6 billion years ago, in the Palaeoproterozoic era, this is also known as Columbia or Hudsonland.

	Rodinia
	This represents a supercontinent (Neoproterozoic) that was assembled 1.3 – 0.9 billion years ago, and broke up 750 – 600 million years ago,

	Pangae
	A supercontinent that existed during the Late Palaeozoic and early Mesozoic eras which are assembled from earlier continental units approximately 300 million years ago, and it began to break apart about 175 million years ago, The present continents all resulted from it break-up.

	Intracratonic basins
	These are sub-circular basins that lie wholly on the continental crust, where in some cases may be broken up into a mosaic of horst and grabens but major rifting is absent.


[bookmark: _Toc491529167]Table 2.1: Glossary of commonly used terms in this chapter 
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[bookmark: _Toc491529106][bookmark: _Toc475808686]Figure 2.2: A simplified map of Australia and geological provinces. 

2.2 [bookmark: _Toc491535526]Geological Setting of the Surat Basin
The Surat Basin geologically, is a large intracratonic basin, which extends from the southeast Queensland into northern New South Wales regions. Figure 2.3 is a simplified map of Australia showing the different regions, as well as the location of the Surat Basin. The basin covers an area of approximately 300,000 km2 and contains about 2500 meters of sediments, which are deposited in predominantly fluvio-lacustrine environments within the Latest Triassic-Jurassic time and coastal plain shallow marine deposits of the Cretaceous time (Hoffmann, 2009). 
Towler et al. (2016), stated that sedimentation within the basin started early, right from Early Jurassic, lasting through the mid-Cretaceous before attending a maximum burial at about 100 Ma years. The basin shared a boundary with the Clarence-Moreton Basin in the east and the Eromanga Basin in the west as shown in figure 2.4. The Surat basin and surrounding basins, as captured by  Martin et al. (2013) are all products of widespread subsidence that characterised this part of Australia at that time. The Surat Basin overlies several distinct geological sequences with the Mimosa Syncline (figure 2.7) serving as the main depo-center and also as the main tectonic element, which trends north-south in the central region of the basin (Hoffmann et al., 2009b). On the basin margins, the Surat sequences overlie crystalline basement comprising Early Devonian to Late Triassic convergent margin orogenic complexes (Korsch and Totterdell, 2009a). The east and west margins also experienced some minor deformation as a result of the reactivation of the Permian-Triassic Moonie-Goondiwindi Burunga, Leichhardt and Hutton-Wullumbilla fault systems (Korsch et al., 2009).
Structurally, the basin is bounded by an erosional edge of Jurassic rocks to the north, to the northeast by the Auburn Arch, and to the east by New England Fold Belt, and to the southeast by the Texas High.
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[bookmark: _Toc475808687][bookmark: _Toc491529107][bookmark: _Toc462600245]Figure 2.3: A map of the Australia continent with the regions, showing enclosed map of the Surat Basin.
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[bookmark: _Toc475808688][bookmark: _Toc491529108][bookmark: _Toc462600246]Figure 2.4: A simple map of Australia continent, showing the location of Surat Basin with surrounding Jurassic-Cretaceous basins. (Modified from Martin et al. 2013).


These margins are delineated by Kumbarilla Ridge and the Nebine Ridge (Green et al., 1997; Hoffmann et al., 2009b). Figure 2.5 is a simplified map of the Surat Basin showing the different structural highs surrounding the basin. While figure 2.7 is a cross section across the basin, which show the structural configuration or structural dip of the underlying sediments which indicates the shallow dipping and thinning of sediments over the Roma shelf in the west and thickening of sediments over the Mimosa Syncline. Several tectonic events are responsible for the current structural configuration of the Surat Basin and the first event was the Triassic compressional event that pre-dates deposition of the Surat Basin sequence. This event terminated deposition in the underlying Bowen Basin and resulted in thrusting uplift and subsequent peneplanation of the land surface. This Middle-Late Triassic contractional deformation is known as the Goondiwindi Event (Korsch and Totterdell, 2009a). This event also formed a series of thrust and back-thrust systems which include the Burunga-Leichhardt and Moonie Goondiwindi faults (Korsch and Totterdell, 2009a).
2.3 [bookmark: _Toc491535527]Subsidence History of the Surat Basin
The Surat Basin have a long and complex geological history which resulted from a wide range of subsidence (Towler et al., 2016) and also from the contribution of the diverse sedimentological history. Each of this subsidence event also initiates a phase of deposition, which is now also disrupted by a tectonic event because of the convergence between the Pacific and Australian Plates (Hoffmann et al., 2009a).  Hoffmann et al. (2009a), show that the rate of subsidence was extremely slow and the accumulation of sediments took much longer time, approximately 100 Ma to deposit just a thin package of sediment of less than 2000 m thick. Furthermore, as stated in Hoffmann et al. (2009a), the tectonic subsidence curve shows little or no variation in the deposition of the 100 Ma of sediments.  However, the subsidence within the Surat Basin is generally caused by subduction-related dynamic loading due to platform tilting from corner flow in the asthenospheric wedge above the subduction zone (Hoffmann et al., 2009a).
Several theories were put in place to explain the different mechanisms in relation to the formation of the Surat basin, and its subsidence regime.  In the detailed work Carried out by  Korsch and Totterdell (2009b), they proposed a three phase subsidence regimes in the deposition of the successions within the basin. A regional mid-Cretaceous uplift and tilting event that ceased deposition in the basin which occurred mostly in the northern part at about, and most of the uplift and erosion occurred in the northern part of the basin and  the time of this event is approximately 95 Ma and this is consistent with the overall plate tectonic models in which convergent tectonism between Australian and the Pacific plates and the seafloor spreading in the Tasman sea begin at 84 Ma (Gaina et al., 1998; Raza et al., 2009).
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[bookmark: _Toc475808689][bookmark: _Toc491529109][bookmark: _Toc462600247]Figure 2.5: A simplified map of the Surat Basin and relative positions of the structural elements surrounding the basin (Modified from Scott, 2008)

For example, Korsch et al. (1993) deduced from the regional structures and rock types comparing them to the unique features of a foreland basin. The structural evolution of the Surat Basin from Permian through to Triassic times clearly shows evidence of diminishing thrust faulting and the effects of folding (Golin and Smyth, 1986). Most of the structures within this basin resulted from drape over pre-existing basement highs or differential compaction, which are of lower relief than those found in the underlying Triassic section (Golin and Smyth, 1986). A contractional deformational event which started early in the Late Cretaceous led to limited propagation of thrust faults from the underlying section into the basin sequence (Korsch and Totterdell, 2009b). This resulted in a major intracratonic sag mainly passive which subsided along pre-existing crustal weaknesses (Green et al., 1997). Within the eastern section of the Surat Basin, the structure is dominated by the Moonie-Goondiwindi and Burunga–Leichhardt thrust fault system and other faults, which remained active throughout deposition of the basin succession and the movement along these older fault systems which may likely impact on the position and geometry of the thicker sandstone dominated units underlying the Walloon Subgroup (Esterle et al., 2013).
2.4 [bookmark: _Toc491535528]Stratigraphy of the Surat Basin
The general stratigraphy of the Surat Basin consists principally of two main sequences deposited from the Early Jurassic and the Early Cretaceous. Figure 2.6 is a general simplified stratigraphic profile of the Surat basin showing the different units across the basin and the breakdown of the Walloon Subgroup formation. The Jurassic period consists of mainly the Precipice Sandstone, Evergreen Formation, Hutton Sandstone, Walloon Subgroup, Springbok Sandstone, and the Westbourne Formation. The Precipice Sandstone is the principal reservoir within the Surat Basin (Scott, 2008) with smaller accumulation also existing in the Hutton sandstone. 
2.4.1 [bookmark: _Toc491535529]Precipice Sandstone
The Precipice Sandstone represents the basal part of the Surat Basin succession and is deposited in Early Jurassic precisely (202-194.5 Ma) with a general decrease in age towards the west of the basin (Korsch and Totterdell, 2009a). The sandstone formation consists predominantly of, fine to coarse-grained quartzose sandstone with common siltstone, shale, and coal layers in the upper part of the formation (Korsch and Totterdell, 2009a). This formation is characterized by medium scale planar cross-bedding structures (Green et al., 1997). No clear evidence have been established on the possible source for this sandstone deposit, however, isopach maps generated from the work of Korsch and Totterdell (2009a) indicates the thinning of the deposit towards the southwest corner and over the Roma Shelf, and also increase thickness eastward along the Mimosa Syncline.
[image: C:\Users\Monday.Nanpan\Desktop\Stratigraphy of the Surat basin.png]
[bookmark: _Toc475808690][bookmark: _Toc491529110]Figure 2.6: General stratigraphic setting of the Surat Basin and the different stratigraphic units Note the expanded stratigraphic sequence of the Walloon Subgroup. (Modified from Scott, 2008)
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[bookmark: _Toc475808691][bookmark: _Toc491529111]Figure 2.7: A west to east regional cross section across  the Surat basin, showing the stratigraphic sequences, and  structural depositional dip direction of the deposits  (Modified from Esterle et al., 2013).

For example in a related study carried out by Exon (1976) indicated that basement Highs such as Auburn Arch, Yarraman Block, Texas as shown in figure 2.5 surrounding the basin are possible source areas. However in another study conducted by  Martin (1981) suggest western source areas from Precambrian rocks of the west, and south of the Eromanga basin and another minor source area in the southeast by the New England Fold Belt. Other sources areas included the western garnet rich source responsible for the quartzose sandstone formation in the Surat and Bowen basins as captured in (Wiltshire, 1989). Other sources may include the granitic source with sediment supply from the southeast part of the basin probably sourced from the Auburn Arch, Yarraman and New England Fold Belt (Ravestein, 2013). The environment of deposition has been interpreted as transverse bars deposited in a braided river system that gradually reduced in energy and changed into a meandering river system (Martin, 1981). This unit is considered as the primary exploration target in the most exploration of oil and gas, as well as, a very important reservoir for the Roma and Moonie oil fields (Scott, 2008).
2.4.2 [bookmark: _Toc491535530]Evergreen Formation
This formation is dated as Early to Mid-Jurassic in age (194.5 to 178 Ma) as indicated in Korsch and Totterdell (2009a). This represents a transgressive phase of the whole stratigraphy of the Surat basin, which consists mainly of basal fluvial sandstone deposited under fluvio-lacustrine marginal marine environments (Green et al., 1997). The Evergreen Formation drapes over the Precipice Sandstone and is deposited directly on the basement beyond the depositional limit of the Precipice Sandstone. According to (Ravestein, 2013), the Evergreen Formation can be further subdivided on the basis of the environment of deposition and rock types into three intervals namely: -Lower Evergreen Formation, Boxvale Sandstone Member, and Upper-Evergreen Formation. The deposit thickens to the north, as well as east into the Mimosa Syncline serving as the main axis of deposition. This formation attends a maximum thickness of about 300m and there is a general increment in the percentage of silt and mudstone towards the center of the basin near the Mimosa Syncline (Green et al., 1997). The basal sandy Evergreen Formation is also an important hydrocarbon reservoir in the Surat basin and is characterized by thinly bedded mudstone, siltstone and sandstone (Green et al., 1997). In this same study by  (Green et al., 1997), indicates that this formation is very thick in the northern part of the basin along the Mimosa Syncline and thickening on the western flank of the Merivale fault as well as,  Leichardt fault in the center of the basin. Analysis of palaeocurrent data indicates that the Evergreen Formation flow from the west to the east across the basin and most of the sediment is sourced from the metamorphic rocks surrounding the basin 
2.4.3 [bookmark: _Toc491535531]Hutton Sandstone
The Hutton Sandstone is deposited towards the end of Early Jurassic immediately after the Evergreen Formation (Green et al., 1997). This formation is a regressive sequence of fluvial, deltaic and lacustrine sandstone which has minor siltstone, shale, and coal layers. Green et al. (1997) stated that this formation has uniform thickness which attends a maximum thickness of 265m near the Mimosa Syncline axis however, significant facies changes exist laterally and vertically reflecting changes from meandering stream to the lacustrine depositional environment. This formation is characterised by well-sorted cross-bedded quartzose fluvial sandstone, interbedded siltstone, and mudstone with minor thin beds of conglomerates (Green et al., 1997). The isopach map adopted from the study conducted by Hamilton et al. (2014a)
 as shown in figure 2.8a indicates a gradual reduction in thickness from the northeast to the south of the basin which suggest the possible source area for this formation come from the northeast direction. However, in a related study conducted by (Wiltshire, 1989), there is a likely possibility that the Hutton Sandstone and Precipice Sandstone both have the same source due to the similarity in the sediment composition 
2.4.4 [bookmark: _Toc491535532]Walloon Subgroup
The Walloon Subgroup is deposited upon the Hutton Sandstone at the beginning of the Middle Jurassic and can be found mostly around the southern part of the basin, and while at the northern part of the basin, it rests conformably on the Eurombah Formation (Green et al., 1997).  It is generally deposited in a coal swamp environment, such that the basal section consists of fine-grained lithic sandstone with interbeds of mudstone and siltstone, while at the top, it consists of coal capped by interbeds of mudstone, siltstone, sandstone and thin coal seams (Exon, 1976).The Walloon Subgroup consists of subunits which are Eurombah Formation, Taroom Coal Measures, Tangalooma Sandstone, and  Juandah Coal Measures which can be further divided into lower and upper Juandah Coal measures (Green et al., 1997). Isopach map adopted from the study conducted by (Hamilton et al., 2014a) as shown in figure 2.8b represents the distribution of the Walloon Subgroup which indicates a north to east thickness distribution trend across the eastern part of the basin.
2.4.5 [bookmark: _Toc491535533]Springbok Sandstone
The Springbok Sandstone is deposited at the beginning of Late Jurassic and it sits over an unconformity with the Walloon Subgroup. This unit represents a low energy fluvial system associated with a reduction of accommodation space  (Green et al., 1997). In terms of lithology, it consists  mostly of sandstone, with interbedded carbonaceous siltstone and mudstone with few thin coals (Cadman et al., 1998). In the southern and eastern part of the Surat Basin, there is no distinctive stratigraphic break between the Springbok Sandstone and the overlying Westbourne Formation (Green et al., 1997), but thins towards the west and southwest of the basin depocentre. Figure 2.8c is the isopach map of the Springbok Sandstone which indicates that higher thickness is in the north-eastern part of the Surat basin.
4. [bookmark: _Toc491535534]Westbourne Formation
The Westbourne Formation is deposited in the Late Jurassic and rest conformably upon the underlying Springbok Sandstone. This unit according to Green et al. (1997) consists of interbeds of siltstone, mudstone and fine-grained sandstone  Detailed sedimentological analysis carried out by (Cadman et al., 1998), show that the presence of glauconite, heavy mineral concentrations, barite nodules and acritarchs within the samples analysed from this unit suggests the possibility of marine incursion in the deposition of this Formation The Westbourne Formation display more uniform thicknesses and does not exhibit any thickening along the same direction like the Springbok Sandstone (Green et al., 1997).
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[bookmark: _Toc475808692][bookmark: _Toc491529112]Figure 2.8: Isopach maps showing thickness distribution across the basin (a) Hutton sandstone, (b) Walloon Subgroup and (c) Springbok Sandstone basin (Adopted after Hamilton et al, 2014).

2.5 [bookmark: _Toc491535535]Stratigraphy and Geology of the Walloon Subgroup
The Walloon Subgroup is present across the Surat basin (Hamilton et al., 2012), and according to Scott et al. (2007) is well developed across the eastern part of the  basin cropping out along the north-eastern margin of the basin. Geologically, the formation is Middle Jurassic in age and consists of very fine to medium-grained litharenite, shale, siltstone, mudstone, minor limestone, ironstone, coal, volcanic debris and widespread ashfall stuff (Hamilton et al., 2012). In a detailed study carried out by Scott et al. (2007) on the number of coal layers within the Walloon Subgroup, indicates  about 30 recognised coal layers exist within the Walloon Subgroup Formation. There is uncertainty associated with the correlation of these coal layers from one area of the basin to another due to discontinuity, variable thicknesses and complex cross-sectional geometries of individual coal seams or plies and its combination with overbank facies. The Walloon Subgroup consists of subunits and from oldest to youngest (in depositional order) these are: Durabilla/Eurombah Formation, Taroom Coal Measures, Tangalooma Sandstone, Lower Juandah Coal Measures, Juandah Sandstone and Upper Juandah Coal Measures (Hamilton et al., 2014b). Figure 2.6 is stratigraphic of the Surat Basin with relative ages showing an expanded Walloon Subgroup Formation. 
2.5.1 [bookmark: _Toc491535536]Durabilla Formation
The Durabilla Formation is the oldest formation within the stratigraphic sequence of the Walloon Subgroup, which is sometimes referred as Eurombah Formation in some literature (Hamilton et al., 2014a). Subsurface wise, this formation gamma-ray log profile exhibits an overall upward fining trend which indicates amalgamated, stacked and isolated channels (Hamilton et al., 2014a). The Durabilla Formation separates the Hutton and the Taroom Coal Measures in the stratigraphic sequence of the Walloon Subgroup (Scott, 2008), and  consists of sandstone, siltstone, and mudstone with some coal layers (Scott, 2008).
[image: ]
Figure 2.1: Isopach maps showing thickness distribution across the basin (a) Durabilla Formation, (b) Taroom Coal Measures, (c) Tangalooma Sandstone, (d) lower Juandah Coal Measures, (e) Juandah sandstone and (f) upper Juandah Coal Measures. (Adopted from Hamilton et al, 2014).


However, the Durabilla Formation is mostly coal free but with rare thin coal bands characterised by higher average gamma-ray log values indicating a shift from high energy fluvial to lower energy meandering channel and overbank deposition (Hamilton et al., 2014a). The sandstone texture is characterised by good to poorly sorted grains, while the siltstones are medium micaceous and carbonaceous grains and the mudstone is made of dark grey laminated and commonly contain plant fragments (Hamilton et al., 2014a). 
The formation thickness ranges between 16 and 150m with an average thickness of 71m (Scott, 2008). Figure 2.9a is the isopach map of the Durabilla Formation adopted from the study by Hamilton et al. (2014a) on stratigraphic and depositional framework of the Walloon Subgroup indicates a thickness trend of southeast to the northeast direction.
2.5.2 [bookmark: _Toc491535537]Taroom Coal Measures
The Taroom Coal Measures sandwiched between the Durabilla Formation and the Tangalooma Sandstone and a is mixed sequence consisting of sandstone, siltstone, mudstone, and coal. The sandstone ranges from fine to very fine grained, with moderate to well-sorted grains, and the mudstone is carbonaceous and well laminated. The Taroom Coal Measures represents major channel, floodplain and mire deposition in meandering fluvio-lacustrine environment under conditions of increasing accommodation space (Hamilton et al., 2014a). This formation contains three well-defined mappable coal seams, as mapped from Wandoan through Moonie down to Condamine (Jones and Patrick, 1981). The thickness of the formation as seen from the well logs range between 22 to 191m, in most wells with an average thickness of 84m (Scott, 2008). Figure 2.9b is the isopach map of the of the Taroom Coal Measures adopted from the study  by Hamilton et al. (2014a) on stratigraphic and depositional framework of the Walloon Subgroup indicates an overall thickness trend of northeast to southeast direction.
2.5.3 [bookmark: _Toc491535538]Tangalooma Sandstone
The Tangalooma Sandstone according to Jones and Patrick (1981), can be identified across the entire northeast section of the Surat Basin, which contains up to three fining-up cycles which is capped by thin coal piles (Hamilton et al., 2014a). This Sandstone has been interpreted as a major channel sandstone and is characterised by sheet-like geometry  with , channel width/thickness ratios relationship exceeding 100 (Hamilton et al., 2014a).The thickness of the stratigraphic section range between 10 to 120m and it is characterised by less defined coal layers compared to the section below it. Studies have shown that this formation consists of multiple sandstone bodies that pinch out along the southern part of the basin  which fine out into thin siltstone  and coals layers (Hamilton et al., 2014a).. Figure 2.9c is the isopach map of the Tangalooma Sandstone Formation adopted from the study by Hamilton et al. (2014a)  on stratigraphic and depositional framework of the Walloon Subgroup, which indicates an overall thickness trend from the southeast to the northeast direction.
2.5.4 [bookmark: _Toc491535539]Juandah Coal Measures
The Juandah Coal Measures is the shallowest interval among the subunits of the Walloon Subgroup. Scott (2008) stated that, the lithologies of this formation consist of sandstone, siltstone, mudstone, and coal, and the grain size of the sandstone range from fine to medium. This formation is further divided into three units based on lithology: - lower Juandah Coal Measures, Juandah Sandstone, and Upper Juandah Coal Measures. For example by Hamilton et al. (2014a), shows that the lower Juandah Coal Measures represents a transition  from a deep to shallow fluvio-lacustrine strata while the Juandah Sandstone which is capped by a floodplain-mire sequence and  contains up to 3 major intervals of coal and  the Upper Juandah Coal Measures consists of  thick coals units . Figure 2.9 d, e; f represents isopach maps generated for different levels of the Juandah Coal Measures adopted from Hamilton et al, (2014) on stratigraphic and depositional framework of the Walloon Subgroup which indicates the overall thickness trend   from the northeast to the southeast direction of the basin.
2.5.5 [bookmark: _Toc491535540]Sedimentary Facies of the Walloon Subgroup
Study conducted by Martin et al. (2013), indicates six major sedimentary cycles were recognised in the Jurassic-Cretaceous succession of the Surat basin, starting with high-energy deposit (braided channel) to low energy (meandering river) and finally into lakes and mires. The Walloon Subgroup represents the end member of these different cycles, which starts with the deposition of the Hutton Sandstone and end with the deposition of the Juandah Coal Measures with, each cycle representing a period of stability and an upward decrease in fluvial activity. In the same detailed study on the core analysis from three wells conducted on the Walloon Subgroup by Martin et al. (2013),  21 individual lithofacies were identified and these were  grouped into three facies associations of the channel, overbank and volcanic extrusive. These facies are consistent with the deposition of an alluvial plain deposit which consists of sandstones, siltstones, claystone, carbonaceous mudstones and coal lithologies (Martin et al., 2013). The depositional settings of the Walloon Subgroup as presented by Fielding (1993) is represented by series of the major channel, floodplain and mire (swamp) deposits. Furthermore Yago (1996) stated that, the channels have great influence on the  occurrence of the coal the work of and these coals are concentrated between these highly sinus channels. The accumulation of the coal deposits is generally associated with floodplains deposits, which also occupy the space left from the channel abandonment (Esterle et al., 2013).
2.6 [bookmark: _Toc491535541]Conclusion
The Australian continent has been geologically active from Archaean to recent, with a general younging in the rock ages from the western to the eastern part of the continent. Important sedimentary basins were created across the continent throughout geological time from the different cratons. The Surat basin is a large intercratonic basin with thick sediments of flvio-lacustrine and costal plain shallow marine environment deposited from the Jurassic – Cretaceous time. The basin was deposited because of widespread subsidence experienced due to the convergence between the pacific and Australia plates. Stratigraphically,the Surat basin consists of Jurassic and Cretaceous sediments (Precipice Sandstone, Evergreen Formation, Hutton Sandstone, Walloon Subgroup, Springbok Sandstone, and Westbourn Formation) with the Walloon Subgroup as one of the main formation, which has presence of coal deposit.



[bookmark: _Toc491535542]Subsurface Facies Analysis
[bookmark: _Toc491535543]Introduction
Subsurface facies analysis rely on the application of suitable fluvial analogue to address the distribution of key parameter such as width, thickness and facies (Bridge, 2002) to areas of limited or no data which often depends heavily on availability of data. However, in most subsurface analyses, data availability is often lacking and emphasis is placed on the number of penetrations and the spacing between wells to carry out detailed mapping of the sandstone bodies and other related facies of any geomorphic settings and internal characteristic. Subsurface data is difficult to come by, and  many subsurface geological models depends heavily on the application of suitable analogue with range of known data to fill the inter-well gaps in areas with insufficient data to provide interpretation (Bhattacharya and Tye, 2004). Fluvial deposits exhibit rapid lateral facies variation , lacking internal features that allow any meaningful subdivision into stratigraphic sequences (Emery and Myers, 2009), therefore relies on data from other sources to drawn upon any conclusive geological interpretation. To effectively characterised fluvial deposits, especially from subsurface dataset, good data coverage and spread is required. This is more obvious in coal-bearing formation because coal deposit exhibit  high degree of heterogeneity  in  geometry and  associated clastic facies which exhibit further degree of complexity making it difficult to map or interpret in the absence of outcrop  or  closely spaced well penetrations (Leblang et al., 1981). However, abundant subsurface well penetrations and closely spaced can provide the basis to carry out detailed subsurface facies characterization.
Obtaining the correct and complete parameter for modelling can be challenging, for example, sand channel width, thickness, and width/thickness ratio are major input data into reservoir modelling and sourcing for these data type especially from subsurface analysis comes with great challenge. Subsurface well dataset are one-dimensional even when widely spaced, can still provide a good stratigraphic record of the deposit (Nichols, 2009).  A careful evaluation of wireline log can provide valuable information on lithology, sandstone bodies thickness, width, width /thickness ratio, and facies (Bridge, 2002). Constraining wireline log  data with core data in subsurface analysis can be a powerful tool which can provide meaningful interpretation of the geology of the area. Wireline logs have been used to interpret sandstone texture, sedimentary environment, structure, petrophysical property, thickness, width, facies, lithologies (Bridge, 2002; Nichols, 2009). In the absence of core data, and seismic data, thickness data can be used to characterise the sand bodies (Gibling, 2006). 
This study will attempt to identify, map and estimate the thickness, channel width and channel belt width of sand bodies in four stratigraphic intervals (Walloon Coal Measures, Juandah Coal Measures, Tangalooma Sandstone, and Taroom Coal Measures) of the Walloon Subgroup Formation of Berwyndale South Gas Field. Results from this analysis will serve as key data in the construction of geological three-dimensional model and analogue for future evaluation of similar fluvial deposit with similar geological settings. 
[bookmark: _Toc491535544]Study Area and Dataset
[bookmark: OLE_LINK58][bookmark: OLE_LINK57]The Berwyndale South Gas Field located within the Surat Basin covers an area approximately 66 Km2 and lies about 32 km south-west of Chinchilla and 14 km north of Roma-Brisbane Pipeline. Figure 3.1 is the map of the study area showing the location of the field. This field, straddles the towns of Chinchilla, Wandoan and Wallumbilla and stand at about 303m above sea level. Queensland Gas Company (QCG) who currently operates this field own 80% interest and the remaining 20% is own by Shell International. 
[bookmark: _Toc491535545]Data
The primary data available for this analysis consists of deviation survey for 41 wells of variable distance apart, wireline logs, and formation tops/stratigraphic marker picks for the different stratigraphic sequences (intervals) within the Walloon Subgroup Formation of the Surat basin. The closely spaced wells provide a unique three-dimensional perspective of the field particularly at the different stratigraphic intervals within the Walloon Subgroup Formation. For example, each well has a suite of logs consisting of gamma ray (GR), density (FDC), calliper (CL), and spontaneous potential (SP). Table 3.1 list the available data and table 3.4 is the relative distance of each well to another showing a minimum and maximum distance from one well to another.
	No
	Berwyndale South Gas Field

	1
	Deviation data for 41 subsurface wells

	2
	Wireline log suites which consist of (gamma ray, density, calliper and spontaneous potential)

	3
	Formation Tops/Stratigraphic markers: - Walloon Coal Measures, Juandah Coal Measures, Tangalooma Coal Measures and Taroom Coal Measures 


[bookmark: _Toc491529168]Table 3.1: A list of data available for this evaluation. 

[bookmark: _Toc491535546]Research Methodology
The following listed below are steps used in the research methodology in evaluating the sandstone bodies of the Bweryndale South Gas field: -
· Lithofacies Identification  
· Correlate named Sand bodies
· Sand bodies thickness estimation
· Generate isochore maps or sandstone thickness distribution maps
· Estimate sand bodies dimensions (channel width and channel belt width) 

[bookmark: _Toc491535547]Lithofacies Identification
In identifying the different lithologies from each of the well, a lithofacies template was generated using the wireline logs (gamma ray, and density).This template was generated on basis of the work carried out by (Hamilton et al., 2014a) where the sandstone consist of (siltstone, muddy sandstone and sandstone).
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[bookmark: _Toc475808693][bookmark: _Toc491529113]Figure 3.1: A location map of Berwyndale South Gas field, showing the location of well penetration. (Modified from QGC, 2012).


The density log records the density of the rock along the borehole, while the gamma ray wireline logs record the natural radiation emitted from elements such as Potassium, Uranium, and Thorium which are often associated with clay minerals. The gamma ray log is use in the identification of sandstone and mudstone lithology (Thomas, 2012). However, since the sandstone and the coal lithology both have low gamma ray values, the density log is best use in differentiating between the coal and sandstone lithology. On a scale of 0 – 150 API, the gamma-ray value of 75 API was considered as the value to differentiate between the sand and mudstone lithology (figure 3.2). For this evaluation, any API value between 0-75 was used to represent the sand lithology because sand lithology have low API value while between 75-150 API value represents the mudstone lithology. Mudstone are characterised by higher amount of radioactive substance as such, have higher API values. The Walloon Subgroup Formation of the Surat Basin consist of coal, sand and mudstone (Scott, 2008), and coal is known to also have low API value as sand lithology. However, coal lithology has low density value and this low density value is the key parameter used in picking the coal layers (figure 3.2). Therefore, the coal unit within each stratigraphic interval was picked by selecting intervals where the gamma-ray values are low as well as having low-density values as shown in figure 3.2. 
[bookmark: _Toc491535548]Correlation
The correlation framework for this evaluation were provided by the formation tops/stratigraphic markers which formed the different stratigraphic intervals from one well to another. Within each stratigraphic interval, each identified sand body was named as sand body 1, 2, 3 depending on the number of sand units within a stratigraphic interval (figure 3.3). The correlation of the sand bodies is constrained by the formation markers and, as well as, the coal unit. The (figure 3.2). A well correlation of sand bodies (figure 3.4) was carried out with the aid of the formation markers. These markers constrained the correlation of the sand units such that a sand unit within a stratigraphic interval cannot be correlated with another sand unit from a different stratigraphic interval. The second level of constraint is provided by the coal units, where the sandstone bodies located below or above the coal layer. The top and base of each identified sand within each stratigraphic interval were delineated and numbered as shown in figure 3.4. The general opinions about fluvial strata as deposits that are unorganised, very heterogeneous and highly compartmentalised (Ramon and Cross, 1997), as such, correlating them over large distance is very difficult in the absence of clear markers is true, however the availability of the stratigraphic formation top markers and the coal layers provided a means of correlating the different sand bodies across the field. The thickness of each sand body was estimated per well and captured in table 3.2 for the different stratigraphic interval. Histograms were generated per stratigraphic interval to show the distribution of sand bodies thickness across the field.
[bookmark: _Toc491535549]Gridding/Mapping
The make/edit surface process (figure 3.5) in Petrel application was used in generating the isochore (thickness) maps for the different sand bodies. Each well location has a measurement of either a thickness value or zero depending if the sand body was penetrated by the well at that location. Within the make/edit surface process, there are many different algorithms (Convergent interpolation, Isochore interpolation, Gaussian (random function simulation or sequential Gaussian simulation), kriging (kriging, kriging interpolation and Kriging Gslib) Moving average, Cos expansion, Functional, Closest, artificial algorithms, surface resampling and neural net), and the selection of the algorithms to use is a function of the data type. Using the suggest bottom of the make/edit surface process will automatically suggest the algorithm based on data set. In this case the data set is isochore points data, therefore, the Isochore interpolation algorithm is automatically selected (Schlumberger, 2014). The isochore interpolation algorithm is a special version of convergent interpolation algorithm (Bernstein, 1976) which is  developed to interpolate from assigned values to create surface or generates maps such that the general trends are retained in areas with little data coverage using least square regression with a bi-harmonic filter (Thatcher, 2000), while detail is also honoured in areas where data exists  (Schlumberger, 2014).  Other advantage of using this algorithm are because it  creates much better zero-lines when the input data has points with zero or negative values, it also ensures the result will only have zero or positive numbers and can constrained process to reflect the end members of the point data (Schlumberger, 2014).  
In creating the thickness map, each well location is expected to have a value with either a  number greater than 2m or zero.  As stated, any thickness value not upto 2m was not considered in this evaluation. Therefore, sand with thickness not upto 2m at any well location was assigned zero value. The contour interval is 1m and the contour consider any value from each well location and the thickness value increase from 0 to the highest number from well location. The Petrel  mapping algorithm populate these values and generate the contour that respect each data point.
[image: ]
[bookmark: _Toc491529114][bookmark: _Toc475808694][bookmark: _Ref413850545]Figure 3.2: An example of a wireline log profile showing gamma-ray and density-log responses for key lithology. 

[image: ]
[bookmark: _Toc475808695][bookmark: _Toc491529115]Figure 3.3: A correlation panel showing the stratigraphic intervals within the Walloon Subgroup Formation. Note these stratigraphic intervals provide the basis for the identification, mapping and correlation of the different sand and coal units.
[image: ]
[bookmark: _Toc491529116][bookmark: _Toc475808696]Figure 3.4: An illustration to show the sand and coal units within a stratigraphic interval and how they have been correlated across the different wells. 
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[bookmark: _Toc491529117][bookmark: _Toc475808697]Figure 3.5: The petrel application make/edit surface interface in gridding/mapping. 


[bookmark: _Toc491535550]Channel Width and Chanel Belt Width
[bookmark: _Toc491535551]Walloon Coal Measures Stratigraphic Interval
The Walloon Coal Measures is the shallowest stratigraphic interval among the four stratigraphic intervals of the Walloon Subgroup in this evaluation. There are five sandstone bodies mapped within this interval with thickness range between 2 and 15m and average of 7m (figure 3.6). The sandstone bodies penetrated within this interval are within thickness range of 6 and 9m. The estimated channel width for the sandstone bodies are between 107 and 115m and between 370 and 1086m for the channel belt width.

[image: ]
[bookmark: _Toc491529169]Table 3.2: A compilation of sand thickness per well within each stratigraphic interval. Note values are the only captured for wells that penetrated sands.

[bookmark: _Toc368658781][bookmark: _Toc370667814]
The sandstone bodies within this interval show a gradual increase in thickness from the area of non-sand accumulation to areas of sand accumulation. The shallower sand bodies within the interval are thicker and more connected than the deeper sand bodies and the distribution of sand bodies becoming more connected with depth.
[image: ]
[bookmark: _Toc475808698][bookmark: _Toc491529118]Figure 3.6: Histogram of sand bodies thickness distribution of the Walloon Coal Measures Stratigraphic interval


Sandstone body 1

Description

Sandstone body 1 is the deepest sand mapped within the Walloon Coal Measures stratigraphic interval. This sand body is penetrated by only 35 wells out of the 41 wells in the field (table 3.2). The measured thickness range between 2 and 15m, with an average thickness of 9m and a standard deviation (STD) of 4. The thickness map (figure 3.7a and b) show a broad sand with good sand distribution across the entire field with minor isolated areas of non-sand accumulation areas. There is no clear thickness trend pattern, however a general thickness tends to increase from the south to the north part of the field. The correlation panel (figure 3.8a and b) shows the gamma ray log profile of well-defined sand characterised by minor units of mudstone layers in some wells.  

[image: ]
[bookmark: _Toc475808699][bookmark: _Toc491529119]Figure 3.7: An isochore map of sand body 1 showing thickness distribution. Note A is a map with contour lines and B is map without contour lines.

The log profile indicates some level of variability with some wells having fining upward sequence, while some wells display coarsening upward sequence, while others blocky and symmetrical profile. This sand body has similarity with sand body 2 in the thickness distribution map (figure 3.9) of the same stratigraphic interval and similarity to sand body 1 and 3 of the Tangalooma Sandstone stratigraphic interval (figure 3.28 and figure 3.32). The estimated channel width dimension range between 184 and 200m and between 705 to 18045m for the channel belt width (table 3.3). The overall geometry of the sand body is multilateral with some stacking pattern in well 3,4,6,14,38 and 41.  The thickness distribution (figure 3.7) show a broad connected sand with isolated areas of non-sand accumulations.

[bookmark: _Toc475808700][bookmark: _Toc491529120][image: ]Figure 3.8: Correlation panels (A) from the west to east through 4 wells indicating a well-defined sandstone body and (B) north to south correlation
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[bookmark: _Toc475808701][bookmark: _Toc491529121]Figure 3.9: An isochore map of sand body 2 showing the thickness distribution. Note A is a map with contour lines and B is map without contour lines.
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[bookmark: _Toc491529170]Table 3.3: The estimated dimensions for the different sand bodies with each stratigraphic interval. Estimates are from Bridge and Mackey, Leeder and Lorenz et al equations



Sandstone body 2

Description

Sandstone body 2 is the second sand mapped in the sequence within the Walloon Coal Measures stratigraphic interval. This sand body is penetrated by only 21 wells out of the 41 wells in the field (table 3.2). The measured thickness ranges between 2 and 14m, with an average   of 7m and a standard deviation (STD) of 3. The thickness map (figure 3.9) indicates a thickness distribution trend with thickness increasing from all directions towards the centre of the field. The correlation panel (figure 3.10A and B) indicates well-formed clean sand profile which is bounded by mudstone layers and coal layers in some wells. The estimated channel width range between 113 and 121m and between 386 to 1155m for channel belt width (table 3. 3). The geometry of the sand body indicates a broad sand accumulation concentrated at the centre of the field with an overall dendritic shape (figure 3.9). 
[image: ]
[bookmark: _Toc475808702][bookmark: _Toc491529122]Figure 3.10: Correlation panels for sand body 2. A and B represents 2 directions of correlation indicated in the map.



Sandstone body 3

Description

Sandstone body 3 is third and middle sand body mapped within the Walloon Coal Measures stratigraphic interval. This sand body is penetrated by only 19 wells out of the 41 wells in the field (table 3.2). The thickness range between 2 and 10m, with an average thickness of 6m and a standard deviation (STD) of 2. The thickness map (figure 3.11) indicates a minor trend with thickness increasing towards the centre of the field from all directions, such that the overall geometry as dendritic shape. The correlation panels (figure 3.12) show a variable log profiles ranging from blocky, fining upward and serrated. The log also shows a stacked sand in some wells with thin streak of mudstone layer which may represents break in deposition. The estimated channel width range between 100 to 107m and between 333 to 1035 m as the channel belt width (table 3.3). 

[image: ]
[bookmark: _Toc475808703][bookmark: _Toc491529123]Figure 3.11: An isochore map representing sand body 3 showing the thickness distribution.  Note A is map with contours lines while B is map without contour line.


[image: ]
[bookmark: _Toc475808704][bookmark: _Toc491529124]Figure 3.12: Correlation panels for sand body 3. A and B represents the 2 directions of correlation indicated in the map.

Sandstone body 4

Description

Sandstone body 4 is the fourth sand mapped within the Walloon Coal Measures stratigraphic interval. The sand body is penetrated by only 4 wells out of the 41 wells in the field penetrated this sand body (table 3.2). The thickness range between 2 and 3m, with average thickness of 3m, and standard deviation (STD) of 1. The thickness map (figure 3.14A and B) show the distribution of sand occurring only at the south-eastern part of the field, with more than 90% of the entire field covered by non-sandstone accumulation. The log profile (figure 3.13) from the 4 wells that penetrated this sand body is characterised by fining upward sequence and coarsening sequence which pinches out in both directions. The estimated channel width range between 35 and 37m and between 92 to 400m for channel belt width (table 3.3). The overall sand distribution indicates a small isolated lens of sand accumulation (figure 3.13). The geometry is multilateral sand body (figure 3.13).
[image: ]
[bookmark: _Toc475808705][bookmark: _Toc491529125]Figure 3.13: Correlation panel representing sand body 4. Note AA” is correlation direction.


Sandstone body 5

Description

Sandstone body 5 represents the shallowest sand member within the Walloon Coal Measures interval. The sand is bounded by sand body 4 and the Walloon Coal Measures formation top. This sand, is penetrated by only 9 wells out of the 41 wells in the field (table 3.2). The thickness range between 2 and 12m, with an average of 6m and standard deviation (STD) of 3. The thickness map (figure 3.16A and B) show two isolated sand accumulations separated by areas of non-sand accumulations. The overall thickness trend show an increase in thickness from areas of non-sand accumulations towards the sand accumulation. The estimated channel width range between 100 and 107m and between 333 to 1035m for channel belt width (table 3.3). The correlation panel indicate a vertical log profile with fining upward and serrated sequence in most of the wells with a bit of mudstone streak in between the sand layer (figure 3.16A and B). This sand body is bounded by both coal and mudstone layers. 
[image: ]
[bookmark: _Toc475808706][bookmark: _Toc491529126]Figure 3.14: An isochore map representing sand body 4 showing the thickness distribution. Note A is map with contour lines while B is map without contour line.

[image: ]
[bookmark: _Toc491529127][bookmark: _Toc475808707]Figure 3.15: Correlation panel for sand body 5. A and B represents the 2 directions of correlation indicated in the map.

[bookmark: _Toc491535552]Juandah Coal Measures Stratigraphic Interval
Description 

The Juandah Coal Measures stratigraphic interval is bounded by the Walloon Coal Measures and the Tangalooma Sandstone stratigraphic intervals as shown in figure 3.3.  Four sandstone bodies were mapped all together within this interval and the thickness range between 2 and 15m and average of 5m. Figure 3.17 is the histogram showing the thickness distribution within this interval. The estimated channel width for the sand bodies range between 77 and 82m and between 241 and 810m for channel belt width. The thickness maps of the different sand bodies show a gradual increment in thickness from non-sand accumulation areas to areas of sand accumulation. The deepest sands less connected compared to the shallower sand units within this interval.


[image: ]
[bookmark: _Toc491529171]Table 3.4: The relative distance in meters per well to other wells in the Berwyndale south gas field. Note each roll and column represents minimum to maximum distance between each well to others wells in the field.
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[bookmark: _Toc475808708][bookmark: _Toc491529128]Figure 3.16: An isochore map for sand body 5 showing the thickness distribution. Note A is map with contour lines while B is map without contour line.
[image: ]
[bookmark: _Toc475808709][bookmark: _Toc491529129]Figure 3.17: Histogram representing the distribution of sandstone bodies thickness within the Juandah Coal Measures Stratigraphic interval

Sandstone body 1

Description

Sandstone body 1 is the deepest sand mapped within the Juandah Coal Measures Stratigraphic interval. This sand body is penetrated by only 20 wells out of the 41 wells in the field. The thickness range between 2 and 10m, with an average thickness of 5m and a standard deviation (STD) of 2. The thickness map (figure 3.18 A and B) show an accumulation of sand which increase from the centre to the edges of the field. The estimated channel width range between 76 and 81m and between 238 and 806m for channel belt width (table 3.3). The gamma ray log profile indicates a blocky, fining upward and coarsening upward sequence with some wells having a stacked sand unit. This sand is clearly defined sand layer and bounded by mudstone layers (figure 3.19 A and B).


[image: ]
[bookmark: _Toc475808711][bookmark: _Toc491529130]Figure 3.18: Correlation panel for sand body 1. A and B represents the 2 directions of correlation indicated in the map.

Sandstone body 2

Description

Sandstone body 2 is the second deepest sand body mapped within the Juandah Coal Measures Stratigraphic interval. The sand is penetrated by only 13 wells out of 41 wells in the field (table 3.2). The sand thickness range between 2 and 7m, with an average thickness of 4m and a standard deviation (STD) of 2. The thickness map (figure 3.20A and B) show a sand accumulation concentrated at the eastern part of the field. The plain view of the sand body shows lenticular sand with dendritic shape with no thickness trend but a general increase in thickness from the non-sand accumulation areas toward the sand accumulation areas. The estimated channel width range between 55 and 58m and between 157 and 594m for the channel belt width (table 3.3). The gamma ray log profile shows various log profiles, with blocky, fining upward and symmetrical shape and most of the wells with the sand clearly bounded by coal layers. 

[image: ]
[bookmark: _Toc475808710][bookmark: _Toc491529131]Figure 3.19: An isochore map representing sand body 1 showing the thickness distribution. Note A is map with contour lines while B is map without contour line.

[image: ]
[bookmark: _Toc475808712][bookmark: _Toc491529132]Figure 3.20: An isochore map representing sand body 2 showing the thickness distribution. Note A is map with contour lines while B is map without contour line.
[image: ]
[bookmark: _Toc475808713][bookmark: _Toc491529133]Figure 3.21: Correlation panel for sand body 2. A and B represents the 2 directions of correlation indicated in the map.


Sandstone body 3

Description

Sandstone body 3 is the third sand body mapped within the Juandah Coal Measures Stratigraphic interval. The sand body is penetrated by only 22 wells out of the 41 wells in the field, the most penetrated in the stratigraphic interval (table 3.2). The sand thickness ranges between 2 and 15m, with an average thickness of 6m and a standard deviation (STD) of 4. The thickness map (figure 3.22 A and B) show a sand body that is separated by areas of non-sand accumulation with a general thickness trend increasing towards the sand accumulation. The estimated channel width dimensions’ range between 100 and 107m and between 333 to 1035m for the channel belt width (table 3.3). The gamma ray log profile is characterised by various shapes ranging from fining upward, coarsening upward blocky and asymmetrical profiles with intra-mudstone layers in wells that indicates a stacked body. In most of the wells, the sand body is bounded by mudstone layers, while in some wells, is bounded by coal layers (figure 3.23A and B). The overall geometry of the sand body is a multilateral with wells having thicknesses greater than 8m with story geometry at some wells points.
[image: ]
[bookmark: _Toc475808714][bookmark: _Toc491529134]Figure 3.22: An isochore map showing the thickness distribution of sand body 3. Note A is map with contour lines while B is map without contour line.

[image: ]
[bookmark: _Toc475808715][bookmark: _Toc491529135]Figure 3.23: Correlation panel for sand body 3. A and B represents the 2 directions of correlation indicated in the map.

Sandstone body 4

Description

Sandstone body 4 is the shallowest sand body mapped within the Juandah Coal Measures Stratigraphic interval. The sand body is only penetrated by 6 wells out of the 41 wells in the field (table 3.2) and these wells are scattered across the field. The thickness of the sand body range between 3 and 9m, with an average thickness of 5m and a standard deviation (STD) of 3. The thickness distribution map (figure 3.24 A and B) show isolated accumulation of sand separated by large areas of non-sand accumulation, with a general thickness increase trend towards the sand accumulation. The estimated channel width range between 76 and 81m and between 238 and 806 m for the channel belt width (table 3.3). The gamma ray log profile show a fining upward and blocky shape with a stacked profile at well 8. The correlation panel through the selected wells indicates sand with minor mudstone layers in between sand unit which is bounded by mudstone layers (figure 3.25). The overall geometry is a multilateral sand body, very isolated accumulation and not connected beyond the well points.
[image: ]
[bookmark: _Toc475808716][bookmark: _Toc491529136]Figure 3.24: An isochore map representing sand body 4 showing the thickness distribution. Note A is map with contour lines while B is map without contour line.

[image: ]
[bookmark: _Toc475808717][bookmark: _Toc491529137]Figure 3.25: Correlation panel for sand body 41. AA” represents the direction of correlation indicated in the map.

[bookmark: _Toc491535553]Tangalooma Sandstone Stratigraphic Interval
Description

Tangalooma Sandstone stratigraphic interval is bounded by the Juandah Coal Measures and the Taroom Coal Measures. Three sandstone bodies were mapped in this stratigraphic interval and their thickness range between 2 and 15m with an average of 7m. Figure 3.26. is a histogram showing the thickness distribution of sand bodies within this interval. The estimated sand bodies channel width range between 140 and 152m and between 505 and 1407m for channel belt width. 
[image: ]
[bookmark: _Toc475808718][bookmark: _Toc491529138]Figure 3.26:Histogram representing the thickness distribution of the different sandstone bodies within the Tangalooma Sandstone Stratigraphic interval

Sandstone body 1

Description

Sandstone body 1 is the deepest sand body mapped within the Tangalooma Sandstone stratigraphic interval. This sand is penetrated by only 30 wells out of the 41 wells in the field (table 3.2). The sand thickness range between 2 and 15m, with an average thickness of 8m and a standard deviation (STD) of 3. The thickness map (figure 3.28A and B) show a broad sheet of sand with minor isolated areas of non-sand accumulation, with a general thickness trend increasing away from the areas of non-sand accumulation to the areas sand accumulations. The estimated channel width ranges between 154 and 167m and between 567 and 1535m for channel belt width (table 3.3). A correlation panel through some selected wells show a well-defined sand unit with interbedded mudstone layers in some wells, which is bounded by mudstone layers in majority of the wells and in some by coal layers (figure 3.27A and B). The gamma ray log profile of the sand body shows variable log signatures with some wells having a blocky shape, while some wells display a fining and coarsening upward sequence. The geometry of the sand shows a multilateral sand unit which is broad, an indication of pinching out in the north to south direction, however in the west to east direction a trend of both increase and decreasing thickness exist.
[image: ]
[bookmark: _Toc475808719][bookmark: _Toc491529139]Figure 3.27: Correlation panel for sand body 1. A and B represents the 2 directions of correlation indicated in the map.
[image: ]
[bookmark: _Toc475808720][bookmark: _Toc491529140]Figure 3.28: An isochore map showing thickness distribution of sand body 1. Note A is map with contour lines while B is map without contour line


Sandstone body 2

Description

Sandstone body 2 is the middle sand body mapped within the Tangalooma Sandstone stratigraphic interval. The sand is penetrated by only 24 wells out of the 41 wells in the field (table 3.2). The sand thickness ranges between 3 and 15m, with an average thickness of 7m and a standard deviation (STD) of 4 (table 3.3). The thickness map (figure 3.30A and B) show a broad sheet of sand with dendritic shape and some major areas of non-sand accumulation with a thickness trend increasing towards the western part of the field. The estimated channel width ranges between 126 and 136m and between 443 and 1278m for the channel belt width (table 3.3). The gamma ray log profile indicates a variety of log signatures with some wells having a blocky log profile, while some coarsening and finning upward profile of well-defined sand unit with minor mudstone layers in some of the wells (figure 3.29A and B). A correlation panel (figure 3.29A and B) shows a multilateral sand body characterised by stacked pattern in some wells which is bounded by mudstone layers in most of the wells and mudstone and coal layers in some wells (figure 3.29A and B).
[image: ]
[bookmark: _Toc475808721][bookmark: _Toc491529141]Figure 3.29: Correlation panel for sand body 2. A and B represents the 2 directions of correlation indicated in the map.
[image: ]
[bookmark: _Toc475808722][bookmark: _Toc491529142]Figure 3.30: An isochore map showing the thickness distribution of sand body 2. Note A is map with contour lines while B is map without contour line







Sandstone body 3

Description

Sandstone body 3 is the shallowest among the sands mapped within the Tangalooma Sandstone stratigraphic interval. The sand is penetrated by only 29 wells out of the 41 wells in the field (table 3.2). The sand body thickness range between 3 and 15m, with an average thickness of 7m and a standard deviation (STD) of 3. The thickness map (figure 3.32A and B) show a broad sheet of sand body with isolated areas of non-sand accumulation and a general thickness trend increasing towards the sand accumulation areas. The estimated channel width range between 126 and 136m and between 443 and 1278m for the channel belt width (table 3.3). A correlation panel from north to the south (figure 3.31A) and west to the east (figure 3.31B) indicates well-defined sand unit with no clear mudstone layers of with a multilateral geometry. This sand is bounded by mudstone layers in most of the wells and by mudstone and coal layers in some wells (figure 3.31A and B).
[image: ]
[bookmark: _Toc491529143][bookmark: _Toc475808723]Figure 3.31: Correlation panel for sand body 3. A and B represents the 2 directions of correlation indicated in the map.
.
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[bookmark: _Toc475808724][bookmark: _Toc491529144]Figure 3.32: An isochore map showing the thickness distribution for sand body 3. Note A is map with contour lines while B is map without contour line


[bookmark: _Toc491535554]Taroom Coal Measures
Description

The Taroom Coal Measures is the deepest stratigraphic interval among all the four stratigraphic intervals of the Walloon Subgroup. Five sandstone bodies were mapped within this stratigraphic interval and their thickness range between 2 and 12m (figure 3.33). The overall geometry of the sand bodies is multilateral with the sand accumulation concentrated at the northern and southern part of the field, and more areas of the field cover by non-sand accumulation. The estimated channel width range between 73 and 78m and between 230 and 768m for channel belt width.
.[image: ]
[bookmark: _Toc475808725][bookmark: _Toc491529145]Figure 3.33:Histogram representing the distribution of sand bodies thickness within the Taroom Coal Measures stratigraphic interval.


Sandstone body 1

Description

Sandstone body 1 is the deepest sand body mapped within the Taroom Coal Measures Stratigraphic interval. The sand is penetrated by only 5 wells out of the 41 wells in this field and all of these wells are located at the northeast and southwest area of the field (figure 3.5). The sand thickness range between 2 and 5m, with an average thickness of 3m and a standard deviation (STD) of 1. The thickness map (figure 3.35A and B) shows the sand distribution across the field with basically two main accumulations at the north-eastern and south-western part of the field. The general thickness trend show an increase from non-sand accumulation area to the sand accumulation areas (figure 3.35A and B). The estimated channel width range between 35 and 37m and between 92 and 400m for the channel belt width (table 3.3). A random correlation panel through the selected wells shows a fining upward and symmetrical log profile of a sand well defined sand unit (figure 3.34A and B). The sand unit is bounded by mudstone and coal layers in most of the wells (figure 3.34A and B).
[image: ]
[bookmark: _Toc475808726][bookmark: _Toc491529146]Figure 3.34 Correlation panel for sand body 1. A and B represents the 2 directions of correlation indicated in the map.
[image: ]
[bookmark: _Toc475808727][bookmark: _Toc491529147]Figure 3.35: An isochore map showing the thickness distribution of sand body 1. Note A is map with contour lines while B is map without contour line



Sandstone body 2

Description

Sandstone body 2 is the second mapped sand of the Taroom Coal Measures Stratigraphic interval. Only 16 wells out of the 41 wells in the field penetrated this sand (table 3.2).  The sand thickness range between 2 and 10m, with an average thickness of 5m and a standard deviation (STD) of 2. The thickness distribution map (figure 3.37A and B) show a sand accumulation concentration in the northern part of the field separated from accumulation in the west and southwestern part of the field by area of non-sand accumulation. The sand thickness increase away from non-sand accumulation areas to the sand accumulation areas. The sand dimension range between 72 and 76m for the channel width and between 24 and 3370m for channel belt width. The correlation panel randomly through some selected wells show a well-defined sand body with a multilateral geometry which is bounded by mudstone and coal layers in some wells (figure 3.36 A and B). 
[bookmark: _Toc491529148][bookmark: _Toc475808728][image: ]Figure 3.36: Correlation panel for sand body 3. A and B represents the 2 directions of correlation indicated in the map.
 [image: ]
[bookmark: _Toc475808729][bookmark: _Toc491529149]Figure 3.37: An isochore map showing the thickness distribution of sand body 2. Note A is map with contour lines while B is map without contour line



Sandstone body 3

Description

Sandstone body 3 is the third sand mapped within the Taroom Coal Measures Stratigraphic interval. This sand body is penetrated by only 13 wells out of the 41 wells in the field (table 3.2). The measured thickness ranges between 2 and 9m, with an average thickness of 4m and a standard deviation (STD) of 2. The thickness map (figure 3.39A and B) show dendritic sand shape with sand accumulation concentration at the edges of the field separated by non-sand accumulation areas in the centre of the field. The estimated channel width range between 55 and 58m and between 157 and 594m for the channel belt width. A correlation panel (figure 3.38 A and B) shows a sand unit with some streak of minor mudstone layers in between. The sand display a stacking pattern at some well locations. This sand unit is bounded by both mudstone and coal layers with an overall multilateral geometry. 
[image: ]
[bookmark: _Toc475808730][bookmark: _Toc491529150]Figure 3.38: Correlation panel for sand body 3. A and B represents the 2 directions of correlation indicated in the map
[image: ]
[bookmark: _Toc475808731][bookmark: _Toc491529151]Figure 3.39: An isochore map showing the thickness distribution of sand body 3. Note A is map with contour lines while B is map without contour line





Sandstone body 4

Description

Sandstone body 4 is the fourth sand mapped within the Taroom Coal Measures Stratigraphic interval. This sand is penetrated by only 4 wells out of the 41 wells in the field (table 3.2). The thickness ranges between 2 and 9m, with an average thickness of 5m and a standard deviation (STD) of 2. The thickness map (figure 3.41A and B) show a 3-isolated sand accumulation separated by large area of non-sand accumulations with an increasing thickness trend towards the isolated sand accumulations. The estimated channel width dimension range between 76 and 81m and between 238 and 806m for channel belt width (table 3.3). The correlation panel (figure 3.40) show a well-defined sand unit which is muddy at the top with symmetrical, fining upward and blocky shape. This sand body is bounded by both mudstone and coal layers. 
[image: ]
[bookmark: _Toc475808732][bookmark: _Toc491529152]Figure 3.40: Correlation panel of sand body 4. Note AA” indicates the direction of correlation.


Sandstone body 5

Description

Sandstone body 5 is the shallowest sand mapped within the Taroom Coal Measures Stratigraphic interval. The sand body is penetrated by only 17 wells out of the 41 wells in the field (table 3.2). 
[image: ]
[bookmark: _Toc475808733][bookmark: _Toc491529153]Figure 3.41: An isochore map showing the thickness distribution of sand body 4. Note A is map with contour lines while B is map without contour line.


The sand thickness ranges between 2 and 12m, with an average thickness of 7m and a standard deviation (STD) of 3. The thickness distribution map (figure 3.43A and B) show a sand body with 3 major accumulations separated by floodplain deposits, with thickness increasing away from the floodplain towards the sand accumulations. The estimated channel width dimension ranges between 126 and 136m and between 443 and 1278m for the channel belt width (table 3.3). The gamma ray log (figure 3.42A and B) shows a well-defined sand unit with minor units of mudstone, which is characterised by blocky, serrated and fining upward sequences bounded by both mudstone and coal layers. The overall sand body geometry is a multilateral sand with broad distribution with evidence of stacking at some well locations. This sand body is similar with sandstone body 2 (figure 3.37) in the thickness distribution, with similar areas of non-sand accumulation and the overall gamma-ray log profile within this stratigraphic interval.
[image: ]
[bookmark: _Toc475808734][bookmark: _Toc491529154]Figure 3.42: Correlation panel for sand body 5. A and B represents the 2 directions of correlation indicated in the map 
[image: ]
[bookmark: _Toc475808735][bookmark: _Toc491529155]Figure 3.43: An isochore map showing the thickness distribution of sand body 5. Note A is map with contour lines while B is map without contour line.

[bookmark: _Toc491535555]Sandstone body Width/Well Spacing Relationship
The sand body dimensions estimated with the different equations from Bridge and Mackey, (1993), Fielding and Crane, (1987), Lorenz et al. (1985) and Leeder, (1973) established a range of between 35 to 200m for channel width and between 92 to 1804m as channel belt width for the different sand bodies of the Berwyndale South Gas field.  The well spacing distance between one well and other range from 62 and 8174m. Table 3.4 is the spread of the wells showing the relative distance between one well to another.  62m is the minimum distance between one well and the another (i.e. Well 6 and well 41) and 8174m as the maximum distance between well 34 and well 37, with an average distance of 2426m and a standard deviation of 1368m. The minimum well spacing of 62m is larger than the minimum channel width of 35m estimates of sand body 1 of the Taroom Coal Measures stratigraphic interval and sand body 2 of the Juandah Coal Measures with minimum 55. 
Four sand bodies channel width measurement from the Taroom Coal Measures, Juandah Coal Measures and the Walloon Coal Measures fall outside the well spacing minimum distance of 62m. The minimum estimated width of these four sandstone bodies is less than the minimum well distance existing in the field. The mean distance of the of the wells spread is 2426m and this distance is above the maximum channel belt width estimated (1804m) using any of equations by the different authors (table 1.2). The sand bodies with channel width dimension less than the minimum distance between wells will not be penetrated by the wells ad such cannot be estimated by the correlation methodology. However, sand bodies that have higher channel width belt greater than the average distance of all the wells could not have predicted by the equations from the different authors sand body width or channel belt width of with measurement as high as the average distance of the well distance. Therefore, the resolution of the wells spread across the field many not be dense enough to captured the minimum channel width dimension existing in the field, such an integration of the well spread distance and the equation will provide a robust equation for the estimation of the lateral extent of sand bodies.
[image: C:\Users\Monday.Nanpan\Desktop\BEND.bmp]
[bookmark: _Toc491529156]Figure 3.44: An illustration of channel morphology showing the channel width and channel belt width (Modified after Sutter 1996)

[bookmark: _Toc491535556]Interpretation
Sandstone bodies of the Walloon Coal Measures and Taroom Coal Measures show higher degree of variability in of thickness, channel width and channel belt width measurements and this is consistent with the overall stratigraphic setting of the Surat basin (figure 2.6). The top and base of the Walloon Subgroup Formation is bounded by the Springbok Sandstone and the Hutton Sandstone stratigraphic interval which are characterised by thicker sandstone bodies and also have the same  source (Wiltshire, 1989). The higher amount of the sandstone bodies and  channel width from the two stratigraphic intervals may suggest an increase in the lateral channel migration or the widening of the channel belt within decreasing tectonic subsidence rate (Flood and Hampson, 2015). The whole of the Surat basin is characterised by substile tectonic subsidence rate and this could be related with the upward increase in the channel width dimensions from the Taroom Coal Measures stratigraphic interval to the Walloon Coal Measures which is consistent with the flux of sediments experience during the deposition of the Surat Basin.

The lack of any consistent trend in the thickness  distribution of the sand bodies (figure 3.7, 3.9, 3.11,3.14, 3.16, 3.18,3.20,3.22,3.24, 3.28, 3.30, 3.32, 3.35, 3.37, 3.39, 3.41 and 3.43) as well as  the irregular shape, suggest that there was no large-scale palaeogeographic control on the distribution of the sandstone bodies (Flood and Hampson, 2015). This may not be true, since there are no directional data (table 3.1) among the available dataset to verify this, as well as, the limitation of the software application to handle gridding of sand thickness data without any objects to control the distribution towards a prefer direction.
The different wireline log shapes or profiles of the various wells through the sandstone bodies (figure 3.8, 3.10, 3.12, 3.13, 3.15, 3.19, 3.21, 3.23, 3.25, 3.27, 3.29, 3.31, 3.34, 3.36, 3.38, 3.40 and 3.42) show high level of variability with fining upward, coarsening upward, symmetrical, serrated and blocky shape. This different log profile represents the different sub-environment or genetic units within the sandstone body (Bridge, 1993) of the Berwyndale South Gas Field.
The width/thickness ratio of the different sand bodies range between 31 and 658.  Sandstone bodies with width/thickness ratio greater than 15 are interpreted or classified as narrow sheets and those greater than 100 are classified as broad sheets sandstone bodies based on Gibling (2006)  classification. All the sandstone bodies of the Berwyndale South Gas Field are within the range of 15 and 1000. In the same classification, these sand bodies are interpreted to be medium to wide bodies. This range will also suggest that these sandstone bodies can be interpreted as either valley within the Alluvial and Marine strata which is highly variable and is characterise by sedimentary features such as sandstone, conglomerate, mudstone, with common channel pattern ranging from braided sheet, low-sinuosity channel and meandering channel (Gibling, 2006). In related classification by Gibling (2006),  sand bodies with width/thickness ratio between 4 and 600 can be interpreted as Distributary Channels and majority of the sandstone bodies of the Berwyndale South Gas field falls within this width/thickness ratio range, as such it can be interpreted as fluvial distributary channel.
[bookmark: _Toc491535557]Comparison between Dimensions Estimated by Correlation and Equations
Many approaches have been used in the past to predict the lateral extent of sandstone bodies, and these approaches (Bridge and Mackey, 1993, Fielding and Crane, 1987, Lorenz et al, 1985, Leeder, 1973) for example, draw data from outcrop or modern analogues to predict the lateral extent of subsurface bodies (Colombera et al., 2014).  Table 3.3 is the results of the estimated width for the various sandstone bodies estimated from the different equations (Bridge and Mackey, 1993, Fielding and Crane, 1987, Lorenz et al, 1985, Leeder, 1973) and that from   correlation. Sandstone bodies width estimated by the correlation methodology range between 62 and 4902m showing the level of variability. These values are higher almost twice the values estimated by the equations from Bridge and Mackey (1993), Fielding and Crane (1987), Lorenz et al (1985) and Leeder (1973). Figure 4.8, is the scatter plot of the various channel belt width of the various sandstone bodies from all methodologies, showing the higher values by correlation compared to the equations base estimates. 
The estimates from the correlation methodology could be more accurate compared to the other approaches because direction correlation of the sandstone bodies from one well to another are wells that penetrated each sandstone body. Also, the estimates from the correlation methodology range between 62 and 4902m falls within the minimum and maximum distance between the wells. These estimates may have lower level of uncertainty compared to the equation base methodology which integrate some assumptions in the equation. However, the maximum lateral extent of the sand body is constrained by the number of well penetration in the field by how closely or far spaced these wells are in relation to each other (table 3.4).
Therefore, in estimating the channel width and channel belt width using subsurface dataset by correlation, other techniques of estimating the lateral extent such as Bridge and Mackey (1993), Fielding and Crane (1987), Lorenz et al (1985) and Leeder (1973) should incorporated the understanding from the well spacing distance and the correlation where data is available to further constrained the results. A relationship linking both techniques will reduce the amount of uncertainty that will be associated with one technique.

[bookmark: _Toc491535558]Discussion
[bookmark: _Toc491535559]Introduction 
Sand bodies connectivity is one of many issues that concerns geologist in the development of fluvial deposits which directly affects hydrocarbon recovery (Larue and Hovadik, 2006). Fluvial deposits are highly heterogeneous and the sandstone bodies within them may be narrow or thin, which may therefore require detailed correlation to accurately estimates the dimensions of the sand bodies even in fields with good subsurface data coverage (Gibling, 2006). The importance of accurately predicting the lateral extent of sand bodies especially in heterogeneous reservoirs of fluvial  system cannot be overemphasis. Larue and Hovadik (2006) and Jones et al. (1995) showed that to a great extend connectivity of sand bodies depends on the packing in space, degree of the mutual communication, and the frequency and extent of migration of the different sandstone bodies within the stratigraphic interval. Fluvial deposits are characterised by several sub-environments (genetic units), requiring many approaches to accurately predict the lateral extent of each unit. Within the fluvial environment, the most important components are the channel and crevasse splay. Each of this sub-environment or facies have thickness range which can be used to constrained facies analysis or serve as a means of interpretation (Gibling, 2006). The Berwyndale South Gas Field is characterised by several sand bodies with high variability in thickness and channel width/channel belt width. These sandstone bodies share similarity with sandstone bodies from other geological setting as discussed below: -
[bookmark: _Toc491535560]Sand body Dimensions
Sand bodies thickness have been widely used to estimates the dimensions of sandstone, as well as, used in the classification of fluvial deposits (Gibling, 2006). In early work such by Rich (1923), the dimensions of these bodies were estimated based on the relationship derived from length/width measurement in the longitudinal and cross-sectional directions of the sand body. This concept was further expanded by Krynine (1948) and Friend et al. (1979) into width/thickness ratio relationship.  The estimated channel belt width is in kilometers but within it may occur much smaller belts as interpreted in previous work by Shields and Esterle (2015) who suggested a composite meandering system existed in this area. This width/thickness ratio relationship provide the basis for classifying the sandstone bodies into different shape and sizes. The thickness estimated from this evaluation show great variation in values for the different sandstone bodies mapped across the field with thickness ranging between 2 to 15m (figure 4.1). 
This thickness range (2 to 15m) suggest a variety of sand bodies types as reflected in the dimensions of the different sandstone bodies. Wells with thicker bodies (stack bodies) with thickness values greater than 10m, may be composite bodies as product of sand deposition in a single channel belt. This difference in thickness may also represent multi episodes of deposition in a meander belt (Flood and Hampson, 2015). Figure 4.1 is the thickness distribution for the entire sandstone bodies of the Berwyndale South Gas field and majority of the sandstone bodies have thickness values between 2 and 10m. The thickness distribution for the entire field show two classes of thickness range between 2 to 10m and 10 and 15m. In Gibling (2006), the classification of fluvial-channel bodies and valley fills, sand bodies with thickness range between 5 and 15m are classified as either narrow sheet or broad sheet sand. Sandstone with thickness range between 2 and 5m are classified as broad ribbons. A very thick and extensive channelized deposits reflect a repeated avulsion of lateral migration or amalgamation of the channel segments (Gibling, 2006)..
The channel width derived by Bridge and Mackey (1993), and Leeder (1973) equations, show a gradual increase in channel width dimensions in-relation with a gradual increase in the thickness of the sand bodies (figure 4.2 and 4.3). However, Leeder (1973) estimates are significantly higher in values than those from Bridge and Mackey (1993) estimates as shown in figure 4.4, and this is because Leeder (1973) equation has higher river sinuosity value compared to the value used by Bridge and Mackey (1993). A percentage difference between the two estimates is about 8% depending on the thickness of the sand body.
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[bookmark: _Toc475808736][bookmark: _Toc491529157]Figure 4.1: Thickness distribution for the entire sand bodies of the Berwyndale South Gas Field. Note thickness between 2 and 10m represents a single sand while values between 10 and 15m represents stacked sand body.
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[bookmark: _Toc475808737][bookmark: _Toc491529158]Figure 4.2: A scatter plot for sand bodies channel width derived from Bridge and Mackey’s equation. Note some values overlapped.
[bookmark: _Toc475808738][image: ]
[bookmark: _Toc491529159]Figure 4.3: A scatter plot for all the sand bodies channel width derived with Leeder’s equation. Note the alignment for the sand bodies. 


The channel belt width estimates show significant differences among the three equations used with the estimates by correlation. The estimates using the equations by Fielding and Crane (1987), Bridge and Mackey (1993), and Lorenz et al (1985), (figure 4.5. 4.6 and 4.7) all show that the higher the thickness value, the higher the channel belt width. However, there is a significant difference in the channel belt width among the equations with the same thickness value, with the Bridge and Mackey (1993) estimates having higher dimension in all the sands compared to the other equations. These differences in the dimensions is attributed to assumptions (morphologies and compaction degree) that goes into each equation. Fielding and Crane (1987), have different equations for different fluvial morphologies with further equations to address the differences within a morphology. An equation exists for the upper bounding limit of a meandering channel deposit and this is completely different from that of a modern meandering channel deposit. The dimensions obtained using any of the equations are completely different even with the same thickness value of the sand body. However, the sandstone bodies of the Berwyndale South Gas field could fit into any of the equations due to the unavailability of directional data, as such this evaluation was tested for all morphologies.
The dimensions derived using correlation method consistently have higher dimensions in the channel width and channel belt width compared to dimensions derived with equations (figure 4.8). The estimates by correlation, the channel belt width is constrained by the distance between wells. In correlating the sand bodies from one well to another, the distance between the wells represent the minimum lateral extent of that sand, while the maximum well distance will represent the channel belt width. Therefore, the dimensions derived for the Berwyndale South Gas field falls within the channel width and channel belt width dimensions of Gibling (2006), as captured in Fluvial Architectural Knowledge Transfer System (FAKTS) presented in Colombera et al. (2014).
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[bookmark: _Toc475808739][bookmark: _Toc491529160]Figure 4.4: A combined scatter plot of sand bodies channel width estimated by Bridge and Mackey and Leeder equations. Note estimates by Leeder’s equation are significantly smaller than those by Bridge and Mackey.

[bookmark: _Toc491535561]Sand body Distribution and Geometry
The spatial distribution of the number of sandstone bodies in each of the stratigraphic interval is illustrated in a series of isochore maps or thickness distribution maps shown in figure 3.7, 3.9, 3.11, 3.14,3.16, 3.18,3.20,3.22,3.24, 3.28, 3.30, 3.32, 3.35, 3.37, 3.39, 3.41 and 3.43. At well locations where the sand thickness is greater than 10m, these locations are mostly isolated in the maps. Approximately 70% of the sand thickness are within the range of 2 to 10m and the remaining 30% within the range of 10 to 15m respectively and the distribution of the thickness suggest the channels sand were formed in a composited meandering to an anastomosing fluvial system (Zhou et al., 2017). There is a general increase in thickness away from areas of zero thickness distribution to areas of sand accumulations as observed in all the sandstone bodies. 
These sandstone bodies could also fall under the braided and low-sinuosity river deposits or meandering river deposits (Gibling, 2006) based on the width/thickness ratio relationship. The Berwyndale South Gas Field sand bodies falls within width/thickness ratio of 10 and 1000 which plot perfectly in either a meandering or braided fluvial system. A scatter plot in figure 4.8 clearly indicates in respective of equation used in estimating their dimensions, these sandstone bodies are more likely to be deposits of a meandering river when compared with resulted plotted by Gibling (2006). 
Geologically, it is difficult to determine the fluvial style of a deposit (braided, meandering, unrestricted braided, straight, modern etc.) by using only subsurface wireline log (Hubbard et al., 2011; Reijenstein et al., 2011), however thickness/width plot  (figure 4.8) suggest this field  as a meandering fluvial system. Several fluvial styles may exist in this field, which is difficult to determine with only wireline log in the absence of directional data, as such the sandstone bodies of Berwyndale Gas field can clearly fit into any fluvial style in case of this evaluation. However, results compiled from other studies (Gibling, 2006), will provide the further constraint in the interpretation of the dimension. Several fluvial styles are associated with a range of dimensions (channel width and channel belt width) for the different sand bodies (Gibling, 2006).
The sandstone bodies of the Berwyndale South Gas Field displayed variable log profiles, which represent a heterogeneous fluvial deposit characterised by the various wireline log profiles representing the sub-environments of a fluvial system. These profiles consist of fining upward, coarsening upward, symmetrical, blocky and serrated which are characteristics of meandering river system (Mial,1986). 
The dominant geometry for the different sandstone bodies as deduced from the correlation panels (figure 3.8, 3.10, 3.12, 3.13, 3.15, 3.19, 3.21, 3.23, 3.25, 3.27, 3.29,3.31, 3.34, 3.36, 3.38, 3.40 and 3.42) is mostly multilateral sand bodies with a tendency of isolated stories at some well locations where the sand thickness is greater than 10m. The present dataset has shown a combination stacks/stories while having a multilateral geometry. This is consistent with some dataset presented by Gibling (2006), representing many modern meandering rivers deposits resulting from the frequent avulsion of the river resulting in the juxtaposition of the deposits from different courses.
[bookmark: _Toc491535562]Relationship to Modern Analogues
Several equations or models were used in the past to improve existing methods in carrying out subsurface facies correlation, while estimating the lateral extent of the sandstone bodies. These models, relies on data from other studies in constraining the interpretation. The dataset generated from dimensions (channel width and channel belt width) for the different sandstone bodies will add to the overall data base for fluvial system sandstone bodies dimension. This will serve as data source in subsurface facies evaluation of similar fields. The resolution or spread of the well penetrations will be integrated with equations from different authors to provide robust equations estimating the lateral extent of the sandstone bodies. The well spread and resolution will help constrained subsurface facies correlation, particularly of fluvial deposits providing guidance on the maximum lateral distance in correlating a sand body of certain thickness from one well to another. Integrating all methodologies (equation and correlation) in estimating the lateral extent of sandstone bodies constrained by the well spread distance measurement will limit or reduce the uncertainty that will be associated with one method.
[bookmark: _Toc491535563]Application to Modelling and Subsurface Analogue Dataset 
Several equations (Bridge and Mackey 1993, Fielding and Carne 1987, Lorenz et al, 1985, Leeder, 1973) have been used to predict the lateral extent of sandstone bodies and these studies relied on outcrop data set in deriving the various equations.
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[bookmark: _Toc475808740][bookmark: _Toc491529161]Figure 4.5: A channel belt width plot representing the estimates from Fielding and Crane’s equation. Note that all sand bodies width estimated aligned with a trend of increase.
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[bookmark: _Toc475808741][bookmark: _Toc491529162]Figure 4.6: channel belt width plot representing the estimates from Lorenz et al equation. Note that all sand bodies width estimated aligned with an increase in thickness.

However, this study based its evaluation entirely using wireline log dataset with no core data in estimating the dimensions of sand bodies thickness, channel width, and channel belt width. In reservoir modelling parameters such as thickness and width of a sand body are very important input parameters  in the construction of a static reservoir model (Schlumberger, 2014) and these are major input data in reservoir modelling  (Bridge and Tye, 2000).
The decision on analogue selection for subsurface evaluation can be made using dataset (thickness, channel width and channel belt width) from this study. The dimensions from this study compared well with results of other similar study  (Zhou et al., 2017) of  similar spatial variation of the dataset allowing wide range of selection because fluvial deposits are complex with high level of variability in all directions (vertically and horizontally). Therefore, this study will provide the dimensions and detailed descriptions of sand bodies within a   stratigraphic interval of a geological field using only wireline logs.
[image: ]
[bookmark: _Toc475808742][bookmark: _Toc491529163]Figure 4.7: Channel belt width plot representing the estimates from Bridge and Mackey’s equation. Note that all sand bodies width estimated aligned with an increase in thickness.
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[bookmark: _Toc475808743][bookmark: _Toc491529164]Figure 4.8: Combined channel belt width plot from Fielding and Crane, Lorenz et al, and Bridge and Mackey equations and estimates by correlation. Note only estimates by correlation covers the whole range of values.

The dataset generated from this analysis will served as template or analogue for the spatial distribution of fluvial sand body dimensions across a field of similar geological setting. The Walloon Subgroup Formation of the Berwyndale South Gas Field is characterised by many stratigraphic intervals within which several sandstone bodies exist with variability in thickness and width distribution across the field. The sandstone bodies of the Berwyndale South Gas Field indicate a moderate variation in the dimensions of the sandstone bodies implying that the lateral migration recorded from the estimated width and thickness of the sand bodies are minimal.
[bookmark: _Toc491535564]Uncertainty
Uncertainty exist in the definition of the lithofacies for the different lithologies. A gamma-ray value of 75 API value was used as cut off value for sand lithology and mudstone lithology, and this cut-off value may have similar gamma-ray value for other lithologies with similar radioactive elements. The gamma-ray value for coal is equivalent to that of the sand (Zhou et al., 2017), and  in the absence of other wireline logs to assist in the interpretation, a coal unit will be interpreted as sand unit. Hamilton et al. (2014a) breakdown sandstone lithology into siltstone, dirty sandstone, and sandstone, with each having a range of gamma-ray value, however, this study incorporates these different sandstone types (siltstone, dirty sandstone, and sandstone) into in single sandstone. Therefore, some level of uncertainty is induced in the definition of the sandstone bodies template. Uncertainty may also be induced in the channel definition,  Zhou et al. (2017) defined two set of channels (primary channel and channel) based on the thickness, with primary channel sands having thickness greater than 6m and channel sands having thickness range between 3 and 6m, however, this study incorporated all sandstone as channel sand, therefore certain sand among the sands evaluated are not channel sand, as such the errors. Uncertainty may also exist in the estimated dimensions of the sandstone bodies, since the different equations incorporated some set of assumptions especially the constant used for the different morphologies within the fluvial system.
The gridding of the sandstone bodies and the resulting maps is not the true reflection of the thickness distribution of sandstone bodies, because of the 2m thickness cut-off value imposed on some wells. The thickness estimates for some sands at some well locations were less than 2m, however all thicknesses of less than 2m were considered as non-channel sand such assigned zero thickness with the gridding process assuming a zero value. Therefore, well locations with thickness values less than 2m will assumed a zero value, therefore affecting the contouring of the map.
[bookmark: _Toc491535565]General Conclusions
· The sandstone bodies of Berwyndale South Gas Field indicate variable dimensions (thickness, channel width and channel belt width) which reflects a characteristic of a mega channel belt width which consists of multiple small channel belt widths.

· The dimensions (channel width) derived with equations consistently show the Leeder (1973) estimates having higher dimension than estimates from Bridge and Mackey (1993) estimates.

· The dimensions (channel belt width) derived with equations have consistently show the Bridge and Mackey (1993) estimates have higher dimensions than estimates from Fielding and Crane (1987) and Lorenz et al. (1985) equations. However, estimates from correlation show much more higher dimensions than all dimensions of the sandstone bodies estimated by equation.

· The width/thickness ratio generated for the sandstone bodies of the Berwyndale South Gas Field represents broad and narrow sheets of sand deposited in a meandering river deposit of fluvial system.

· The geometry of the sandstone bodies in the Berwyndale South Gas Field indicate a multilateral sand bodies with isolated stories at some well locations

[bookmark: _Toc491535566]Synthesis and conclusions of the thesis
At the beginning of this research, the main objectives are:
1. To estimates the sandstone bodies dimensions (thickness, channel width, channel belt width) of the Berwyndale South Gas Field using wireline logs only.

· Compare the sandstone bodies dimensions (channel width and channel belt width) in each stratigraphic intervals of the Berwyndale South Gas Field.

[bookmark: _Toc491535567]To estimates sand bodies dimensions (thickness, channel width and channel belt width) for Berwyndale South Gas Field using wireline logs only.

The characterisation of the sandstone bodies of the Berwyndale South Gas Field provides volume data in dimensions (thickness, channel width and channel belt width), and descriptions. This field consists of 41 wells closely spread, with seventeen sandstone bodies mapped within four stratigraphic intervals of the Walloon Subgroup Formation. These sand bodies were identified and mapped based on a gamma-ray and density log used to interpret three lithologies (sandstone, mudstone, and coal). Correlation panels were generated for each identified sand, showing the geometry of the sand. The sand bodies are dominated by a multilateral geometry with isolated stories at some well locations. All sandstones bodies show variability in thickness, with values ranging between 2 and 15m. Table 4.1 and figure 4.1 show thickness distribution of the sandstone bodies across the field with a clearly defined class of thickness range (2 to 10m and 10 to 15m). This thickness values increase away from areas of non-sandstone accumulation to areas of sand accumulation. These sand bodies are characterised by dimensions ranging between 35 to 200m for channel width and between 92 to 1804m for channel belt width estimated with equation, however, with estimates based on correlation as high as 4902m. 
[bookmark: _Toc491535568]Compare the sandstone bodies dimensions (channel width and channel belt width) in each of the stratigraphic interval of the Berwyndale South Gas Field.
Th
The sandstone bodies dimensions (channel width and channel belt width) of the Berwyndale South Gas field show significant variation, with the channel width of the Walloon Coal Measures stratigraphic interval having higher values compared to those from Juandah Coal Measures, Tangalooma Sandstone, and Taroom Coal Measures. However, the sandstone bodies channel belt width of the Juandah Coal Measures has higher dimensions compared to the remaining stratigraphic intervals. Sandstone bodies dimensions (channel width and channel belt width) by correlation have higher values that dimensions estimated using equations which range between 62 and 4902m across the field
[bookmark: _Toc491535569]Recommendations for Further work
This research has highlighted some questions beyond the scope of this study, and the following recommendations has been put forward for future work: -
· In subsurface facies analysis, data availability and spread is key in providing meaningful interpretation and the require constraint to address areas of uncertainty in the analysis. To constrained the interpretation of the wireline log, core data is essential to calibrate the template for facies identification. The combination of core and wireline logs data will reduce the level uncertainty associated with identifying lithologies from wireline log since some lithologies have the same gamma ray API value. Therefore, further work is needed integrating the wireline log and core data to constrained the interpretation of sandstone and other lithologies in the process reducing any induced uncertainty in the dimensions of the sandstone bodies

·  To fully understand the spatial distribution of the sand bodies within the Berwyndale South Gas Field, further subsurface analysis of two or more fields with good data coverage and spread within this basin will be require to provide regional trend and perspective to draw meaningful interpretation and conclusion. 
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Well 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

1 0 2825 4074 809 5203 1111 3525 1486 1773 1900 2082 721 1621 2203 693 823 3984 2564 2546 578 2734 2362 2177 2960 3544 3005 3157 3472 4059 3930 699 4825 4776 5441 306 1021 2892 509 554 1142 1138

2 2825 0 2114 2164 2382 2645 3889 3175 1953 2732 1188 2925 1209 3355 3355 2160 3773 2649 1925 2517 1291 501 1016 209 3255 671 2257 1769 3363 2723 2129 3867 3399 4031 2873 2210 4695 3194 3154 1774 2702

3 4074 2114 0 3265 2696 3305 2983 3576 2393 2839 2024 3787 2834 3287 2909 3730 2464 2236 1681 3552 1347 2173 3049 2229 2106 1462 1310 609 1824 1038 3452 2001 1377 1947 4258 3100 6549 4227 4141 2963 3334

4 809 2164 3265 0 4537 703 3001 1275 1001 1347 1287 776 1042 1827 2294 829 3349 1892 1760 353 1927 1673 1748 2327 2872 2246 2379 2663 3342 3149 354 4093 3997 4668 1021 305 3555 1048 996 392 761

5 5203 2382 2696 4537 0 4955 5554 5436 4140 4862 3403 5284 3583 5451 5297 4502 5134 4523 3779 4889 3090 2865 3175 2246 4721 2413 3749 2924 4516 3728 4509 4641 3940 4315 5235 4552 6714 5574 5531 4146 5508

6 1111 2645 3305 703 4955 0 2422 583 918 791 1560 514 1662 1152 1698 1494 2879 1487 1647 582 2058 2146 2400 2831 2454 2567 2207 2700 2996 2966 1032 3771 3797 4443 1409 473 4003 997 894 978 62

7 3525 3889 2983 3001 5554 2422 0 2121 2216 1658 2800 2841 3548 1380 725 3827 795 1274 1965 2997 2639 3524 4232 4095 887 3388 1807 2631 1395 2016 3354 2008 2471 2890 3827 2696 6411 3288 3178 3052 2389

8 1468 3175 3576 1275 5436 583 2121 0 1304 761 2037 766 2241 747 1414 2028 2705 1492 1897 1079 2435 2680 2981 3368 2359 3027 2364 2987 2952 3075 1585 3728 3865 4476 1790 1054 4320 1174 1065 1558 521

9 1773 1953 2393 1001 4140 918 2216 1304 0 782 769 1394 1336 1406 1588 1736 2425 978 776 1207 1147 1485 2044 2157 1922 1728 1385 1786 2353 2158 1304 3096 3004 3672 2014 753 4549 1845 1754 887 954

10 1900 2732 2839 1347 4862 791 1658 761 782 0 1544 1272 2040 625 948 2176 2089 745 1176 1349 1788 2266 2776 2937 1677 2457 1606 2263 2241 2316 1701 3019 3115 3737 2194 1043 4791 1754 1645 1448 772

11 2082 1188 2024 1287 3403 1560 2800 2037 769 1544 0 1942 919 2168 2258 1716 2830 1529 909 1613 681 742 1467 1394 2301 1008 1449 1445 2575 2142 1433 3230 2961 3639 2243 1200 4564 2315 2247 948 1610

12 721 2925 3787 776 5284 514 2841 766 1394 1272 1942 0 1816 1494 2119 1349 3353 1991 2147 446 2504 2428 2506 3095 2948 2942 2717 3179 3501 3479 972 4277 4310 4956 1024 743 3573 486 381 1158 511

13 1621 1209 2834 1042 3583 1662 3548 2241 1336 2040 919 1816 0 2635 2919 973 3686 2290 1796 1379 1551 781 747 1340 3163 1509 2365 2300 3482 3058 932 4148 3869 4545 1666 1190 3716 2018 1991 687 1724

14 2203 3355 3287 1827 5451 1152 1380 747 1406 625 2168 1494 2635 0 693 2642 2009 1055 1700 1728 2363 2891 3377 3561 1729 3059 1997 2748 2344 2611 2173 3103 3336 3904 2509 1543 5062 1920 1811 2005 1105

15 2801 3411 2909 2294 5297 1698 725 1414 1588 948 2258 2119 2919 693 0 3123 1318 783 1541 2276 2246 2999 3631 3620 1087 2992 1618 2441 1705 2093 2648 2442 2742 3271 3103 1990 5687 2572 2462 2375 1665

16 823 2160 3730 829 4502 1494 3827 2028 1736 2176 1716 1349 973 2642 3123 0 4145 2685 2428 950 2396 1753 1386 2264 3653 2474 3046 3161 4083 3796 476 4810 4637 5315 749 1133 2861 1320 1340 861 1547

17 3984 3773 2464 3349 5134 2879 795 2705 2425 2089 2830 3353 3686 2009 1318 4145 0 1460 1923 3422 2482 3490 4296 3968 529 3186 1525 2249 682 1432 3688 1213 1721 2099 4274 3050 6870 3827 3717 3309 2860

18 2564 2649 2236 1892 4523 1487 1274 1492 978 745 1529 1991 2290 1055 783 2685 1460 0 759 1990 1464 2260 2961 2857 985 2210 943 1715 1510 1562 2229 2286 2374 2993 2843 1597 5431 2477 2370 1856 1482

19 2546 1925 1681 1760 3779 1647 1965 1897 776 1176 909 2147 1796 1700 1541 2428 1923 759 0 1983 705 1582 2374 2130 1394 1453 622 1092 1690 1390 2034 2388 2237 2910 2780 1528 5277 2610 2516 1570 1670

20 578 2517 3552 353 4889 582 2997 1079 1207 1349 1613 446 1379 1728 2276 950 3422 1990 1983 0 2229 2025 2061 2678 2973 2589 2588 2946 3482 3360 534 4248 4205 4868 854 458 3449 704 646 744 624

21 2734 1291 1347 1927 3090 2058 2639 2435 1147 1788 681 2504 1551 2363 2246 2396 2482 1464 705 2229 0 1063 1947 1488 1965 753 971 765 2097 1542 2105 2672 2327 2999 2911 1786 5239 2918 2840 1616 2097

22 2362 501 2173 1673 2865 2146 3524 2680 1485 2266 742 2428 781 2891 2999 1753 3490 2260 1582 2025 1063 0 899 689 2963 755 2017 2017 1710 2594 1663 3731 3345 4004 2435 1710 4431 2710 2666 1282 2203

23 2177 1016 3049 1748 3175 2400 4232 2981 2044 2776 1467 2506 747 3377 3631 1386 4296 2961 2374 2061 1947 899 0 1026 3767 1594 2874 2874 2608 3486 1555 4617 4243 4902 2135 1928 3688 2635 2627 1423 2462

24 2960 209 2229 2327 2246 2831 4095 3368 2157 2937 1394 3095 1340 3561 3620 2264 3968 2857 2130 2678 1488 689 1026 0 3453 826 2448 1924 3545 2889 2269 4030 3541 4161 2991 2389 4712 3346 3311 1939 2889

25 3544 3255 2106 2872 4721 2454 887 2359 1922 1677 2301 2948 3163 1729 1087 3653 529 985 1394 2973 1965 2963 3767 3453 0 2682 1027 1804 619 1130 3205 1376 1667 2185 3826 2508 6415 3430 3321 2808 2443

26 3005 671 1462 2246 2413 2567 3388 3027 1728 2457 1008 2942 1509 3059 2992 2474 3186 2210 1453 2589 753 755 1594 826 2682 0 1662 1100 2732 2064 2316 3205 2729 3363 3117 2199 3839 3292 3232 1871 2616

27 3157 2257 1301 2379 3749 2207 1807 2364 1385 1606 1449 2717 2365 1997 1618 3046 1525 943 622 2588 971 3153 4013 2448 1027 1662 0 836 1139 773 2656 1786 1620 2289 3397 2137 5898 3192 3093 2190 2222

28 3472 1769 609 2663 2924 2700 2631 2987 1786 2263 1445 3179 2300 2748 2441 3161 2249 1715 1092 2946 765 2017 2874 1924 1804 1100 836 0 1702 976 2862 2109 1642 2294 3663 2493 6000 3619 3533 2372 2730

29 4059 3363 1824 3342 4516 2996 1395 2952 2353 2241 2575 3501 3482 2344 1705 4083 682 1510 1690 3482 2097 1710 2608 3545 619 2732 1139 1702 0 788 3656 779 1079 1567 4329 3063 6897 3986 3878 3224 2991

30 3930 2723 1038 3149 3728 2966 2016 3075 2158 2316 2142 3479 3058 2611 2093 3796 1432 1562 1390 3360 1542 2594 3486 2889 1130 2064 773 976 788 0 3420 1145 848 1522 4169 2910 6655 3957 3857 2947 2977

31 699 2129 3452 354 4509 1032 3354 1585 1304 1701 1433 972 932 2173 2648 476 3688 2229 2034 534 2105 1663 1555 2269 3205 2316 2656 2862 3656 3420 0 4397 4266 4941 812 659 3248 1092 1075 491 1087

32 4825 3867 2001 4093 4641 3771 2008 3728 3096 3019 3230 4277 4148 3103 2442 4810 1213 2286 2388 4248 2672 3731 4617 4030 1376 3205 1786 2109 779 1145 4397 0 732 893 5090 3821 7644 4762 4655 3950 3767

33 4776 3399 1377 3997 3940 3797 2471 3865 3004 3115 2961 4310 3869 3336 2742 4637 1721 2374 2237 4205 2327 3345 4243 3541 1667 2729 1620 1642 1079 848 4266 732 0 679 5016 3756 7497 4791 4689 3791 3805

34 5441 4031 1947 4668 4315 4443 2890 4476 3672 3737 3639 4956 4545 3904 3271 5315 2099 2993 2910 4868 2999 4004 4902 4161 2185 3363 2289 2294 1567 1522 4941 893 679 0 5685 4421 8174 5439 5336 4467 4448

35 306 2873 4258 1021 5235 1409 3827 1790 2014 2194 2243 1024 1666 2509 3103 749 4274 2843 2780 854 2911 2435 2135 2991 3826 3117 3397 3663 4329 4169 812 5090 5016 5685 0 1271 2598 745 815 1296 1438

36 1021 2210 3100 305 4552 473 2696 1054 753 1043 1200 743 1190 1543 1990 1133 3050 1597 1528 458 1786 1710 1928 2389 2508 2199 2137 2493 3063 2910 659 3821 3756 4421 1271 0 3839 1133 1056 505 535

37 2892 4695 6549 3555 6714 4003 6411 4320 4549 4791 4564 3573 3716 5062 5687 2861 6870 5431 5277 3449 5239 4431 3688 4712 6415 5186 5898 6000 6897 6655 3248 7644 7497 8174 2598 3839 0 3152 3258 3710 4029

38 509 3194 4227 1048 5574 997 3288 1174 1845 1754 2315 486 2018 1920 2572 1320 3827 2477 2610 704 2918 2710 2635 3346 3430 3292 3192 3619 3986 3957 1092 4762 4791 5439 745 1133 3152 0 3152 1434 997

39 554 3154 4141 996 5531 894 3178 1065 1754 1645 2247 381 1991 1811 2462 1340 3717 2370 2516 646 2840 2666 2627 3311 3321 3232 3093 3533 3878 3857 1075 4655 4689 5336 815 1056 3258 111 0 891

40 1142 1774 2963 392 4146 978 3052 1558 887 1448 948 1158 687 2005 2375 861 3309 1856 1570 744 1616 1282 1423 1939 2808 1871 2190 2372 3224 2947 491 3950 3791 4467 1296 505 3710 1434 1386 0 1039

41 1138 2702 3334 761 5508 62 2389 521 954 772 1610 511 1724 1105 1665 1547 2860 1482 1670 624 2097 2203 2462 2889 2443 2616 2222 2730 2991 2977 1087 3767 3805 4448 1438 535 4029 997 891 1039 0
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