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Extended Abstract 

 
Since the beginning of the 20th century, oil and gas have been the most important 

energy sources for global economic development. As the most geologically simple reservoirs are 

progressively produced to depletion, and whilst hydrocarbon consumption continues to 

increase, it becomes increasingly necessary to identify, evaluate and develop more complex, 

heterogeneous reservoirs. More than 90% of these reservoirs are located in sedimentary rocks 

and, as such, research on reservoir sedimentology is both a necessary element in the exploration 

and discovery of additional hydrocarbons, as well as helping to solve problems related to the 

appraisal and efficient development of existing sedimentary reservoirs. In addition, the new 

energy policy paradigm and the growing interest in the development of techniques for CO2 

capture, utilization and geological storage, give a new impulse to the need to understand and 

manage sedimentary reservoirs. 

In order to correctly interpret the evolution of a reservoir, whether from the perspective 

of hydrocarbon recovery, for underground capture of CO2 or groundwater exploitation, a 

detailed three-dimensional knowledge of the heterogeneities characterizing reservoirs, is 

becoming increasingly necessary. Establishing reservoir heterogeneity is an especially complex 

problem when analysing non-outcropping formations, as it depends on a number of geological 

variables, such as geological structure, stratigraphy, lithology and facies, all of which condition 

the distribution of the petrophysical variables (porosity and permeability). All these variables 

contribute to reservoir heterogeneity at different scales and, consequently, condition fluid 

storage and flow in a reservoir. 

The description and quantification of geometries, architecture and heterogeneities are 

fundamental in determining the storage and fluid flow in sedimentary reservoirs. However, in 

terms of the three-dimensional characteristics of a reservoir and its heterogeneities, the level of 

precision in our knowledge will greatly depend on the quantity and quality of the available data. 

In this sense, studies of outcrop analogues have proven to be a valuable tool, complementing 
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the typically scarce and/or scattered data, characteristic of the subsurface, with direct 

observations on outcrop. 

Traditional data collection in the study of outcrop analogues (e.g. sedimentological logs, 

geological maps and cross-sections) provides invaluable knowledge with which to characterize 

subsurface reservoirs. However, it is often difficult to extract reliable quantitative data on the 

geometries and spatial heterogeneities of sedimentary geobodies. In this sense, new advances 

in digital techniques and data capture for outcrop analysis, such as digital outcrop models 

(DOM), are filling this gap, allowing the acquisition and analysis of reliable measurements and 

interpretations of geological features within their correct geographical context. 

Furthermore, when the outcrop-based study is complemented by subsurface 

information (e.g. core and well logs data), a complete dataset is obtained resulting in an accurate 

control of the distribution of the heterogeneities in outcrop analogues by direct validation of 1D 

data (core) with 3D data (outcrop-based data). This methodology is known as Outcrop/Behind 

Outcrop (OBO) characterization. OBO characterization is a multi-approach set of methodologies 

aimed at the study of outcrop analogues, integrating outcrop-based and subsurface data from 

wells drilled immediately behind the outcrop, principally recovering cores and acquiring wireline 

log data. This integrated approach, contributes significantly to a better understanding of 

reservoir characteristics and the interpretation of well data from reservoirs typically located at 

depths of several thousand metres. 

In the subsurface, sedimentological characterization of reservoirs based on facies maps 

and correlations between wells is a common practice and an often successful approach relatively 

homogeneous reservoirs. However, this methodology cannot accurately represent the 

distribution of heterogeneities in complex reservoirs. In this sense, and considering recent 

advances in computational capabilities, this problem can be addressed by three-dimensional 

geostatistical reservoir modelling. 

 Geostatistical reservoir modelling is a process of building a digital representation of the 

three-dimensional architecture of a reservoir and its rock properties, through the integration of 

geological and engineering data, both descriptive and quantitative. As a rapidly growing 

discipline in recent years, geostatistical reservoir modelling has become an essential component 

in the process of reservoir evaluation and development, both for large-scale development 

projects and for small and medium-scale reservoir projects. Reservoir modelling and simulation 

can help reservoir development more efficiently, both to plan depletion and improve 
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hydrocarbon recovery or to evaluate storage and control the injection of CO2 into the 

subsurface. 

Sedimentary reservoir characterization has always been a key factor in reservoir 

modelling, effectively acting as the main driver in controlling the prediction of reservoir 

characteristics. In this sense, outcrop analogues play a valuable role in guiding modellers 

towards the appropriate levels of geological detail that a reservoir model should reproduce, 

providing for both ‘hard’ (geometry and dimensions of geobodies) and ‘soft’ (knowledge and 

understanding of sedimentary depositional systems) inputs that control the principal 

characteristics of a reservoir.  

In this context, this thesis project aims to provide datasets from outcrop analogues, in 

order to significantly improve our knowledge of the sedimentary variables which condition the 

optimal exploration and development of highly heterogeneous reservoirs. These datasets 

include outcrop analogue examples of both high and low-sinuosity fluvial systems and a mixed 

tidal and wave-influenced shoreline system. The project integrates both outcrop and subsurface 

data, ultimately providing reservoir modelling workflows to reproduce the distribution of 

heterogeneities in these types of reservoirs. 

The outcrops selected for study correspond to the Triassic Red Beds succession of the 

Iberian Meseta, located in south-central Spain (the Triassic Red Beds of the Iberian Meseta or 

TIBEM. The TIBEM succession in the study area, located to the east of Alcaraz village (Albacete 

Province), comprises fluvial to coastal deposits within a linked stratigraphic framework. The ca. 

160 m-thick sedimentary succession in this area is divided into four informal member-rank 

lithostratigraphic units. From base to top, they are: (i) a mudstone-sandstone unit (M-S Unit), 

composed of high-sinuosity fluvial systems and their associated overbank sandstone deposits 

embedded in floodplain mudstones; (ii) a sandstone unit (S Unit) corresponding to a low-

sinuosity fluvial system; (iii) a heterolithic unit (H Unit) comprising alternating sandstone and 

mudstone layers deposited in a fluvio-marine transition; and (iv) a mudstone-evaporitic unit (M-

E Unit) composed of silt-rich coastal plain facies and intertidal sabkha evaporites. The selected 

TIBEM succession is not the most complete of this formation, although it is considered as an 

excellent outcrop analogue for several currently productive subsurface reservoirs, such as the 

TAGI (Trias Argilo-Gréseux Inférieur) reservoir in Algeria. Both formations result from the erosion 

of Paleozoic granitic and metamorphic terrains during the Tethyan rifting (Middle-Upper 

Triassic) and were deposited in a peri-intracratonic basin under similar climatic, base level and 

tectonic conditions. Basin architectures, in both cases, show similar fluvial facies stacking 
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patterns, varying from high-sinuosity fluvial systems, to low-sinuosity fluvial systems evolving 

up-section to shallow marine deposits (tidal bars and foreshore deposits). 

The workflow designed for this thesis comprises two key elements: (1) Outcrop/Behind 

Outcrop (OBO) methodology for data acquisition and (2) geostatistical reservoir modelling based 

on this combined outcrop and subsurface dataset. Through the application of the OBO 

methodology, “classical” field work was undertaken, based on identification and description of 

the main sedimentary geobodies in terms of geometry, facies analysis and vertical relationship 

with other geobodies. In addition, new technical advances, based on photogrammetry with 

RPAS (Remotely Piloted Aircraft System), were used in the construction of digital outcrop models 

(DOM), a useful tool for completing field information as well as georeferencing of all key outcrop 

data.  

The complementary subsurface-based study consisted, principally, of the acquisition of 

both cores and well logs by drilling boreholes directly behind the selected outcrops. Additionally, 

geophysical techniques such as GPR (Ground Penetrating Radar) were also utilized in order to 

provide a complete subsurface dataset. Through the integration of data, from both outcrop and 

subsurface (OBO characterization), key characteristics, that help in the identification of the 

geobodies, as well as the spatial distribution of the heterogeneities that delimit these geobodies 

were established. In addition, quantitative conceptual models and paleogeographic maps, that 

represent the distribution of the identified geobodies, were also generated. OBO 

characterization provided the necessary input data for the second key element of the study; 

geostatistical reservoir modelling. This modelling process included the construction of a 3D 

stratigraphic model and determining the spatial distributions of facies in the 3D model with 

geostatistical techniques. Two stochastic simulation algorithms for facies modelling were used 

in this work: (1) object-based modelling and (2) multi-point statistics-based modelling. 

The first part of this research has focused on the OBO characterization of the studied 

succession with the aim of extracting the geometrical and dimensional properties of the 

sedimentary geobodies that comprise the Mudstone-Sandstone (M-S Unit), Sandstone (S Unit) 

and Heterolithic (H Unit) Units, to recognize the lateral and vertical variability of heterogeneities 

at lithofacies scale, and to generate quantitative conceptual models and paleogeographic 

reconstructions for these units.  

Results of the OBO characterization of the M-S Unit show a lateral and vertical stacking 

of four types of geobodies: (i) channelized sandstone bodies; (ii) asymmetrical sigmoidal-shaped 

sandstone bodies; (iii) lobe-shaped to sheet-like sandstone bodies; and (iv) sheet-like 
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mudstones. These geobodies represent, respectively, meandering channel, point bar, crevasse-

channel-splay and floodplain sub-environments, all comprising a distal, low-gradient 

meandering fluvial system. The full integration of outcrop and subsurface datasets has enabled 

generation of a robust conceptual model with predictive potential when establishing the three-

dimensional stacking of facies, distribution of heterogeneities, and the connectivity between 

reservoir rock geobodies of both primary (channel) and secondary (crevasse complex) interest 

in this type of fluvial reservoir. 

In the S Unit, two types of geobodies were identified: (i) channel and (ii) compound bar. 

These geobodies represent a perennial deep braided fluvial system. By integrating both surface 

and subsurface data, a detailed paleogeographic reconstruction is proposed, including the 

dimensions and spatial distribution of the main architectural elements, as well as key features 

in core, Gamma Ray log and dip tadpole patterns, that help identify and characterize this type 

of reservoir. 

Finally, the H Unit is characterized by the deposits of a mixed tidal and wave-influenced 

shoreline system comprising three main types of reservoir geobody: (i) elongate geobodies, 

associated with subtidal sandbar facies and intertidal sandbar facies; (ii) asymmetric-sigmoidal 

geobodies formed by tidal-dominated point-bar facies; and (iii) a tabular geobody associated 

with a hyperpycnite sandbody facies and open-coast, linear shoreface facies. The full integration 

of outcrop and subsurface datasets has enabled the generation of a predictive conceptual 

model, based on facies analysis, which through integration with a sequence stratigraphic 

framework has allowed us to characterise the development through time of the system, in 

response to the changing balance between shoreline processes, all of which impacts on both 

geobody geometries and reservoir potential. 

The second part of this research has focused on reservoir modelling of the M-S Unit, 

characterized by high-sinuosity fluvial systems. A critical element in this chapter was the design 

of appropriate modelling workflows with PetrelTM which would best reproduce with a high detail 

the distribution of heterogeneities, both at the scale of geobodies and at the finer scale of 

lithofacies by using both object-based modelling technique and logical statement calculations. 

The workflow at geobody scale was used to construct a 3D training image (TI) of a fluvial 

reservoir, comprising both a meandering channel system and its associated overbank sandstone 

deposits. This TI was subsequently used as mathematical pattern in MPS (Multi-Point Statistical) 

simulations, in order to establish whether it was able to assist in the prediction of the reservoir 

geobodies, as well as confirming to what extent this prediction matched the outcrop. MPS 



L.M. Yeste 

22 
 

simulations generated good predictions for geobodies throughout the model framework with 

mean match values ranging from 15% to 44%. The workflow at the scale of lithofacies was then 

used to estimate the static connectivity of the reservoir in the M-S Unit. The results of this 

exercise reveal the importance of considering both point bar and, especially, crevasse-splay 

geobodies, besides channel geobody, in enhancing static reservoir connectivity in this type of 

reservoirs.   

The multidisciplinary workflow developed in this thesis highlights the importance of 

studies focused on the sedimentological characterization of outcrop analogues, as an effective 

approach to significantly improving our knowledge of sedimentary reservoirs. The integrated 

study of outcrop-derived and subsurface data, has allowed the generation of quantitative 

conceptual models useful in geostatistical modelling. This is especially so when planning 

modelling strategies as well as producing exportable 3D training images that can be used as 

input in the facies modelling process in real reservoirs using the MPS technique. In addition, 

recent technical advances in digital outcrop model characterization and data capture have 

proven to be effective tools, that not only allow us to extract valuable information from 

outcrops, but also leads to accurate uncertainty analysis of reservoir modelling results. 
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Resumen Extendido 

 
Desde principios del siglo XX el petróleo y el gas han sido las fuentes de energía más 

importantes para el desarrollo económico mundial. A medida que los yacimientos de 

hidrocarburos geológicamente más simples han estado produciendo progresivamente hasta su 

agotamiento, la demanda de hidrocarburos ha continuado en aumento, por lo que se hace cada 

vez más necesario identificar, evaluar y desarrollar yacimientos más complejos y heterogéneos. 

Más del 90% de estos yacimientos se encuentran en rocas sedimentarias, lo que contribuye al 

hecho de que la investigación focalizada en la caracterización sedimentológica de rocas almacén 

sea cada vez más importante, tanto para la exploración de nuevos yacimientos como para la 

ejecución de planes de desarrollo eficiente y gestión de los yacimientos ya conocidos. Por otro 

lado, el nuevo paradigma de política energética y el creciente interés por el desarrollo de 

técnicas de captura y almacenamiento geológico de CO2 imprime un nuevo impulso a la 

necesidad de comprensión y control de las rocas almacén.  

Para interpretar correctamente la evolución de un yacimiento, ya sea desde la 

perspectiva de la recuperación de hidrocarburos, para el secuestro subterráneo de CO2 o para 

la explotación de aguas subterráneas, se hace cada vez más necesario el conocimiento detallado, 

en 3 dimensiones, de las heterogeneidades que presenta la roca almacén. Establecer la 

heterogeneidad de un yacimiento se convierte en uno de los problemas más complejos a la hora 

de analizar formaciones no aflorantes, ya que ésta depende de un elenco de condiciones 

geológicas, tales como estructura, estratigrafía, litología y facies, que condicionan la distribución 

de las variables petrofísicas (porosidad y permeabilidad) en el reservorio. Todas estas variables 

contribuyen a la heterogeneidad de la roca almacén a diferentes escalas y, por tanto, 

condicionan el almacenamiento y el flujo de fluidos en un yacimiento.  

La descripción y cuantificación de geometrías, arquitectura y heterogeneidades son 

fundamentales para determinar el almacenamiento y el flujo de fluidos en los yacimientos 

ligados a rocas sedimentarias. Sin embargo, el nivel de precisión de nuestro conocimiento, en 
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relación con las características tridimensionales de un yacimiento y sus heterogeneidades, 

dependerá en gran medida de la cantidad y calidad de los datos disponibles. En este sentido, los 

estudios de análogos aflorantes han demostrado ser una herramienta valiosa complementando 

los datos del subsuelo, que a menudo son escasos y/o dispersos, con observaciones directas 

sobre afloramientos.  

Las técnicas tradicionales de recopilación de datos en el estudio de análogos aflorantes 

(como son, por ejemplo, el levantamiento de columnas sedimentológicas, la elaboración de 

mapas de facies y el establecimiento de correlaciones estratigráficas) proporcionan un 

invaluable conocimiento con el que caracterizar las rocas almacén en el subsuelo. Sin embargo, 

a menudo es difícil extraer datos cuantitativos fiables sobre las geometrías y heterogeneidades 

de los cuerpos sedimentarios. En este sentido, los nuevos avances en las técnicas digitales y la 

captura de datos para el análisis de afloramientos, como son los modelos digitales de 

afloramiento (DOM), están cubriendo esta brecha permitiendo la adquisición y el análisis 

cuantitativo, perfectamente georreferenciado, de mediciones e interpretaciones de las 

características geológicas de los afloramientos.  

Adicionalmente, cuando el estudio de análogos aflorantes se completa con información 

del subsuelo (como, por ejemplo, testigos de roca y diagrafías), se obtiene un conjunto de datos 

completo que proporciona un control preciso de la distribución de las heterogeneidades en los 

análogos aflorantes mediante la validación directa de datos unidimensionales (testigo de roca y 

diagrafías) con datos tridimensionales (datos geométricos a partir de afloramientos). Esta 

metodología se conoce como caracterización Outcrop/Behind Outcrop (OBO). La caracterización 

OBO engloba un conjunto de metodologías con un enfoque multidisciplinar, integrando datos 

obtenidos en afloramiento con datos procedentes de información de subsuelo, obtenida 

mediante la perforación de pozos y adquisición de datos geofísicos en una posición 

inmediatamente trasera al afloramiento seleccionado. Este enfoque integrado, que combina 

información de afloramiento y subsuelo, contribuye significativamente a una mejor 

comprensión de las características de las rocas almacén y a la interpretación de los datos de 

subsuelo obtenidos en yacimientos reales, normalmente ubicados a miles de metros bajo la 

superficie.  

Por otro lado, la caracterización sedimentológica de yacimientos basada en mapas de 

facies y las correlaciones sedimentológicas entre pozos puede ser fiable en reservorios 

relativamente homogéneos, pero no consiguen representar con precisión la distribución de 

heterogeneidades en formaciones altamente heterogéneas. En este sentido, con los avances en 
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las capacidades computacionales que existen hoy día, este problema puede ser abordado 

mediante la modelización geoestadística tridimensional de yacimientos. El modelado 

geoestadístico de yacimientos es un proceso de construcción de una representación digital de 

la arquitectura tridimensional de un yacimiento y sus propiedades, mediante la integración de 

datos geológicos e ingenieriles, tanto descriptivos como cuantitativos. Como disciplina de rápido 

crecimiento en los últimos años, el modelado geoestadístico de yacimientos se ha convertido en 

una parte esencial en la evaluación y desarrollo de un yacimiento, tanto en proyectos de 

desarrollo de gran envergadura como para proyectos de yacimientos de pequeña y mediana 

escala, ya que el modelado y simulación de yacimientos pueden ayudar a un desarrollo más 

eficiente de los mismos, tanto para planificar el agotamiento y mejorar la recuperación de 

hidrocarburos como para estimar el almacenamiento y controlar la inyección de CO2 en el 

subsuelo. 

La caracterización sedimentológica de rocas almacén siempre ha sido clave en el 

modelado de yacimientos, actuando de manera efectiva en el control de la predicción de las 

características de la roca almacén. En este sentido, los análogos aflorantes desempeñan un 

papel valioso para orientar a los modeladores hacia los niveles apropiados de detalle geológico 

que debe representar un modelo de yacimiento, proporcionando tanto datos geométricos y 

dimensionales de las rocas almacén como el conocimiento y comprensión de la dinámica de los 

ambientes sedimentarios que dieron lugar a la roca que alberga el yacimiento.  

En este contexto, este proyecto de Tesis tiene como objetivo proporcionar los conjuntos 

de datos necesarios a partir del estudio de análogos aflorantes para mejorar significativamente 

el conocimiento de las variables sedimentarias que condicionan la exploración y el desarrollo 

óptimo de reservorios altamente heterogéneos. Estos conjuntos de datos incluyen ejemplos 

análogos aflorantes de sistemas fluviales, de alta y baja sinuosidad, y un sistema costero mixto 

influenciado por las mareas y el oleaje. Este proyecto integra tanto datos de afloramiento como 

de subsuelo, proporcionando en última instancia flujos de trabajo de modelado de yacimientos 

para reproducir la distribución de heterogeneidades en este tipo de yacimientos. 

Los afloramientos seleccionados para este estudio corresponden a una sucesión Triásica 

expuesta en el sureste de España (el Triásico de Capas Rojas de la Cobertera Tabular de la Meseta 

Ibérica o TIBEM). La sucesión del TIBEM estudiada, ubicada en las inmediaciones del pueblo de 

Alcaraz (provincia de Albacete), comprende tanto depósitos sedimentarios fluviales como 

costeros. La sucesión sedimentaria, de casi 160 m de espesor en el área de estudio, se divide en 

cuatro unidades litoestratigráficas informales que, de base a techo, son: (i) unidad lutítico-
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arenosa (Unidad M-S), formada por sistemas fluviales de alta sinuosidad y sus depósitos de 

desbordamiento asociados embebidos en lutitas de llanura de inundación; (ii) unidad arenosa 

(Unidad S), caracterizada por un sistema fluvial de baja sinuosidad; unidad heterolítica (Unidad 

H), que comprende capas alternas de areniscas y lutitas depositadas en una zona de transición 

fluvio-marina; y (iv) unidad lutítico-evaporítica (Unidad M-E), caracterizada por depósitos de 

llanura costera rica en lutitas y evaporitas típicas de ambientes de sabkha intermareal. La 

sucesión del TIBEM seleccionada no es la más completa de esta formación, sin embargo, 

corresponde al que puede considerarse como un afloramiento análogo para varios reservorios 

subterráneos actualmente productivos, como es el caso del almacén TAGI (Trias Argilo-Gréseux 

Inférieur) en Argelia. Ambas formaciones resultan de la erosión de terrenos Paleozoicos 

graníticos y metamórficos durante el Triásico Medio-Superior y son depositados bajo unas 

condiciones climáticas, de nivel de base y tectónica similares. La arquitectura de cuenca, en 

ambos casos, muestra patrones de apilamiento de facies fluviales muy parecidos, que varían 

desde sistemas fluviales de alta sinuosidad hasta sistemas fluviales trenzados, evolucionando 

hacia el techo a depósitos marinos poco profundos (barras de mareas y depósitos costeros). 

El flujo de trabajo diseñado para el desarrollo de esta investigación comprende dos 

elementos clave: (1) la metodología Outcrop/Behind Outcrop (OBO) para la adquisición de datos 

y (2) el modelado geoestadístico de yacimientos a partir de estos datos que suman información 

de afloramiento y de subsuelo. A través de la aplicación de la metodología OBO se llevó a cabo 

un trabajo de campo clásico sobre los afloramientos seleccionados, basado en la identificación 

y descripción de los principales geocuerpos sedimentarios en términos de geometría, análisis de 

facies y relación vertical con otros geocuerpos. Además, se realizó la construcción de modelos 

digitales de los afloramientos (DOMs) a través de fotogrametría con RPAS (Remote Piloted 

Aircraft System, normalmente conocido como dron), con el objetivo de completar la información 

de campo, así como para poder georreferenciar todos los datos clave de los afloramientos 

estudiados. El estudio complementario del subsuelo consistió, principalmente, en la adquisición 

tanto de testigos de roca como de diagrafías (rayos gamma natural y espectral e imágenes óptica 

y acústica de las paredes del pozo) mediante la perforación de un total de 15 pozos ubicados 

directamente detrás de los afloramientos seleccionados. Adicionalmente, también se utilizaron 

técnicas geofísicas como GPR (Ground Penetrating Radar, Georradar) para proporcionar un 

conjunto de datos subterráneo más completo. A través de la integración de datos, tanto de 

afloramiento como del subsuelo (caracterización OBO), se establecieron las características clave, 

que ayudan a la identificación de los geocuerpos sedimentarios, así como a la distribución 

espacial de sus heterogeneidades, generando modelos conceptuales cuantitativos y mapas 
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paleogeográficos que representan la distribución de los geocuerpos identificados. La 

caracterización OBO proporcionó los datos de entrada necesarios para el segundo elemento 

clave del estudio: el modelado geoestadístico de yacimientos. Este proceso de modelado incluyó 

la construcción de un modelo estratigráfico y la determinación de las distribuciones espaciales 

de facies mediante técnicas geoestadísticas. En este trabajo se utilizaron dos algoritmos de 

simulación estocástica para el modelado de facies: (1) modelado basado en objetos y (2) 

modelado basado en estadísticas multipunto. 

La primera parte de esta investigación se ha centrado en la caracterización OBO de la 

sucesión estudiada para tratar de extraer las propiedades geométricas y dimensionales de los 

geocuerpos sedimentarios que comprenden las Unidades lutítico-arenosa (Unidad M-S), 

arenosa (Unidad S) y heterolítica (Unidad H), reconocer la variabilidad lateral y vertical de las 

heterogeneidades a escala de litofacies, y generar modelos conceptuales cuantitativos y 

reconstrucciones paleogeográficas que representen la variabilidad lateral y vertical de las 

heterogeneidades que componen los geocuerpos sedimentarios identificados.  

Los resultados obtenidos a través de la caracterización OBO en la Unidad M-S muestran 

que esta unidad está compuesta por el apilamiento lateral y vertical de cuatro tipos de 

geocuerpos: (i) geocuerpos arenosos canalizados; (ii) geocuerpos arenosos sigmoidales; (iii) 

geocuerpos arenosos lobulares y (iv) geocuerpos lutíticos tabulares. Estos geocuerpos 

representan, respectivamente, los subambientes de canal meandriforme, point bar, crevasse-

splay y llanura de inundación; dentro de un sistema fluvial de alta sinuosidad distal de bajo 

gradiente. La integración de los conjuntos de datos de afloramiento y subsuelo ha permitido la 

generación de un modelo conceptual robusto y con potencial predictivo ya que establece 

patrones de apilamiento tridimensional de facies, de distribución de heterogeneidades y de 

conectividad entre los geocuerpos de roca almacén, tanto los que son de interés primario (canal) 

como secundario (crevasse-splay) en este tipo de almacén de origen fluvial. 

En la Unidad S se identificaron dos tipos de geocuerpos: (i) canal y (ii) barra compuesta. 

Estos geocuerpos representan un sistema fluvial de baja sinuosidad (trenzado). A través de la 

integración de datos de afloramiento y subsuelo de esta unidad se propone una reconstrucción 

paleogeográfica detallada, que incluye las dimensiones y distribución espacial de los principales 

geocuerpos identificados, así como las características clave en testigo de roca, registro de rayos 

gamma y patrones de paleocorrientes que ayudan a identificar este tipo de yacimientos. 

Por último, la Unidad H está caracterizada por depósitos de un sistema costero mixto, 

influenciado por las mareas y el oleaje. En esta unidad se identificaron 3 tipos de geocuerpos 
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almacén: (i) geocuerpos elongados, asociados con barras intermareales y submareales; (ii) 

geocuerpos sigmoidales, caracterizados por facies típicas de point bars mareales; y (iii) 

geocuerpos tabulares asociados con depósitos hiperpícnicos o con depósitos de shoreface. La 

integración de datos de afloramiento y subsuelo en esta unidad ha posibilitado la generación de 

un modelo conceptual predictivo, basado en el análisis de facies, que a través de su integración 

en un marco secuencial estratigráfico nos ha permitido determinar el desarrollo temporal del 

sistema, en respuesta al equilibrio cambiante entre los procesos de la costa y su impacto tanto 

en las geometrías de los geocuerpos resultantes de la dinámica litoral como en el potencial de 

la roca almacén a la que dan lugar. 

La segunda parte de esta investigación se ha centrado en el modelado geoestadístico de 

la Unidad M-S, caracterizada por un sistema fluvial de alta sinuosidad. Un elemento crítico en 

esta parte de la investigación fue el diseño de flujos de trabajo de modelado apropiados con el 

software específico PetrelTM capaces de reproducir con un alto grado de detalle, la distribución 

de heterogeneidades, tanto a escala de geocuerpos sedimentarios como a escala de litofacies, 

mediante el uso de técnicas de modelado basadas en objetos y cálculos de declaraciones lógicas. 

El flujo de trabajo a escala de geocuerpos sedimentarios diseñado se utilizó para la construcción 

de una imagen de entrenamiento tridimensional (Training Image – TI) de un yacimiento fluvial 

de alta sinuosidad, compuesto por un sistema de canales meandriformes y sus depósitos de 

desbordamiento asociados. Esta TI fue utilizada como patrón matemático para realizar la 

simulación mediante estadísticas multipunto (MPS), con el fin de establecer cómo esta TI puede 

ayudar en la predicción de los geocuerpos almacén, así como confirmar en qué medida esta 

predicción coincide con el afloramiento. Los resultados obtenidos a partir de las simulaciones 

MPS muestran unas buenas predicciones para los geocuerpos en todo el marco del modelo, con 

valores medios de coincidencia con el afloramiento que oscilan entre el 15% y el 44%. El flujo de 

trabajo de modelado a escala de litofacies fue utilizado para estimar la conectividad estática del 

yacimiento que representa la Unidad M-S. Los resultados revelan la importancia de considerar 

tanto los geocuerpos de point bar como los geocuerpos de crevasse-splay, adicionalmente al 

geocuerpo de canal, en la evaluación de la conectividad estática de un yacimiento de este tipo.  

El flujo de trabajo multidisciplinar desarrollado en esta Tesis pone de manifiesto la 

importancia de los estudios focalizados en la caracterización sedimentológica de análogos 

aflorantes para profundizar en el conocimiento de los yacimientos de hidrocarburos en rocas 

sedimentarias. Mediante el estudio integrado de datos derivados de afloramiento y subsuelo se 

han podido elaborar modelos conceptuales cuantitativos que han demostrado ser de gran 

utilidad en el modelado geoestadístico de yacimientos, especialmente a la hora de diseñar 
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estrategias de modelado y de producir imágenes de entrenamiento exportables y que sirvan de 

entrada en el modelado de facies en yacimientos reales mediante la técnica MPS. Además, los 

avances técnicos recientes en la caracterización digital de afloramientos y la captura de datos 

han demostrado ser una herramienta eficaz que no solo permite extraer una información valiosa 

de los afloramientos, sino que también conduce a un análisis preciso de la incertidumbre de los 

resultados del modelado. 
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CHAPTER 1: 

Introduction 
 
 
 
 
 
 

1.1. Introduction 

 
The description and quantification of geometries, architecture and heterogeneities are 

fundamental to constraining the connectivity of facies and distribution of permeability in 

sedimentary reservoirs. This has important implications for establishing approaches to 

hydrocarbon exploration and recovery, underground CO2 storage and groundwater exploitation. 

Relationships between depositional environments, sedimentary facies patterns, diagenesis, and 

petrophysical properties have been widely described from a range of different settings, 

demonstrating the value of sedimentology in reservoir characterization. Datasets acquired from 

outcrop and cores can provide information on how sedimentary facies stack spatially and aid in 

development of predictive models for subsurface analogues. Thus, the multi-scale 

characterization of sediment body geometries, heterogeneities, architecture and connectivity 

will be of vital importance for the evaluation and modelling of siliciclastic reservoirs. 

Reservoir heterogeneity conditions flow circulation in reservoirs (Akaku, 2008; Ambrose 

et al., 2008; Sifuentes et al., 2009; Deng et al., 2012) and influences the reservoir quality of 

potential reservoirs (Henares et al., 2016). The goal of building geological models for flow 

simulation studies is the integration, at different scales, of the heterogeneities and relevant 

petrophysical characteristics that control fluid flow in a reservoir (Corbett & Potter, 2004). The 

outcrop scale represents an intermediate scale between seismic and well data, and has the 

advantage of direct access to different observation scales, from the macro-scale, represented 

by the stacking patterns of geobodies (Hubbard et al., 2009), to the mesoscale, as represented 

by the distribution and type of geobodies in the depositional system, down to the microscale in 
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which the composition, texture of the sediment and diagenetic evolution constrain the quality, 

fluid flow, and recovery or storage efficiency of a reservoir (Yoshida et al., 2001).  

To understand the evolution of a reservoir, whether from the perspective of 

hydrocarbon recovery, or for underground carbon sequestration or groundwater exploitation, a 

detailed 3D knowledge of the formation is necessary. However, the level of precision in our 

knowledge of the 3D characteristics will depend very much on the quantity and quality of the 

available data. In this sense, studies of outcrop analogues have proven to be a valuable tool, 

complementing the typically scarce and/or scattered data, characteristic of the subsurface, with 

direct observations on outcrop.  

For realistic 3D reservoir modelling, detailed data on the geometry, dimensions and 

spatial distribution of geobodies, as well as of variables which contribute to internal 

heterogeneities, such as grain size, sand:mud ratio, facies, lithology, potential flow barriers, 

porosity and permeability, is essential (Falivene et al., 2007). Integrated studies of both outcrop 

and subsurface data, known as outcrop/behind outcrop characterization (hereinafter OBO 

characterization; Slatt et al., 2012; Viseras et al., 2018; Yeste et al., 2019, 2020) has been 

revealed as the most effective technique in the study of outcrop analogues, providing useful 

datasets for the evaluation and prediction of reservoir heterogeneities (Rarity et al., 2014; 

Henares et al., 2016; Viseras et al., 2018; Yeste et al., 2019, 2020). 

Triassic rift basins located along the northern Atlantic margins are well-known oil and 

gas exploration targets. Some examples of currently productive Triassic reservoirs are: the 

TAGI/TAGS reservoir (Trias Argilo-Gréseux Inférieur & Superior) in the Ghadames petroleum 

province (Algeria, Tunisia); Triassic levels from the Essaouira Basin (Morocco); the Wolfville 

Formation of the Fundy basin (Nova Scotia, Canada); the Sherwood Sandstone Group in the 

Slyne Basin of offshore West Ireland, Dorset Coast (SW UK) and Irish Sea Basin (NW UK), and the 

Skagerrak Formation (Central North Sea, UK and Norway), amongst others.  

During the Triassic, deposition in these basins developed in response to similar tectonic 

and climatic conditions, most notably during the Carnian interval (Arche & López-Gómez, 2014). 

Such semi-arid climates and extensional tectonic frameworks favoured the development of 

similar reservoirs in fluvio-deltaic deposits found throughout the (paleo-) Atlantic margins.  

There is accordingly a double interest from both the oil industry and academia in the 

thorough characterization of such Triassic deposits. This has promoted a multi-scale approach 

to building a comprehensive picture of the three-dimensional distribution of rocks-pores-fluids 

in the reservoir by using all available data sources, such as outcrop analogues studies (Arche et 
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al., 2002; Fabuel-Perez et al., 2010; Arche & López-Gómez, 2014; Henares et al., 2014, 2016; 

Viseras et al., 2018; Yeste et al., 2019, 2020). 

In this sense, this thesis has as its general objective the characterization of Triassic 

outcrop analogues with highly heterogeneous properties to broaden our knowledge of the 

sedimentary variables conditioning the optimal exploration and exploitation of this type of 

reservoir.  

The outcrops selected for study correspond to the Triassic Red Beds succession of the 

Iberian Meseta, located in south-central Spain (the TIBEM of Viseras et al., 2011; Henares et al., 

2014, 2016; Viseras et al., 2019; Yeste et al., 2019). The TIBEM succession in the study area (Fig. 

1.1), located to the east of Alcaraz village (Albacete Province), comprises fluvial to coastal 

deposits within a linked stratigraphic framework. The ca. 160 m-thick sedimentary succession in 

this area is divided into four informal member-rank lithostratigraphic units (Fig. 1.1; Yeste et al., 

2019; 2020). From base to top, they are: (i) a mudstone-sandstone unit (M-S Unit), composed of 

high-sinuosity fluvial systems and their associated overbank sandstone deposits embedded in 

floodplain mudstones (Yeste et al. 2020); (ii) a sandstone unit (S Unit) corresponding to a low-

sinuosity fluvial system (Yeste et al. 2019); (iii) a heterolithic unit (H Unit) comprising alternating 

sandstone and mudstone layers deposited in a fluvio-marine transition zone (Yeste et al., 2017; 

García-García et al., 2017); and (iv) a mudstone-evaporitic unit (M-E Unit) composed of silt-rich 

coastal plain facies and intertidal sabkha evaporites. 

 

1.2. The importance of reservoir characterization 

 
Since the beginning of the 20th century, oil and gas have been the most important 

energy sources for global industries and national economic development (Yu et al., 2018). 

However, over 90% of the world’s hydrocarbon reserves are located in sedimentary rocks and, 

as such, research on reservoir sedimentology is both a necessary element in the exploration and 

discovery of additional hydrocarbons, as well as helping to solve problems related the appraisal 

and development of sedimentary reservoirs (Yu et al., 2018). In addition, despite the challenges 

of the new energy policy paradigm and the role of new technologies, which facilitate a switch 

from carbon intensive fossil fuels to low carbon energy carriers (e.g. natural gas) via CO2 capture, 

utilization and storage (CCUS), it is still necessary to continue broadening our knowledge of 

reservoir sedimentology (Surdam, 2013). 
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Reservoir sedimentology is a an applied discipline that generates diverse data types 

which are used in the study and interpretation of depositional environments, diagenesis, and 

the formation mechanisms of reservoirs, with the objective of both analysing and determining 

the necessary geological knowledge required to improve the exploration and development of 

reservoirs (Yu et al., 2018). It focuses on the analysis and prediction of reservoir heterogeneity 

at different scales through the integration of geological, seismic, well logging, and core data. 

The description and characterization of reservoirs are the main objectives in the 

exploration and development of reservoirs. Within this context, significant interest is focused 

on the concept of reservoir heterogeneity. This is simply because heterogeneity in reservoir 

characteristics strongly impacts the reserves, yield and productivity of the reservoir. In other 

words, the study of reservoir heterogeneities constitutes the basis for appraisal and 

development schemes, providing an important geological basis for the evaluation of reservoirs, 

discovering productivity potential, and predicting the final recovery ratio (Yu et al., 2018).  

Reservoir heterogeneity is one of the most complex problems in subsurface formations 

(Ma, 2019). Fluid storage and flow in porous media depend on a variety of geological and 

petrophysical variables, such as, geological structure, stratigraphy, facies, lithology, porosity and 

permeability (Ma, 2019). All these variables contribute to reservoir heterogeneity and can be 

identified at different scales.  

Reservoir heterogeneity is mainly classified on the basis of research scale or scope, 

reservoir genesis or sedimentary boundary, and influence on fluids (Yu et al., 2018). Weber 

(1986) defined the scales of reservoir heterogeneity, based on size, genetic origin and influence 

on fluid flow; in macro-, meso-, and micro-scale heterogeneities (Fig. 1.2). At mega-scale (1-

10km) reservoir heterogeneity is typically associated with geobody stacking. At meso-scale (1-

100m), characteristic patterns of permeability zonation and permeability baffles, with 

characteristic shapes and distributions related to depositional environments and lithofacies 

variability, commonly occur within certain types of geobody. At micro-scale (<1mm), the 

heterogeneity is related to the grain-size, sorting, detrital composition, pore types, pore network 

and diagenetic processes.   

The term ‘geobody’, as used in this study, refers to the geological elements in a reservoir. 

These elements are defined on the basis of their specific geometry (including width, thickness 

and orientation), bounding surfaces, internal sedimentary features (lithofacies and/or facies 

associations) and the location within the depositional environment. This is a term commonly 

used in geological modelling. Geobody is also equivalent to ‘architectural element’ as defined 
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by Miall (1985), ‘depositional elements’ defined by Kostic & Aigner (2007) or the storeys of Ford 

& Pyles (2014). 

Research focussed on the classification, description and analysis of reservoir 

heterogeneity is therefore of vital importance for the exploration, appraisal and development 

of reservoirs, which, in the case of the latter specifically requires reservoir modelling. 

 

 

Fig. 1.2. Scales of reservoir heterogeneity (modified from Weber, 1986). 
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1.3. The value of outcrop studies in reducing subsurface uncertainty and 

prediction of heterogeneity  

 
Outcrop-based studies provide an important primary source of knowledge on basic 

principles in geology. They are extensively used within both academia and industry for research 

and training, as well as for the development of conceptual and predictive geological models 

(Rarity et al., 2014; Bowman & Smyth, 2016; Viseras et al., 2018; Yeste et al., 2019, 2020).  

Seismic reflection data can image large-scale reservoir architectures, both in 2D and 

especially in 3D where line spacing is sufficiently dense, although vertical and horizontal 

resolution is typically limited to tens of metres (Fig. 1.3). Core and wireline logs, in contrast, can 

provide a higher resolution image of the reservoir albeit sampling only a very small percentage 

of the rock volume with an effective one-dimensional character when compared to seismic. 

Outcrops, however, offer direct two- and often three-dimensional observations of rock bodies, 

their geometries, architecture and lithological heterogeneities ranging over scales from less than 

1 cm to several tens of kilometres, in well exposed areas (Fig. 1.3). Thus, outcrop-based studies 

provide information at a scale ideally located between seismic and well data, and are commonly 

used as analogues for subsurface reservoir characterization and modelling (e.g. Alexander 1993; 

Bryant & Flint 1993; Tinker 1996; Grammer et al. 2004; Cabello et al., 2010; Viseras et al., 2018; 

Cabello et al., 2018; Puig et al., 2019; Yeste et al., 2019, 2020). 

 

 

Fig. 1.3. Typical length and width scales of reservoir heterogeneities in relation to the sampling scale of 

subsurface seismic, wells and core (after Pickup and Hern 2002; Enge et al., 2007; Rarity et al., 2014). 
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“Traditional” field data collection in outcrop analogues (e.g. sedimentological logs, 

geological maps and cross-sections) provides invaluable knowledge with which to characterize 

subsurface reservoirs (e.g. depositional systems, stratigraphic and paleogeographical 

syntheses). However, it is often difficult to extract reliable quantitative data on the geometries 

and spatial heterogeneities of sedimentary geobodies, data which are essential for 3D 

geostatistical reservoir modelling (e.g. Krum & Johnson, 1993; Bryant et al., 2000; Deutsch, 

2002; Rarity et al., 2014). New advances in digital techniques and data capture for outcrop 

analysis, such as digital outcrop models (DOM), are covering this gap allowing for the acquisition 

and analysis of  reliable measurements and interpretations of geological features in their correct 

geographical positions (e.g. Enge et al., 2007; Howell et al., 2014; Rarity et al., 2014; Cabello et 

al., 2018; Yeste et al., 2020). 

As a key additional tool in field data acquisition, digital outcrop models provide several 

advantages (McCaffrey et al., 2005; Pringle et al., 2006; Hodgetts, 2013). Some of these are: (1) 

data collection from otherwise inaccessible areas; (2) data visualization from many different 

angles, as well as the ability to switch rapidly between different scales; (3) with digital datasets, 

the areas from which we can make measurements are massively increased, meaning more 

statistical information can be collected, increasing sample size and therefore reducing the errors 

in statistical analysis; (4) new attributes can be generated to highlight subtle features, assist with 

interpretation and provide the basis for automated mapping approaches; (5) new aerial 

platforms (RPAS) have lower costs compared to other techniques such as LiDAR and allow higher 

flexibility in data acquisition data; (6) digital outcrop models can make remaining field time more 

efficient by offsetting some data interpretation back into the lab; and (7) digital outcrop models  

are a useful tool for teaching, although they are a long way from being a replacement for 

traditional field classes, but used correctly can greatly enhance the field experience. 

Additionally, when the outcrop-based study is completed with subsurface information 

(e.g. core and well logs data), a complete dataset is obtained providing an accurate control of 

the distribution of the heterogeneities in outcrop analogues by direct validation of 1D data 

(core) with 3D data (outcrop-based data). This methodology is known as Outcrop/Behind 

Outcrop (OBO) characterization (Donselaar and Schmidt, 2005; Slatt et al., 2012; Henares et al., 

2016; Viseras et al., 2018; Yeste et al., 2019, 2020).  

OBO characterization is a multi-approach set of methodologies aimed at the study of 

outcrop analogues integrating outcrop-based data and subsurface data from wells drilled 

immediately behind the outcrop, principally recovering cores and acquiring wireline log data. 
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This integrated approach contributes significantly to a better understanding of the reservoir 

characteristics and the interpretation of well data in actual reservoirs. The stratigraphic context, 

location and extent of potential reservoir geobodies in wells can be better constrained with this 

dataset in outcrop analogues. Thus, this methodology, integrating subsurface data with the 

outcrop data, will lead to better reservoir models and a higher success rates in appraisal and 

development drilling, as well as better estimates of reservoir volumes connected to the borehole 

(Rarity et al., 2014; Viseras et al., 2018; Yeste et al., 2020).  

Given that no two systems are identical, the perfect analogue does not exist. The key 

issue is to first understand the aims of the reservoir model in order to select an appropriate 

analogue (Howell et al., 2014). Outcrop analogues are selected based on four criteria (Enge et 

al., 2007): relevance and applicability to the problem, the level of three dimensionality, outcrop 

quality, and accessibility. In some cases, it is possible that no single outcrop analogue exists and 

it may be necessary to combine information from several different outcrop analogues (Howell 

et al., 2014). The choice of the correct outcrop analogue is critical since an incorrect selection 

can lead to the wrong data being used to populate reservoir models (Howell et al., 2014). 

In this context, the selected study area can be considered as an outcrop analogue for 

several currently productive subsurface reservoirs. Of most relevance is that the Triassic red 

beds of the Tabular Cover (TIBEM; Iberian Meseta, Central SE Spain) resemble the TAGI 

reservoirs in Algeria. Both formations result from the erosion of Paleozoic granitic and 

metamorphic terrains during the Tethyan rifting (Middle-Upper Triassic) and were deposited in 

a peri-intracratonic basin under similar climatic, base level and tectonic conditions. Basin 

architectures, in both cases, show similar fluvial facies stacking patterns, varying from high-

sinuosity fluvial systems, to low-sinuosity fluvial systems (Fernández & Dabrio, 1985; Turner et 

al., 2001; Rossi et al., 2002; Ratcliffe et al., 2006; Henares et al., 2014, 2016; Baouche et al., 

2020) evolving up-section to shallow marine deposits (tidal bars and foreshore deposits; 

Baouche et al., 2020).  

 

1.4. The application of outcrop analogues in reservoir modelling 

 
Sedimentology has always been a key factor in reservoir modelling, effectively acting as 

the main driver in controlling the prediction of reservoir versus non-reservoir facies 

characteristics and relationships, as well as porosity and permeability distributions.  
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Recent improvements in reservoir modelling capabilities and computational capacity 

provide an opportunity to input reservoir models with more accurate sedimentological data and 

to obtain more geologically consistent representations. This leads to different modelling 

opportunities, such as building large geocellular models, unlocking the possibility of 

representing reservoir heterogeneity in greater detail; or the realization of a high number (tens 

to hundreds) of equiprobable and alternative scenarios in an attempt to capture the reservoir 

uncertainties (Yeste et al., 2019). However, independently of the modelling approach, accurate 

sedimentological models derived from outcrop analogues assume an even greater importance 

given that their characteristics can now be extracted with high precision. 

Outcrop analogues provide both ‘hard’ (geometry and dimensions of geobodies) and 

‘soft’ (knowledge and understanding of sedimentary depositional systems) data that are 

routinely used to improve our understanding of the subsurface, which is heavily under-sampled 

(Howell et al., 2014). In this context, outcrop analogues play a valuable role in steering 

geomodellers towards appropriate levels of geological detail. Due to new advances in outcrop 

data acquisition, digital outcrop models now offer an extremely useful tool for reservoir 

characterization, allowing for a precise and quantitative analysis of the geological exposure. The 

use of high-resolution digital outcrop models in the reservoir characterization of outcrop 

analogues permits the extraction of datasets of geostatistical parameters, such as facies 

proportions, geometrical and dimensional measurements of geobodies and the spatial 

distribution of heterogeneities; which are the basis for current stochastic reservoir modelling 

approaches such as Sequential Indicator Simulations (SIS), object-based modelling and 

multipoint statistics techniques (Hodgetts, 2013; Howell et al., 2014). 

 

1.5. Objectives 

 
As the most geologically simple reservoirs are progressively produced to depletion, and 

whilst hydrocarbon consumption continues to increase, it becomes increasingly necessary to 

identify, evaluate and develop more complex, heterogeneous reservoirs. In such cases 

development plans and reservoir management become increasingly important. Furthermore, 

with the challenge of new energy policies and the rise in CO2 capture, utilization and storage 

techniques, it is also necessary to improve our understanding and control of reservoirs. As such, 

the successful integration between reservoir characterization and reservoir modelling is 

becoming ever more essential. In this integration, data should not only be quantitative in format, 

such as cores, well logs and seismic data, but also geological concepts and descriptive 
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interpretations are of key importance. In this sense, a multi-scale characterization of the 

geometry, distribution of heterogeneities, architecture and connectivity from outcrop 

analogues is crucial in the broadening of our knowledge of sedimentary reservoirs, providing 

datasets of vital importance for the evaluation and modelling of sedimentary reservoirs. 

This thesis project aims to provide datasets from outcrop analogues to significantly 

improve our knowledge of the sedimentary variables which condition the optimal exploration 

and development of highly heterogeneous reservoirs. These datasets include outcrop analogue 

examples of both high and low-sinuosity fluvial systems and a mixed tidal and wave-influenced 

shoreline system from a Triassic succession exposed in Central SE Spain. The project integrates 

both outcrop and subsurface data, ultimately providing reservoir modelling workflows to 

reproduce the distribution of heterogeneities in these types of reservoirs. To reach these goals, 

the following objectives have been defined: 

1. Application of an Outcrop/Behind Outcrop characterization workflow at meso-scale in a 

selected section of the Triassic deposits of Central SE Spain by comparison and validation 

of sedimentary characteristics in outcrop and behind-outcrop data.  

 

2. Characterization of architectural elements from both “classical” outcrop and digital 

outcrop data, in order to extract the geometrical data (shape and dimensions) of the 

geobodies which comprise the selected outcrops, as well as the spatial relationships 

between them.   

 

3. Recognition of lateral and vertical variability of heterogeneities, at lithofacies scale, by 

characterizing the selected outcrop analogues through the description and 

interpretation of cores, in terms of sedimentary processes and depositional sub-

environments, and integration with the analysis of architectural elements in outcrop. 

 

4. Generation of quantitative conceptual models and paleogeographic reconstructions 

representing both the lateral and vertical variability of heterogeneities, as well as the 

geometric parameters of the geobodies. 

 

5. Planning hypothetical reservoir modelling strategies from OBO characterization 

datasets, reproducing the distribution of heterogeneities in the interpreted geobodies. 
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6. Compilation of a dataset of the most characteristic geobodies representing highly 

heterogeneous reservoirs. It will also include their diagnostic features and the spatial 

distribution of heterogeneities that condition modelling.  

 

1.6. Research outline 

 
The structure of the Thesis is organised according to the previously outlined objectives: 

Chapter 2 provides a geological framework for the studied Triassic deposits from Central SE 

Spain. The Triassic break-up of Pangea triggered the formation of rift basins, on the margins of 

Tethys, where thick continental red bed successions accumulated. The stratigraphy and the 

depositional facies, as summarised, highlight the suitability of these deposits as outcrop 

analogues for highly heterogeneous, fluvial and marginal marine reservoirs. 

Chapter 3 includes a detailed description of the workflow designed for the development and 

completion of this PhD project. This workflow comprises two key elements: (1) Outcrop/Behind 

Outcrop (OBO) characterization and (2) reservoir modelling. OBO methodology integrates 

outcrop-based and subsurface-based data. The results obtained from this methodology (OBO 

characterization) provide the necessary input data for the second key element; geostatistical 

reservoir modelling. Methodological procedures as well as the technical specifications adopted 

for both OBO methodology and reservoir modelling are detailed in this chapter.  

Results and Discussion are presented in two parts (I and II) according to the applied 

methodology and the obtained results: 

Part I presents the results generated by the OBO characterization of the studied succession. This 

section of the thesis is accordingly divided into four chapters: 

Chapter 4 presents the results of the OBO characterization of the Mudstone-Sandstone 

or M-S Unit. This unit is characterized by high-sinuosity fluvial systems comprising the 

lateral and vertical stacking of four geobodies (or architectural elements): (i) channelized 

sandstone bodies; (ii) asymmetrical sigmoidal-shaped sandstone bodies; (iii) lobe-

shaped to sheet-like sandstone bodies; and (iv) sheet-like mudstones. These geobodies 

represent, respectively, meandering channel, point bar, crevasse-channel-splay and 

floodplain sub-environments, all comprising a distal, low-gradient meandering fluvial 

system. The full integration of outcrop and subsurface datasets has enabled generation 

of a robust conceptual model with predictive potential when establishing the three-
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dimensional stacking of facies, distribution of heterogeneities, and the connectivity 

between reservoir rock geobodies of both primary (channel) and secondary (crevasse 

complex) interest in this type of fluvial reservoir. The results of this chapter have been 

published in the journal Sedimentology: 

Yeste, L.M., Varela, A.N., Viseras, C., McDougall, N.D. and García-García, F. (2020). 

Reservoir architecture and heterogeneity distribution in floodplain sandstones: Key 

features in outcrop, core and wireline logs. Sedimentology. DOI: 10.1111/sed.12747. 

Chapter 5 presents the results of the OBO characterization of the Sandstone or S Unit. 

This is characterized by a low-sinuosity fluvial system composed of two geobodies (or 

architectural elements): (i) channel and (ii) compound bar. These geobodies represent a 

perennial deep braided fluvial system. By integrating both surface and subsurface data, 

a detailed paleogeographic reconstruction is proposed, including the dimensions and 

spatial distribution of the main architectural elements, as well as key features in core, 

gamma ray log and tadpole patterns that help identify this type of reservoir. The results 

of this chapter have been published in the Special Publication volume “River to 

Reservoir: Geoscience to Engineering” of the Geological Society of London: 

Yeste, L.M., Henares, S., McDougall, N., García-García, F. and Viseras, C. (2018). Towards 

the multi-scale characterization of braided fluvial geobodies from outcrop, core, 

georradar and well logs data. In: River to Reservoir: Geoscience to Engineering (Eds 

Corbett, P., Owen, A., Hartley, A., Pla-Pueyo, S., Barreto, D., Hackney, C. and Kape, S.), 

GSL Special Publication, 488. https://doi.org/10.1144/sp488.3 

Chapter 6 presents the results of the OBO characterization for the Heterolithic or H 

Unit. This is characterized by the deposits of a mixed tidal and wave-influenced shoreline 

system comprising three main types of reservoir geobody: (i) elongate geobodies, 

associated with subtidal sandbar facies and intertidal sandbar facies; (ii) asymmetric-

sigmoidal geobodies formed by tidal-dominated point-bar facies; and (iii) a tabular 

geobody associated with a hyperpycnite sandbody facies and open-coast, linear 

shoreface facies. A new outcrop analogue dataset for shoreline reservoirs, specifically 

for both a tide-dominated delta and estuarine system, including key geometric and 

sediment body dimension data, is presented in this chapter. 

Chapter 7 attempts to assign appropriate geometries and dimensions to the various 

geobodies identified in the whole study section, summarizing their internal 

heterogeneities for reservoir modelling purposes. These are then upscaled to describe 



Chapter 1  

44 

the gross scale reservoir architecture of the three TIBEM Units (M-S, S and H Units) and 

the key bounding surfaces (or correlation surfaces) between the units. 

Part II, comprising Chapter 8, presents the results obtained from the reservoir modelling of the 

M-S Unit, characterized by high-sinuosity fluvial systems. A critical element in this chapter was 

the design of appropriate modelling workflows with PetrelTM which would best reproduce the 

distribution of heterogeneities, both at the scale of geobodies and at the finer scale of lithofacies 

by using both object-based modelling technique and logical statement calculations. The 

workflow at geobody scale was used to construct a 3D training image (TI) of a fluvial reservoir, 

comprising both a meandering channel system and its associated overbank sandstone deposits. 

This TI was subsequently used in MPS (Multi-Point Statistical) simulations, in order to establish 

whether it was able to assist in the prediction of the reservoir geobodies, as well as confirming 

to what extent this prediction matched the outcrop. The workflow at the scale of lithofacies was 

then used to estimate the static connectivity of the reservoir in the M-S Unit.  

Chapter 9 summarises the key general conclusions drawn from this PhD project. 
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CHAPTER 2: 

Geological Setting of the Study Area 
 
 
 
 
 
 
Abstract The extensive Triassic Red Beds succession of the Iberian Meseta, south-central Spain 
(the TIBEM of Viseras et al., 2011, 2018; Henares et al., 2014, 2016; Yeste et al., 2019a) are continental 
deposits which accumulated during the Tethyan rifting process (Late Permian-Upper Triassic; López-
Gómez et al., 2019). The study area, located to the east of Alcaraz village (Albacete Province), corresponds 
to the most distal part of the outcropping TIBEM, as suggested by paleocurrent data.  The TIBEM 
succession in the study area thus comprises fluvial to coastal deposits within a linked stratigraphic 
framework. In the study area, the ca. 160 m-thick sedimentary succession (Ladinian-Norian) is divided into 
four informal member-rank lithostratigraphic units (Yeste et al., 2019a; 2020). From base to top, they are: 
(i) a mudstone-sandstone unit (M-S Unit), that includes both a meandering channel system and overbank 
sandstone deposits embedded in distal floodplain mudstones (Yeste et al. 2020); (ii) a sandstone unit (S 
Unit) corresponding to a braided system (Yeste et al. 2019a); (iii) a heterolithic unit (H Unit) comprising 
alternating sandstone and mudstone layers deposited in a fluvio-marine transition zone (Yeste et al., 
2017; García-García et al., 2017); and (iv) a mudstone-evaporitic unit (M-E Unit) composed of silt-rich 
coastal plain facies and intertidal sabkha evaporites. Pre-existing, interpretations of the Triassic Red Beds 
by both Fernández (1977), which divided the succession into Sequences I to IV, and Arche & López-Gómez 
(2014), which divided the succession on the basis of the classic Germanic Trias Units (Keuper; K1 to K5), 
are here avoided in order to focus the chosen stratigraphy on the purely descriptive basis of lithology and 
sedimentological features. 

 

 

 

 

 

 

 

 

    

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



Geological Setting of the Study Area 

47 

2.1. The Permian-Triassic break-up of Pangea 

 
Permian-Triassic rifting represents the first of the two Mesozoic rifting stages identified 

in the Iberian Peninsula. The initial phases of development began during the Early Permian, and 

were linked to the beginning of the break-up of the Pangea supercontinent (López-Gómez et al., 

2019). During these initial phases, a new geodynamic configuration was developed in which the 

compressional tectonics of the Hercynian-Variscan phase gave way to a large-scale 

transtensional and extensional regime, leading to the formation of many basins in different 

microplates, including Iberia. These new conditions eventually resulted in continental break-up, 

the northwards-directed subduction of the Paleotethys oceanic ridge under Eurasia and the 

opening and westward expansion of the Neotethyan ocean (Fig. 2.1; Stampfli & Borel, 2002; 

Angiolini et al., 2013; Stampfli et al., 2013; Druguet et al., 2014, López-Gómez et al., 2019).  

 

 

Fig. 2.1. Plate tectonic framework during the Late Permian – Early Triassic showing subduction of the 

Paleotethys oceanic ridge under Eurasia and the opening and westward expansion of the Neotethyan 

ocean (modified from Muttoni et al., 2009). 
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During the Permian, the evolution and development of rifting phases produced several 

small extensional sub-basins in Iberia, filled by terrestrial sediments, a local response to the 

progressive collapse and dismantling of the Variscan belt, through late to post-orogenic 

extension, wrenching and thinning of the orogenic lithosphere (Fig. 2.2a; Faure & Pons 1991; 

Faure et al. 2002; Von Raumer et al. 2013; López-Gómez et al., 2019). This tectonic activity 

controlled both subsidence and the post-orogenic magmatism affecting much of SW Europe 

(Arche & López-Gómez 1996; Cortesogno et al., 1998; Fernández-Suárez et al. 2000; Bruguier et 

al., 2003; Cassinis et al., 2003; Valle Aguado et al., 2005; Ronchi et al., 2008; Dallagiovanna et 

al., 2009; Gutiérrez-Alonso et al., 2011; Maino et al., 2012; Decarlis et al., 2013; Pereira et al., 

2014).  

These rifts were characterized by an initial phase of generalized subsidence, albeit with 

continuing tectonic influence which continued during the Early Triassic. This would suggest a 

transitional stage from tectonic to thermal subsidence and the beginning of the mature phase 

in the rifting evolution of these basins. This transitional stage was associated with the first 

marine incursions, although these were limited in areal extent, none completely flooding the 

new basins (Fig. 2.2b, Ziegler & Stampfli 2001).  

Subsequently, generalized thermal subsidence promoted the development of extensive 

marine platforms within the basins, representing the post-rift or passive margin stage, which 

extended from Late Triassic to Middle Jurassic times (López-Gómez et al., 2019).  

The Permo-Triassic break-up of Pangea conditioned, as outlined above, the onset of 

numerous rift systems in the southern Iberian Peninsula and northern Africa (Tethyan and 

Atlantic branches, respectively, Fig. 2.2b) and, consequently, the formation of several 

depocentres. The Triassic sediments related of the South-Iberian paleomargin, known as the 

“South iberian Triassic” according to Pérez-López & Pérez-Valera (2007), consists of two main 

facies belts, proximal and distal (Fig. 2.2b). The proximal facies belt is exclusively characterized 

by continental red beds, defined as the “Hesperian Triassic” by Sopeña et al. (1983). The distal 

facies belt, in contrast, consists of the epicontinental or “Germanic facies”. These are present in 

the External Zones (Prebetic and Subbetic Domains; Fig. 2.3), with the three-fold classic division 

of: Buntsandstein, Muschelkalk and Keuper (Pérez-López, 1991). Buntsandstein represents the 

initial or tectonic rifting phase during the Early Triassic, while Muschelkalk and Keuper represent 

the mature rifting phase during the Middle Triassic (Pérez-Valera et al., 2000; López-Gómez et 

al., 2019).  
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Fig. 2.2. Paleogeographic maps of Central Eastern Pangea in (a) Middle Triassic and (b) Late Triassic times. 
The study area (TIBEM) is indicated by the red boxes. Paleocurrent data for the Triassic fluvial deposits 
around the Iberian Massif also are shown (from Fernández & Dabrio, 1985; Arche & López-Gómez, 2014; 
Henares et al., 2014; Viseras et al., 2019; Yeste et al., 2019; 2020). The paleogeographic maps are modified 
from Critelli et al., 2008, Arche & López-Gómez (2014) and Escudero-Mozo et al. (2015). 
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The “Hesperian Triassic” is characterized by Buntsandstein and Keuper facies, 

completely lacking Muschelkalk facies (Fernández et al. 1994). The “Hesperian Triassic” outcrops 

widely north of the central sector of the Betic Cordillera along the south eastern edge of the 

Variscan Iberian Massif. These Triassic deposits form the sedimentary cover of the Variscan 

Iberian Massif, the so-called “Tabular Cover” or, more recently, the TIBEM (“Triassic red beds of 

the Iberian Meseta; Viseras et al., 2011; Henares et al., 2014, 2016; Yeste et al., 2019, 2020).   

Fernández et al. (1994), Pérez-López & Pérez-Valera (2007) and Arche & López-Gómez 

(2014) presented a correlation between the TIBEM and the Germanic facies units in the Prebetic 

Domain (Fig. 2.3). These authors reported an important lateral increase in thickness from the 

TIBEM into the Prebetic. This was also reported by Ortíz et al. (1996) through the study of two 

deep wells (Carcelén and Salobral) which have cores of more than 1000 m length through almost 

undisturbed Keuper facies. Towards the south, the Subbetic Triassic outcrops reveal enormous 

original stratigraphic thickness, especially in the Keuper facies (Pérez-López & Pérez-Valera, 

2007; López-Gómez et al., 2019). 

Pérez-López (1991, 2000), Pérez-Valera (2005) and Pérez-Valera & Pérez-López (2008) 

synthesized the Triassic stratigraphy of the Prebetic and Subbetic tectonostratigraphic units. 

These authors distinguished one package of Muschelkalk carbonates, five detrital and evaporitic 

formations constituting the Keuper Group (K1 to K5); and finally, one upper carbonate formation 

of Norian age (Zamoranos Fm). According to these authors, this general stratigraphic framework 

can be maintained with only few variations up to the front of the Internal Zones of the Betic 

Cordillera. However, there exist important lateral changes in sediment thickness, and a general 

trend of facies change towards more open marine environments, towards the south and east in 

the Triassic Betic basin (López-Gómez et al., 2019). 
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2.2. Triassic red beds of the Tabular Cover of the Iberian Meseta (south-

central Spain) 

 
The Triassic red beds of the Tabular Cover of the Iberian Meseta (south-central Spain 

(Fig. 1.1); herein referred as TIBEM; Henares et al., 2011; Viseras et al., 2011; Viseras et al., 2019; 

Yeste et al., 2019a, 2020), were originally defined as the Chiclana de Segura Formation (López-

Garrido, 1971) or as the “Hesperian Triassic” by Sopeña et al. (1983). The TIBEM outcrop covers 

an area of approximately 4000 km2 ranging in thickness from 50 m to 400 m (Fig. 2.4 and Fig. 

2.5; Fernández, 1977). It corresponds to the weakly deformed lower part of the assemblage that 

covers the south eastern margin of the Iberian Massif and constitutes an extensive continental 

sedimentary package dominated by red beds.  

 

 

Fig. 2.4. Distribution of chronostratigraphic units in the region (SE Castilla-La Mancha and NE Andalucia) 

of the study area. The pink-red colour corresponds to the Triassic and specifically to the TIBEM outcrop 

(from GEODE, 2020). The study area is located near Alcaraz village. See Figure 1.1 for a general location 

of the TIBEM in the Iberian Peninsula. 
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Fig. 2.5. Thickness distribution map of the TIBEM (modified from Fernández et al., 2005). The study area 

is located near Alcaraz village.  

 

Age dating of continental red beds is always problematic due to limited recovery of age-

diagnostic fauna. Available data for the TIBEM allows the identification of the Ladinian at the 

base of the succession and the Norian in the upper evaporitic Keuper. Thus, the upper and lower 

boundaries are well constrained, but a more precise internal age zonation is not possible, 

especially for Carnian age sediments (Besems, 1981, Márquez-Aliaga, 2003, Critelli et al., 2008; 

Arche & López-Gómez, 2014). This problem could be overcome by correlation between the 

TIBEM and the Prebetic Domain of the External zones (Fig. 2.3). The upper dolomitic unit has 

been assigned a Rhaetian age by regional correlation between the Imón Fm of the study area 

(Goy & Yébenes, 1977) and the Zamoranos Fm (Pérez-López, 1991; Pérez-López et al., 1992). 

Fernández (1977) interpreted four Triassic sequences (Sequences I to IV) in the TIBEM. 

These must be considered as an attempt to place the Triassic sections of the Prebetic and TIBEM 

into a sequence stratigraphic framework. These units belong only to the emergent portion of 

transgressive system tract and are not true depositional sequences corresponding to a complete 

sea level rise-fall cycle. The following is a description of four Triassic sequences described by 

Fernández (1977):  
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• Sequence I (Lower Ladinian) is fining-upward and characterised by an angular 

unconformity as a lower boundary overlying the Paleozoic basement. The upper 

boundary, in contrast, corresponds to a sharp, apparently non-erosional change in 

sedimentary character. This sequence is also characterized by a basal conglomeratic 

unit, interpreted as the deposits of small alluvial fans or braided streams grading into 

sand-flat and playa-lake depositional environments. This sequence was interpreted by 

Fernández (1977) as deposited during the middle Triassic, in subsiding rift basins with 

no marine connection.  

 

• Sequence II (Ladinian) comprises both the Buntsandstein and Muschelkalk facies in the 

Prebetic Domain and most of the Buntsandstein in the TIBEM (Fig. 2.7). Conversely, 

Arche & López-Gómez (2014), in correlation with the Iberian basin, interpreted this 

sequence as Keuper facies. Sequence II includes a complex group of lithologies and 

sedimentary environments, deposited during a period of rising relative sea level, which 

resulted in a lack of channel incision and relatively high vertical accretion rates in 

floodplain settings. Sandstone bodies accumulated in high-sinuosity fluvial systems and 

their associated overbank deposits (crevasse-splays). Floodplain deposits include 

micritic carbonate paleosols, displacive gypsum nodules, and locally the presence of coal 

layers, typical of swamp deposits (Yeste et al., 2020). 

 

• Sequence III (Ladinian-Carnian?) of Fernandéz (1977) corresponds approximately to the 

K1 unit (Arche et al., 2002; Pérez-Valera & Pérez-López, 2008; Arche & López-Gómez, 

2014; Fig. 2.7). The upper boundary is clear in the Prebetic Domain, where it coincides 

with the base of the K2 Unit, which can also be traced through most of the southern 

TIBEM. The lower boundary is a karstified surface at the top of the Muschelkalk 

carbonates in the Prebetic Domain, where it consists of a series of silt-gypsum-

carbonate sequences, whereas, in the TIBEM, it includes sandstone levels embedded in 

silty sediments with calcrete paleosols. This sequence represents the deposits of a fluvial 

system connected with an evaporitic coastal plain. Sequence III was deposited during a 

phase of stable or slightly falling relative sea level which favoured the development of 

paleosols on floodplains characterised by a low sedimentation rate (Fernández et al., 

1994).  

 



Geological Setting of the Study Area 

55 

• Sequence IV (Carnian-Rhaetian) is also equivalent to Keuper Units K2, K3, K4, K5 and the 

dolomitic Zamoranos Formation (Upper Triassic-Lower Jurassic; Pérez-López, 1991) in 

the Prebetic Domain. A 20-m-thick and hundred-kilometre-long continuous sandstone 

unit (the K2 unit) formed as a braidplain depositional system. The base of the K2 unit 

corresponds to a regional erosional surface that is interpreted as a major discontinuity 

(López-Gómez et al., 2019). The deposition of K2 was certainly related to a major 

sequence boundary which was probably associated with a combination of eustatic and 

climatic phenomena related to the Carnian Pluvial Event (Arche & López-Gómez, 2014). 

This allowed widespread deposition of fluvial sandstone in and around the Iberian 

continent, also at its southern margin. The deposition of the overlying K3 Unit occurred 

due to an increase in accommodation space associated with a relatively rapid rise in the 

base level (Pérez-López, 1996). The K3 Unit, constituted mainly by red clay and 

heterolithic-sandstone deposits, grades upwards into K4 Unit, composed mainly of 

claystones with nodular gypsum, and the K5 Unit, constituted by claystones and 

laminated gypsum levels. Facies within Units K3 to K5 suggest a coastal alluvial system 

passing into an evaporitic tidal flat under rising base level conditions. Subsequently, a 

rapid base level rise marked the backstepping of the former coastal plain which was 

then converted into a coastal environment in which sabkha evaporites were overlain by 

marine carbonates (Zamoranos Fm; Pérez-López, 1991; Fig. 2.7).  

 

Previous publications focussed on the TIBEM (Fernández & Dabrio, 1985; Henares et al., 

2014; Viseras et al., 2019; Yeste et al., 2018 and Yeste et al., 2020), show that paleocurrent data 

indicate that the main drainage direction was to the E and NE. As such, the study area (Alcaraz 

sector) corresponds to the most distal part of the outcropping TIBEM (Fig. 2.6).  

 

2.3. Stratigraphic framework of the study area 

 
The Triassic succession in the study area, located to the east of Alcaraz village (Albacete 

Province), is about 160 m thick and includes only, from base to top, Sequences II, III and IV 

(Fernandez; 1977 and Fernández & Gil; 1989; Fig. 2.7). 
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Fig. 2.6. Simplified summary of paleocurrent distribution in the TIBEM outcrop (modified from Henares et 

al., 2014 and Viseras et al., 2019).  

 

Within this broad framework, and on the basis of the predominant lithology, 

depositional environments and subsurface expression, Yeste et al. (2019a) divided the Triassic 

section in the studied area into four sub-horizontal lithostratigraphic units: Mudstone-

Sandstone Unit (M-S Unit), which includes high-sinuosity fluvial systems;  Sandstone Unit (S 

Unit), corresponding to a low-sinuosity fluvial system; Heterolithic Unit (H Unit), comprising 

alternating sandstone and mudstone layers deposited in a fluvial-tidal transition zone; and, 

finally the Mudstone-Evaporitic unit (M-E Unit) consisting of silt-rich coastal plain facies and 

intertidal sabkha evaporites (Fig 2.7 and Fig. 2.8). 

The Mudstone-Sandstone Unit (M-S Unit), which is at least 90 m thick, occurs at the base 

of the studied stratigraphic succession. The lower boundary was not observed in either outcrop 

or subsurface data in the study area, although its onlap across Palaeozoic paleorelief is observed 

in nearby outcrops. This unit is characterized by a low net-to-gross, effectively a sand:mud ratio 

of 10:90. It comprises lenticular, sand-prone packages up to 4 m thick, as well as thin, tabular, 

sand-prone packages, up to 2 m thick, encased within mud-prone sediments (Fig. 2.8). The main 

depositional environment is interpreted as a high-sinuosity fluvial system, characterized by 
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meandering channels and associated overbank deposits (crevasse-splays) encased within 

argillaceous floodplain deposits (Yeste et al, 2020). Paleocurrent data show a dominant flow 

direction toward the north (Yeste et al, 2020). The M-S Unit shows a serrated gamma-ray profile 

characterised by both bell and funnel shapes. API values average 150 API, but range from 48 to 

250 (Fig. 2.7). 

The Sandstone Unit (S Unit) is distinguished by an irregular base, eroding the M-S Unit, 

and an undulatory top. In marked contrast to the M-S Unit, this Unit is characterized by a high 

net-to-gross (sand:mud ratio of 95:5) and consists of a laterally extensive (hundreds of metres 

along strike and/or along depositional dip) tabular sand package up to 20 m thick (Fig. 2.8). The 

main depositional environment is interpreted as a low-sinuosity fluvial system, characterized by 

a perennial deep braided system (Yeste et al., 2019). Palaeocurrent data show a dominant flow 

direction toward the north-east (Yeste et al, 2020). The S Unit is characterized by a smooth, 

cylindrical gamma-ray profile showing mean values of 59 API, but ranging from 33 to 175 API 

(Fig. 2.7). 

The Heterolithic Unit (H Unit) is 40 m thick, characterised by medium net-to-gross, 

(sand:mud ratio of 60:40) comprising metre-scale heterolithic sandstone-dominated packages 

encased in mudstones (Fig. 2.8). Sediments were deposited in a fluvio-marine transition zone 

interpreted as a mixed tidal and wave-influenced shoreline system (García-García et al., 2017; 

Yeste et al., 2017). Paleocurrent data, in marked contrast to Units M-S and S, show a general 

paleoflow toward the south-east (Yeste et al., 2017). The gamma-ray profile is serrated and 

characterised by API values ranging from 87 to 236 with a mean value of 135 (Fig. 2.7). 

The H Unit gradually transitions into the Mudstone-Evaporitic Unit (M-E Unit), 

characterized by mudstone horizons comprising nodular red gypsums interpreted as the 

deposits of sabkha depositional environments. Toward the top, this unit shows mudstones with 

laminated gypsum and limestones, deposited in a lagoonal environment. The M-E Unit is 

characterised by a cylindrical gamma-ray profile, with a mean API value of 98 (Fig. 2.7). This Unit 

is overlain by marine carbonates (dolostones) known as the Imón Formation, in the outcrops of 

the Iberian Cordillera, located to the north (Goy and Yébenes, 1977), and which is interpreted 

as equivalent to the Zamoranos Fm, described by Pérez-López et al. (1991) in the nearby Sub-

Betic domain. 
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Fig. 2.7. Simplified Triassic Red Beds of Iberian Meseta (TIBEM) stratigraphic and lithological succession in 

the Alcaraz area based on the Gamma Ray log. The relationship of the current study lithostratigraphy to 

key pre-existing stratigraphic schemes is also shown. M-S Unit: Mudstone–Sandstone Unit; S Unit: 

Sandstone Unit; H Unit: Heterolithic Unit; M-E Unit: Mudstone–Evaporitic Unit.  
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CHAPTER 3: 

Methodology and Data 
 
 
 
 
 
 
Abstract The workflow designed for this thesis comprises two key elements: (1) Outcrop/Behind 
Outcrop (OBO) methodology and (2) reservoir modelling.  

OBO is a multi-approach methodology, integrating both outcrop- and subsurface-derived data. 
After an initial selection of outcrops best suited to this approach, classical field work was undertaken, 
based on identification and description of the main sedimentary geobodies in terms of geometry, facies 
analysis and vertical relationship with other geobodies. In addition, new technical advances, based on 
photogrammetry with RPAS (Remotely Piloted Aircraft System), were used in the construction of digital 
outcrop models (DOM), a useful tool for completing field information as well as georeferencing of all key 
outcrop data. The complementary subsurface-based study consisted, principally, of the acquisition of 
both cores and well logs by drilling boreholes directly behind the selected outcrops. Additionally, 
geophysical techniques such as GPR (Ground Penetrating Radar) were also utilized in order to provide a 
complete subsurface dataset. Through the integration of data, from both outcrop and subsurface (OBO 
characterization), key characteristics, that help in the identification of the geobodies, as well as the spatial 
distribution of the heterogeneities that delimit these geobodies were established. In addition, 
quantitative conceptual models and paleogeographic maps, that represent the distribution of the 
identified geobodies, were also generated. 

OBO characterization provided the necessary input data for the second key element of the study; 
geostatistical reservoir modelling. A 3D reservoir model is a computer-based digital representation, 
discretized into 3D cells, of the subsurface and its rock and petrophysical properties. Building a 3D 
reservoir model includes the construction of a stratigraphic model and determining the spatial 
distributions of facies in the 3D model with geostatistical techniques. Two stochastic simulation 
algorithms for facies modelling were used in this work: (1) object-based modelling and (2) multi-point 
statistics-based modelling. 

A total of 2.5 km2 of outcrop area, were studied. 22 high-resolution sedimentological logs were 
constructed in order to characterize lateral and vertical facies variability in the studied stratigraphic 
section. In addition, 15 wells were drilled behind the outcrop, with a total drilled section of 274.4 m. Three 
GPR profiles were also acquired, covered across a total of 443 m of outcrop length. 
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3.1. Introduction 

 
Guided by the general objectives of the present thesis, established in Chapter 1, a study 

methodology with two key elements was applied: (1) Outcrop/Behind Outcrop (OBO) 

methodology and (2) reservoir modelling. The first is a multi-approach technique, integrating 

both outcrop and subsurface data, in order to best characterize the outcrops. The results of this 

were the input data for the second phase of the study; reservoir modelling. Figure 3.1 details 

the workflow designed for this thesis, from acquiring outcrop and subsurface data required for 

OBO characterization to obtaining the results of geostatistical modelling of selected outcrop 

analogues. 

 

3.2. Outcrop/Behind Outcrop (OBO) Methodology 

 
Outcrop/Behind Outcrop methodology is a multi-approach technique that consists of 

data collection in both the outcrop and subsurface of a selected location (Fig. 3.2). This 

technique includes, in turn, different methodologies at different study scales (macro-, meso and 

micro-scale). Two large groups of data are acquired with this methodology: outcrop- and 

subsurface-derived data. 

Firstly, an outcrop-based study was undertaken with the aim of describing the 

sedimentological characteristics of the selected outcrops, aimed principally at the identification 

and description of the main architectural elements or geobodies, in terms of geometry, internal 

structure, facies analysis and both the vertical and lateral relationship with other geobodies. In 

addition, this phase also included the 3D reconstruction of outcrops (digital outcrop models or 

DOM), a task made possible by new technical advances in photogrammetry with RPAS (Remotely 

Piloted Aircraft System) designed to complement the outcrop-based observations. 

In a second phase, subsurface data was acquired directly behind the selected outcrops. 

These data include continuous core recovery and well log data (See Sections 3.13 to 3.15).  

The final phase of this part of the study workflow was the integration of both outcrop 

and subsurface data (OBO characterization; Fig. 3.1), in order to establish those key 

characteristics that: (a) assist in the identification of the geobodies and determine the spatial 

distribution of the heterogeneities that delimit these geobodies for a specific depositional 

environment; and (b) the generation of quantitative conceptual models and paleogeographic 

maps which summarise the spatial distribution of the identified geobodies. 
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Fig. 3.1. Generalised workflow applied in this study to both outcrop/behind outcrop characterization and 

geostatistical reservoir modelling of outcrop analogues. OBO (Outcrop/Behind Outcrop); MPS (Multi-

Point Statistics); OBM (Object-based modelling).  
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Fig. 3.2. Outcrop/Below Outcrop (OBO) characterization workflow designed and applied in this study 

including outcrop-derived and digital outcrop-derived observations and measurements, core description, 

Gamma Ray logging, borehole imaging and ground-penetrating radar profiles. RPAS: Remotely Piloted 

Aircraft System. 

 

The following sections present a detailed description of the techniques and equipment 

used to carry out the OBO characterization. 

 

3.1.1. Fieldwork 

 
In the first phase of data acquisition, traditional field data collection was carried out. 

This consisted of: (1) definition of the area selected for this study; (2) selection of those outcrops 

best suited for integration of both surface and subsurface data, (3) photointerpretation of the 

selected outcrops; (4) geometric analysis of the architectural elements (geobodies) on the 

selected outcrops; and (5) construction of high-resolution sedimentological logs along the 

outcrop. 

 

3.1.2. Digital Outcrop Model: Acquisition, Model Building and Interpretation 

 
Digital outcrop models (DOMs), also called virtual outcrop models (VOMs), are a 3D 

digital representation of the outcrop surface, in the form of a textured polygonal mesh 

generated from a three-dimensional dense point cloud (Bellian et al., 2005; Buckley et al., 2010). 
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DOMs allow for the interpretation and reproducible measurement of different geological 

characteristics (e.g. geological surface orientation or width and thickness of the layers; Bellian 

et al., 2005). The number of identifiable and measurable geological features depends, to a large 

extent, on the outcrop model resolution (Buckley et al., 2008).  

Two techniques are available to obtain the necessary data to build a DOM: LiDAR and 

Structure-from-Motion photogrammetry (SfM photogrammetry). The latter, SfM 

photogrammetry, was selected to build the DOMs for this study as this technique has both a 

lower cost and higher flexibility in terms of data acquisition as compared to the LiDAR technique. 

Photogrammetry is a technique that captures 3D characteristics from two or more 

images of the same object, obtained from different angles (Donovan & Lebaron, 2009, 

Haneberg, 2008, Wilkinson et al., 2016). In particular, Structure-from-Motion (SfM), is a 

photogrammetric technique, where the positions and orientation of the camera are resolved 

automatically (Ullman, 1979; Snavely et al., 2007). SfM uses superimposed images to generate 

3D point clouds, from which a textured polygonal mesh is calculated, generating the DOMs 

(Vasuki et al., 2014; Wilkinson et al., 2016). For this study, the images were acquired with a 

Remotely Piloted Aircraft System (RPAS). 

Although the process of data acquisition with RPAS, in order to generate a DOM, with 

SfM photogrammetry, is relatively fast and flexible; the subsequent data processing leading to 

the finished digital outcrop model is, at present, very labour intensive. The time needed for data 

acquisition and building a DOM depends both on outcrop area and the resolution of the DOM. 

Figure 3.3 summarises the workflow applied in this study for both the data acquisition and the 

processing to build a DOM. In addition, the approximate time needed to complete each stage of 

the workflow to build a DOM is also shown. 

 

Equipment 

A Remotely Piloted Aircraft System (RPAS) was used to acquire the images. Two high-

precision GPS devices were used for the acquisition of the Ground Control Points (GCPs). The 

RPAS was a multi-rotor octocopter FV-8 manufactured by Atyges, equipped with a Sony ILCE-

5000 camera with a resolution of 20.1 megapixels (Fig. 3.4). The images were acquired with an 

exposure time of 1/800s and an ISO speed of 100. The focal length used was 16 mm. The two 

GPS devices used were the GEOMAX Zenith 20, with a cm-scale accuracy. One device was used 

as base and the other was used as a Rover, obtaining measurements from a Differential GPS 

system (DGPS) with errors on a scale of centimetres (horizontal accuracy 10 mm ± 1 ppm and 
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vertical accuracy 20 mm ± 1 ppm; Fig. 3.4). The WGS84 UTM Zone 30 N coordinate system was 

used in the georeferencing of all acquired data. 

 

 

Fig. 3.3. Data collection and processing to build a digital outcrop model; workflow and approximate time 

needed to complete each stage of the workflow. GPS: Global Positioning System; GCP: Ground Control 

Point; DEM: Digital Elevation Model.  

 

Specific markers were designed in order to obtain an easy and precise recognition of the 

GCPs in the images taken from different angles. These markers are metallic and have an inverted 

T shape, with a flat base and another surface perpendicular to the base (Fig. 3.4). 

Two specific software applications were used: MiKroKopter-ToolTM v2.20 software, used 

for flight planning; and Agisoft Metashape ProfessionalTM v1.5.1 software, used in building the 

DOMs from SfM photogrammetry. 
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Fig. 3.4. Equipment used in this study: (a) Multi-rotor Octocopter FV-8 from Atyges, equipped with a Sony 
ILCE-5000 camera of 20.1 megapixels resolution; (b) GPS GEOMAX Zenith 20; (c) Metallic marker with 
inverted T-shape used for the acquisition of ground control points. 

 

Data acquisition 

A typical SfM photogrammetry survey with RAPS platform requires flight planning and 

measurement of ground control points (GCPs) for georeferencing purposes. The flight plans are 

typically generated in the laboratory with dedicated software. In this case the MiKroKopter-

ToolTM v2.20 application was used for the flight planning. The parameters to be considered in 

the flight planning are: flight height, flight trajectory and camera pitch. The flight height is set 

based on the desired ground sampling distance (GSD). Fight trajectory is calculated based on the 

outcrop orientation and the longitudinal and transversal image overlap. The camera pitch is set 

based on the outcrop slope angle in order to obtain images from different perspectives. All these 

parameters vary according to the goal of each flight. For this study, generation of a high-

resolution 3D model was required. Accordingly, high image overlaps and low-altitude flights 

were preferred in order to achieve small GSDs. 

In the field, before executing the flight plans, a systematic acquisition of the GCPs, 

covering the entire surface of the model, was carried out. The final step was to execute the 

previously generated RPAS flight plans, in order to obtain the necessary images (Fig. 3.5). 

 
 

Fig. 3.5. The data acquisition workflow for building a DOM used in this study. 
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Data processing and generation of Digital Outcrop Models 

Before starting any operation, it is necessary to load the images in the photogrammetric 

software (Agisoft MetashapeTM), check that the images are correctly georeferenced, apply a 

mask to the areas that are not of interest  for the modelling (e.g. sky and/or background terrain) 

and introduce and identify the GCPs in each image. 

Once a set of images is loaded into the software, they must be aligned. In this stage the 

software finds the camera position and orientation for each photo and builds a disperse point 

cloud model (Fig. 3.6a). The next step is building a dense points cloud model. Based on the 

estimated camera positions the program calculates depth information for each camera to be 

combined into a single dense point cloud (Fig. 3.6b). This dense points cloud is connected by 

triangles in a triangulation operation to from a mesh surface (Fig. 3.6c). The final step is 

rendering the triangular mesh, building a texture map from the high-resolution images captured 

with the RPAS (Fig. 3.6d). 

Additionally, high-resolution digital elevation models and high-resolution orthomosaics 

can be generated with SfM photogrammetric technique. 

 

 

Fig. 3.6. The workflow for building a digital outcrop model in this study 

 

 



Chapter 3 

70 

Interpretation of Digital Outcrop Models 

Once the DOM is built, it is imported into the specific DOM interpretation software. For 

this study the Virtual Reality Geological Studio (VRRGS) software application was used. 

In this step, the outcrop interpretations developed during the fieldwork stage were 

digitized; specifically, geobody mapping, facies and facies associations mapping, as well as the 

bounding surfaces of the geobodies and any key stratigraphic surfaces. The geometric 

parameters (shape, thickness and width) of the identified geobodies were also extracted, as well 

as measurements of paleocurrents to complete the field observations (Fig. 3.7). In this way, all 

the interpretations that characterize the outcrop are perfectly georeferenced. 

 

 

Fig. 3.7. Digitization of interpretations and extracting georeferenced outcrop information from the DOM. 

(a) Results of high-resolution DOM imported into VRGS software. (b) Example of DOM interpretation.  

 

3.1.3. Drilling and Well logging  

 
The equipment for core recovery and well log acquisition used in this study were 

provided by the Drilling and Well logging Unit of the Scientific Instrumentation Centre (CIC) of 

the University of Granada. It consists of a rotary drill, geophysical well logging equipment and a 

high-resolution core scanner.  

 

Drilling 

The objective of this process was to obtain high quality cores behind the previously 

selected outcrops. For this, the Rolatec RL 48 rotary drill (Fig. 3.8a) of CIC is ideal due to its 

compact design and the ease with which it was able to access areas characterised by difficult 

topography. During drilling, continuous rock cores with a diameter of 85 mm were recovered 

(Fig. 3.8b). Once the cores were acquired, they were scanned with the Smartcube CIS 1000L 

scanner (Fig. 3.8c), slabbed parallel to maximum dip and placed in a core tray by the CIC 

technician for later description (Fig. 3.8d). 
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Fig. 3.8. (a) CIC Rolatec RL-48 rotary drill used in this study. (b) Example of recovered cores. (c) CIC core 

scanner Smartcube CIS 1000L used in this study. (d) Example of core tray displaying 1m of slabbed core.  

 

Well logging  

Well logging, also referred to as wireline logging, is an important tool in the acquisition 

of data from the subsurface. In general, each logging method or tool is based on a certain 

physical property of rocks (electrical conductivity, natural or induced radiation, propagation of 
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mechanical energy, etc.) and from both measurements of these properties and subsequent data 

processing an image of one or more aspects of the subsurface is obtained.  

Well logging acquires continuous data on the rock properties along the borehole wall 

and for some limited distance into the surrounding rock. Through integration of the different 

well logs, we are able to generate an interpretation of many aspects of the relevant rock 

horizons in the subsurface. Well logging is therefore a major tool with which to complement the 

data acquired from the outcrop.  

The well logging equipment used for this study was again provided by the Drilling and 

Well Logging Unit of the Scientific Instrumentation Centre of the University of Granada. This 

equipment, supplied by ALT (Advanced Logic Technology S.A.), is composed of (Fig. 3.9): 

(1) Winch: is the component which winds the wireline up the borehole. The motor regulates 

the speed of ascent and descent of the downhole probe. 

(2) Wireline: the aim of this cable is to support the downhole probe, supply power, and send 

the measurement signal through the downhole probe to the borehole logging system. 

(3) Borehole logging system (MATRIX). This includes the communication control elements 

of the downhole probe as well as the recording of data for subsequent processing. 

(4) Tripod: is a purely mechanical component designed is to support and guide the cable. 

(5) Downhole Probe: this is a cylindrical metal tube that consists of an active or passive 

sensor (generator and/or receiver) of a physical property (electrical, radioactive, etc.) 

and a converter of the captured signal. The equipment used in this study consists of four 

probes (natural gamma ray, spectral gamma ray, acoustic borehole imager and optical 

borehole imager probes). 

 
The following is a description of the different downhole probes used in this study: 

 
Natural Gamma Ray probe (GR) 

The Natural Gamma Ray (GR) probe measures the amount of gamma radiation occurring 

naturally within the formations crossed by a borehole (Fig. 3.10). The GR tool is equipped with 

a scintillation Thallium-doped Sodium Iodide crystal, which, when hit by gamma rays, emits 

pulses of light. These pulses of light are amplified by a photo multiplier tube and are then 

converted into electrical pulses. The pulses are counted, digitized and transmitted up the 

wireline to the surface acquisition system. Gamma rays are produced mainly by isotopes of 

Potassium, Thorium, Uranium and their decay products. 
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Fig. 3.9. Well logging equipment provided by the Drilling and Well logging unit of the Scientific 

Instrumentation Centre of the University of Granada, as used in this study. GR: Natural Gamma Ray probe; 

SGR: Spectral Gamma Ray probe; ABI: Acoustic borehole imager probe; OBI: Optical borehole imager 

probe. 

 

The parameters assigned to the acquisition of GR logs were a sampling rate of 3 cm and 

a logging speed of 2 m/min. 

Qualitatively, and in its simplest form, the GR can be used to help identify lithologies 

based on the API values (often in conjunction with other logs), to suggest facies and sequences 

on the basis of repeatable patterns in the GR curve validated by comparison with core 

analogues, to identify key stratigraphic surfaces and to correlate. In addition, quantitatively, the 

most important use of the gamma ray is in petrophysics, as a shale indicator (VShale or VClay), 

although this relationship is not always straightforward, if we assume that the entire GR 

response is associated with detrital clay. However, the presence of associated radioactive 

detrital minerals in sandstones, such as K-feldspars, micas and/or heavy minerals, generates GR 

responses characterized by high to moderate API values. 
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Spectral Gamma Ray probe (SGR) 

The Spectral Gamma Ray (SGR) probe has the similar measurement principle to the 

natural gamma ray tool. This tool is also equipped with a scintillation Thallium-doped Sodium 

Iodide crystal, which, when hit by natural gamma rays, emits pulses of light. However, it differs 

from the natural gamma ray tool as it records the energy spectrum of the gamma radiation 

emitted by the formations. A real time processing is applied to the energy spectrum and 

computes the concentration of the three main radioisotopes 40K, 232Th and 238U (Fig. 3.10). 

The parameters assigned to the acquisition of SGR logs were a sampling spacing of 3 cm 

and a logging speed of 1 m/min. 

The spectral gamma ray can be used to derive a quantitative radioactive mineral volume 

and thus a more accurate shale volume. Qualitatively it can also indicate dominant clay mineral 

types, provenance, suggest broad depositional environments help to localise source rocks, and 

major sequence stratigraphic surfaces (Bataller et al., 2020), and occasionally to indicate 

fractures. 

 
Acoustic Borehole Imager probe (ABI) 

The acoustic borehole scanner tool generates an image of the borehole wall by 

transmitting ultrasound pulses from a fixed transducer with a rotating mirror and recording the 

amplitude (travel time) of the signals reflected at the interface between borehole fluid and the 

borehole wall (Fig. 3.10). 

The ultrasonic energy wave is generated by a specially designed piezoelectric ceramic 

crystal and has a frequency of around 1.2MHz. On triggering, an acoustic energy wave is emitted 

by the transducer and travels through the acoustic head and borehole fluid until it reaches the 

interface between the borehole fluid and the borehole wall. Here a part of the beam energy is 

reflected back to the sensor, the remainder continuing on into the formation at a changed 

velocity. By careful time sequencing the piezoelectric transducer acts as both transmitter of the 

ultrasonic pulse and receiver of the reflected wave. The travel time for the energy wave is the 

period between transmission of the source energy pulse and the return of the reflected wave 

measured at the point of maximum wave amplitude. The results of this tool are two unwrapped 

360° oriented image representing the travel time for the energy wave and the wave amplitude 

(Fig. 3.10). 

The parameters assigned to the acquisition of ABI logs were a sampling spacing of 3 mm 

and a logging speed of 2 m/min. 
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The main application of this probe is the identification of sedimentary structures and 

fractures. With the image data displayed on screen, in the unwrapped borehole format, dipping 

surfaces appear as a sine wave, the amplitude of the wave indicating the dip, and the position 

of the low point of the wave indicating the dip azimuth. 

 
Optical Borehole Imager probe (OBI)  

The Optical Borehole Imager (OBI) is an advanced logging tool designed for the optical 

imaging of the borehole wall in both open and cased wells, whether drilled with air or clear 

water. The OBI incorporates a high resolution, high sensitivity CCD digital camera with matching 

Pentax optics. The CCD camera, located above a conical mirror, captures the reflection of the 

borehole wall. The light source is provided by a light ring assembly located in the optical head. 

The camera CCD sensor consists of an array of light sensors, each representing one pixel of the 

complete image. Due to manufacturing limitations individual sensors have a slightly different 

response and calibration factor. To produce a coherent image the camera processing system 

checks all the pixels and compensates for variations (white balance). The displayed log image is 

derived from a single annulus extracted from the total pixel array. Azimuthal resolutions 

available are 720, 360, 180 and 90 points per recorded circle. By using processed camera data 

in combination with deviation sensor data, the tool can generate an unwrapped 360° oriented 

image (Fig. 3.10). 

The parameters assigned to the acquisition of OBI logs were a 3 mm sample spacing and 

a logging speed of 2 m/min. 

As the result of the OBI probe is a real and oriented unwrapped image from the borehole 

wall, its primary applicability is the identification of sedimentary structures and fractures, similar 

in many respects to the ABI tool, with the additional benefit of acquiring visual lithological 

information from well intervals with no core recovery. In addition, given the high resolution and 

visual component, it is an extremely useful tool for depth matching core and wireline logs. 
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Fig. 3.10. Sample of pre-processed wireline log data acquired from the natural gamma ray (GR), spectral 

gamma ray (SGR), acoustic borehole imager (ABI) and optical borehole imager (OBI) tools. 

 

3.1.4. Processing of Well logs 

 
The response of the electrical logs acquired by logging tools is typically affected by 

numerous factors, some inherent in the drilling of a well and both its dimensions and rugosity, 

whilst others are due to the formation fluids or mechanical failures. Almost all of these factors 

impact the final response of the tool and accordingly they should be minimized, as far as 

possible, during logging.  

For the processing and interpretation of well logs in this study, WellCADTM software from 

ALT (Advanced Logic Technology S.A.) was used. 

Corrections applied during well log processing were as follows (Fig. 3.11): 

Depth corrections 

Sometimes, the depth reference of a log is altered by circumstances, purely mechanical 

in origin or operator error, which arise during data acquisition. In this case, it is necessary to 
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readjust the depth with respect to a reference log. In this work, the OBI log was used as a 

reference log, as it shows the real image of the borehole wall. 

Data filtering 

The filter process aims to remove spikes from the data set and thereby reduce the effect 

of erroneous data recordings. This process was applied to all logs (GR, SGR, ABI and OBI logs). In 

addition, the filter process was also applied when data density was high and impeding correct 

visualization of the data trend. This process was especially applied to the GR and SGR logs.  

Interpolation of Bad Traces 

Sometimes, ABI and OBI logs show No Data or Null traces which can be removed. The 

algorithm scans the image from bottom to top for traces consisting entirely of Null values. If 

such a trace has been detected it will be replaced with the last trace found containing valid data 

points. This process was applied to both ABI and OBI logs. 

Data display corrections 

This process consists of applying different visual modifications to the hard data to 

facilitate its visualization. For example, in the GR logs, a shading was applied with a vertical 

gradient to the right of the log. In the case of ABI logs, the colour palette used to represent the 

amplitude data was adjusted to improve its visualization. 

Image quality corrections 

These corrections are applied to the OBI log. Image quality correction is based on 

modifying the brightness and contrast parameters of the image to optimize the quality of the 

resulting image. 

Centralization corrections 

The process of centralizing corrections was applied to the ABI logs. A correct 

measurement of the acoustic signal travel time depends on the degree of decentralization of 

the probe within the borehole. Centralizing corrections is a process to correct travel time for 

decentralization effects. Assuming that the decentralization effect on the data can be 

approximately described through a sinusoid the centralization process removes this trend and 

corrects the input data according to a best-fit sinusoid. 

Image normalization 

The goal of the normalization process is to improve the contrast in an image using a 

histogram normalization technique. A histogram of the data is computed and the total range is 
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partitioned into several classes, each having the same number of data points. This process is 

applicable to ABI logs.  

In general, two normalization types can be distinguished, static and dynamic. Static 

normalization computes the histogram and cumulative distribution taking the entire data set 

into account. This means the value range is between the total minimum and maximum of the 

log.  Dynamic normalization improves the local contrast in an image. Histogram and cumulative 

distribution are computed from a sliding data window and the normalization result is applied to 

a distinct part of the window only. The window size is determined from the extension of the 

largest event for which we wish to improve the contrast. 

WellCADTM offers both Dynamic 1- and 2-dimensional options. The only difference is the 

option to additionally define the extension of the data window in a radial direction when 

choosing the Dynamic 2-dimensional option. The radial extension of the data window always 

covers an entire trace (360°) when using the Dynamic 1-dimensional algorithm, whereas the 

Dynamic 2-dimensional algorithm replaces only the centre value of the data window. In addition, 

a High Pass normalization mode is also available. This combines Dynamic 2-dimensional 

normalization with a high pass filter. It can be used to remove radial low frequency trends such 

as those effects caused by a decentralized tool. 

 

Fig. 3.11. Sample of processed data obtained from the GR, SGR, ABI and OBI tools. For the GR and SGR 

logs a filter was applied. For the ABI; static, 1-dimensional dynamic and High Pass normalization were 

applied. For the OBI log, image quality corrections were applied. See Figure 3.10 for a comparison 

between the pre-processing and post-processing data results. Header key: GR: Gamma Ray log; Travel 

Time-Cent: centralized Travel time log; Amplitude-NN: non-normalized amplitude log; Amplitude-Static: 

amplitude log with static normalization; Amplitude-Dynamic: amplitude log with 1-dimensional dynamic 

normalization; Amplitude-High Pass: amplitude log with high pass normalization.  
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3.1.5. Core Description 

 
This phase of the OBO workflow consisted of a high-resolution description of the slabbed cores 

recovered during the drilling phase. A 1:10 scale core description, was carried-out using a 

template, designed for this study, which includes columns for: driller’s depth, modal grain-size, 

principal and subordinate sedimentary structures, rock colour (based on the Munsell colour 

chart), bed contacts, sequence trends (fining- or coarsening upward), fractures and lithofacies 

codes as well as other remarks and environmental interpretations.   

 

 

Fig. 3.12. Core description template used in this study. Depth: driller’s depth; Nº core: number of core; 

Nº box: number of core box; Fm/Mb: Geological Formation or Member; Grain Size: VF (very-fine 

sandstone), F (fine sandstone), M (medium sandstone), C (coarse sandstone), VC (very-coarse sandstone), 

G (granule conglomerate); P (pebble conglomerate); C (cobble conglomerate); Mud cont.: visual estimate 

of detrital mud content; Color: rock colour based on the Munsell colour chart; Surfaces: bed contacts (e.g. 

sharp, erosive, etc.); Trend: sequence trends (fining- or coarsening upward); Cem. abun. & distrib.: cement 

abundance and distribution; Sed. struct.: principal and subordinate sedimentary structures; Dep. Env.: 

depositional environment. 

 

3.1.6. Ground Penetrating Radar (GPR) 

 
Ground Penetrating Radar (GPR) is a high frequency electromagnetic sounding 

technique that has been developed to investigate the shallow subsurface using the contrast of 

dielectric properties (Casas et al., 2000). The principles and theory of this technique are based 

on the wave equation, itself derived from Maxwell’s equations for electromagnetic wave 

propagation. The GPR technique operates on the simple principle that electromagnetic waves, 

emitted from a transmitter antenna, are reflected from subsurface materials and detected at 

another antenna, acting as receiver. The results of GPR data are presented in the form of time-

distance plots that are analogous to conventional reflection seismic records, and in fact the 
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method has many similarities to the seismic reflection method with a pulse of electromagnetic 

energy substituting for the elastic (seismic) energy (Fig. 3.13; Casas et al., 2000).  

GPR has been demonstrated to be a valuable tool in the study of outcrop analogues (e.g. 

Corbenau et al., 2001; Zeng et al., 2004; Van Den Bril et al., 2007; Kostic & Aigner, 2007; 

Hugenholtz et al., 2007; Rice et al., 2009; Pascucci et al., 2009; Nielsen et al., 2009; Szerbiak et 

al., 2010; Abatan et al., 2013; Franke et al., 2015). Several GPR campaigns were designed in this 

case, to image the subsurface in the outcrops of the study area. The campaigns were conducted 

in collaboration with Dr. Teresa Teixidó and Dr. José Antonio Peña (Instituto Andaluz de 

Geofísica, University of Granada). 

Keeping in mind the guiding principle, that there is a clear relationship between 

increasing frequencies, increased resolution but decreasing depths of penetration, the GPR 

profiles, for this study, were acquired using both a shielded 200 MHz antenna, penetrating to 

only about 7 m below the surface, and a 40 MHz antenna, which increased the penetration 

depth to 20 m below the surface but with lower resolution.  

 

 

Fig. 3.13. Example of GRP profile obtained with a 200 MHz antenna. 

 

 

3.2. Reservoir Modelling 

 
Typically, geoscientists will use a series of 2D maps and cross sections, derived from well 

and/or seismic data, in order to characterize the reservoir. These methods may often be 

sufficient for homogeneous, structurally and/or sedimentologically simple reservoirs. However, 

for highly heterogeneous reservoirs, these methods can not accurately represent the 

distribution of heterogeneities through the full volume of the reservoir, given the significant 

lateral and vertical variability in many parameters. In this sense, reservoir modelling is the 
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technique which can best describe the distribution of reservoir heterogeneities in sufficient 

detail, by integrating both descriptive and quantitative analyses, as well as mitigating the 

sampling bias that is often present in reservoir exploration and production.  

Reservoir modelling is the broad term for a set of processes which typically aim to 

integrate all available geoscience data and interpretations, into a 3D volume, discretized into 3D 

cells, with the aim of modelling or predicting rock heterogeneities and petrophysical properties 

within the framework of necessarily incomplete data typical of subsurface contexts (Ma, 2019). 

This process, known as static reservoir modelling, consists of assigning facies types and 

petrophysical property values using statistically-based methods and workflows which require 

input data to geometrically define the reservoir and condition modelling of key properties. The 

result is a 3D model that describes the main characteristics of the reservoir in terms of its facies 

distribution, petrophysical properties and volumetrics. This static reservoir model is then used 

as input into reservoir simulation (dynamic reservoir modelling), during which reservoir 

engineers add other reservoir characteristics, such as pressures, temperatures, and fluid and gas 

compositions to simulate the flow of fluids within the reservoir over its production lifetime. In 

this study, the reservoir modelling process has focused only on the geostatistical modelling of 

facies.  

A software application, known as PetrelTM, was used in this study for the reservoir 

modelling process. PetrelTM is a powerful software platform, commonly used in the exploration 

and production sector of the petroleum industry. This software platform allows the user to 

interpret seismic data, perform well correlations, build reservoir models, visualize reservoir 

simulation results, calculate volumes, produce maps and design development strategies to 

maximize reservoir exploitation (https://www.software.slb.com/products/petrel). Risk and 

uncertainty can also be assessed throughout the life of the reservoir. PetrelTM is developed and 

commercialized by Schlumberger. 

This section presents the reservoir modelling workflow designed for this study, including 

the input data used, the process of constructing both a 3D reservoir model and a geocellular 

outcrop model and the modelling methods applied in order to obtain the geostatistical reservoir 

modelling results.  

 

 

 



Chapter 3 

82 

3.2.1. Input Data 

 
Two types of hard data were used in the reservoir modelling process: (1) data required 

to define the geometry of the reservoir model and (2) data required to define the 3D distribution 

of rock properties.  

Data required to define the geometry of the reservoir model include a polygon that 

delineates the lateral extension of the reservoir model. In addition, the top and base surfaces of 

the reservoir model are required in order to define the vertical boundaries and thickness of the 

model. Also, intermediate surfaces were added to define the internal stratigraphic architecture 

of the reservoir model. These data, both boundary polygon and surfaces, were obtained from 

the DOM (see Section 3.1.2). 

The 3D distribution of rock properties mainly uses data acquired from the shallow wells 

to condition the model. These data are derived from the sedimentological logs, core description 

and well logs. As PetrelTM software is designed for subsurface modelling, the sedimentological 

logs generated at outcrop were also added as “pseudowells”. This type of data includes 

lithology, lithofacies, facies associations, gamma ray logs and paleocurrent data. Additionally, 

digitized outcrop interpretations from DOM were added in order to build the geocellular outcrop 

model.  

 

3.2.2. Construction of 3D Reservoir Model 

 
A 3D reservoir model is a computer-generated digital representation of the subsurface, 

including rock (facies) and petrophysical properties (Ma, 2019). This digital representation is 

discretized into 3D cells for modelling the properties (facies and petrophysical properties). 

Building a reservoir model includes the construction of a structural and/or stratigraphic model 

as well as determining the spatial distributions of facies and petrophysical properties in the 

model (Ma, 2019). A reservoir model requires input data to geometrically define the reservoir 

and condition the property modelling.  

The first step is modelling of those surfaces previously interpreted in the digital outcrop 

model (Fig. 3.14). In this study, these surfaces correspond to stratigraphic boundaries. Surface 

modelling is a process that consists of generating grid surfaces based on point and/or line data. 

Because a reservoir model is a digital representation of the reservoir, discretized into 3D 

cells, a grid is a necessary requirement (Fig. 3.14). The gridding process consists of dividing the 
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reservoir into small cells. The size of the grid cells should be determined as a function of the 

desired resolution and heterogeneities of the properties to be modelled.  

In order to establish the vertical resolution of the 3D grid, the reservoir model is divided 

into zones and layers (Fig. 3.14). Each zone is defined by two surfaces, at its base and top, 

reflecting the stratigraphic zones of the model. Layering process defines the cell thickness for 

each zone of the model, reflecting the depositional patterns of a specific stratigraphic zone of 

the model. Thus, the layering process enables us to define the final vertical resolution of the grid 

by setting the cell thickness (Fig. 3.14).   

The last step is to assign log values to those cells in the 3D grid that are penetrated by 

the input data (wells and/or sedimentological logs). Each grid cell should have a single value for 

each property. As the grid cells are often much larger than the sample density for well logs, data 

must be upscaled before it can be entered into the grid. This process is known as upscale (Fig. 

3.14). Through the upscale process, for each grid cell, all of the log values that fall within the cell 

will be averaged to produce one log value for that cell. The upscaled value will then correspond 

to the value that is most representative of the log data for that particular cell. Thus, upscaling of 

well logs is the process of sampling values from well logs or well log attributes into the grid, 

ready for use as input for both facies and petrophysical modelling. 

 

 

Fig. 3.14. Workflow applied to the construction of a 3D reservoir model framework. 
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3.2.3. Construction of Geocellular Outcrop Model 

 
A Geocellular Outcrop Model (GOM) is a digital representation of the outcrop 

interpretation discretized into 3D cells (Fig. 3.15). This digital representation includes the spatial 

distributions of geobodies, facies associations and/or facies, depending of resolution of outcrop 

interpretation.  

The first step in building a GOM is to digitize the outcrop interpretation in the digital 

outcrop model (DOM). This digitized outcrop interpretation is converted to a georeferenced 

point cloud. Each point in this cloud stores interpretation information (geobody, facies 

association, facies) as an attribute, in addition to its spatial position. This point cloud with 

attributes is imported into PetrelTM (Fig. 3.15). The last step is to assign the attribute values of 

the points to the cells in the 3D grid (upscaling process).  

The digitizing of outcrop interpretations as well as the creation of a point cloud with 

attributes was carried out with Virtual Reality Geological Studio (VRGS) software. The GOM is a 

useful tool with which to contrast the results obtained from geostatistical simulations, as well 

as to quantify the uncertainty associated with the results. 

 

 

Fig. 3.15. Workflow applied to the construction a Geocellular Outcrop Model. (a) the first step is digitizing 

the outcrop interpretation in the Digital Outcrop Model (DOM); (b) import of this interpretation into 

PetrelTM as points with attributes, and finally; (c) assigning point-attributes values to the cells in the 3D 

grid (upscaling).  
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3.2.4. Designing a Modelling Workflow 

 
The “Modelling workflow” is a tool of PetrelTM that allows the generation of multiple 

models to test uncertainty associated with specific parameters. This tool may execute a large 

number of steps without interruption. Using workflows allows us to document what each 

process and/or calculation is doing and, if necessary, rerun the steps when data or parameters 

change. In this study, two modelling workflows were designed, and will be described in Chapter 

8, using facies modelling process and logical statement calculations, mainly conditional “If” and 

“And” statements (Fig. 3.16).  

Working with logical statement calculations, new 3D properties can be created and/or 

operations performed between properties that have already been created. Thus, from a specific 

property of an object (e.g. object depth, object curvature, distance to the object), using a logical 

statement we can assign, for example, the insertion point of another object or populate a 

specific facies in a concrete position within an object. 

 

 

Fig. 3.16. Sample of the modelling workflow designed for this study. 
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3.2.5. Key geostatistical concepts 

 
The reservoir modelling process is based on the spatial interpolation of values or 

properties, such as facies, porosity, or permeability; between available data. Two techniques 

can be used for the modelling process: deterministic or stochastic techniques. Using 

deterministic techniques, a mathematical model which contains no random components is 

created; consequently, each component and input is determined exactly by the user. The 

deterministic methods yield a single estimated result. Using stochastic techniques, a 

mathematical model which are specified by a random outcome from a probabilistic algorithm is 

created. These methods produce a possible result and can be used to produce multiple equally 

probable realizations.  

Using stochastic techniques, the original data distribution should be honoured during 

the interpolation process. In this sense, geostatistical analyses help to identify trends in the 

spatial distribution of the data, as well as in the results. The typical statistical concepts used to 

calculate the spatial distribution of variable values are variance, standard deviation, correlation 

coefficients and variogram. 

The Variance (σ2) is a measure of the average difference between individual values and 

the mean of the dataset they come from. It is a measure of the spread of the dataset (Ringrose 

& Bentley, 2015):  

σ2 =  ∑(𝑥𝑖 −  𝜇)2/𝑁 (1) 

where 𝑥𝑖  represents the individual value for the variable in question, N is the number of values 

in the data set, and µ is the mean of the data set.  

The Standard deviation (Std) is simply the square root of the variance and indicates how 

dispersed the data is relative to the mean. 

The correlation coefficient measures the strength of the dependency between two 

parameters by comparing how far pairs of values (x, y) deviate from a straight-line function. 

Correlation between datasets is typically entered into reservoir modelling as a value between 0 

and 1, in which values of 0.7 or higher generally indicate a strong relationship (Ringrose & 

Bentley, 2015). The correlation coefficient is given by the function: 

𝜌 =
1/𝑁 ∑ (𝑥𝑖 − 𝜇𝑥)(𝑦𝑖 − 𝜇𝑦)𝑛=𝑁

𝑛=1

𝜎𝑥𝜎𝑦
 

(2) 
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where N is the number of points in the data set; 𝑥𝑖, 𝑦𝑖  are the values of point in the two data 

sets; 𝜇𝑥, 𝜇𝑦 are the mean values of the two data sets; and 𝜎𝑥𝜎𝑦 is the standard deviations of the 

two data sets. 

Correlation coefficients reflect the variation of values within a dataset, but they do not 

offer any information as to how these values vary spatially. In this sense, the spatial variation of 

the data can be described by a variogram (Isaaks & Srivastava, 1989). The half of the 

variogram is known as the semi-variance function. The semi-variogram associated with this 

function captures the relationship between the difference in value between pairs of data points, 

and the distance separating those two points (Ringrose & Bentley, 2015). Numerically, this is 

expressed as the averaged squared differences between the pairs of data in the data set; given 

by the experimental semi-variogram function:  

𝛾(ℎ) =
1

2
𝐸 ∑[𝑍(𝑥 + ℎ) − 𝑍(𝑥)]2 

(3) 

where  𝛾(ℎ) is the semi-variance at a specific distance; 𝐸 is the calculated average mean 

difference or the expected mean difference between two samples; 𝑍 represents the value of the 

variable; 𝑥 is the position of one sample in the pair; ℎ is generally referred to as the lag distance.   

Commonly, 𝛾 increases as a function of separation distance. Where there is a 

relationship between the values in a spatial dataset, 𝛾 shows smaller values for points which are 

closer together in space, and therefore more likely to have similar values. As the separation 

distance increases the difference between the paired samples tends to increase (Ringrose & 

Bentley, 2015). 

The results of semi-variogram calculations are represented graphically to establish the 

relationship between the separation distance and the average 𝛾 value for pairs of points which 

are that distance apart (Fig. 3.17a; Ringrose & Bentley, 2015). The result of fitting a trend line 

through the points on the plot is a semi-variogram model (Fig. 3.17a; Ringrose & Bentley, 2015) 

and this semi-variogram model is used as input to stochastic algorithms during parameter 

modelling. The most common semi-variogram models are spherical, gaussian, exponential, 

potential and linear. 

A semi-variogram model has three defining features (Fig. 3.17a; Isaaks & Srivastava, 

1989; Ringrose & Bentley, 2015; Ma, 2019): 

• Sill, which is a constant 𝛾 value that may be approached for widely-spaced pairs and 

approximates the variance, where the data become uncorrelated; 
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• Range, which is the distance at which the sill is reached, thus, the distance at which 

samples became independent of one another; and 

• Nugget, which represents the variability at distances smaller than the sample spacing. 

 

 

Fig. 3.17. Example of an experimental semi-variogram and its elements (from Ringrose & Bentley, 2015). 

(a) Shows the raw data for a semi-variogram model. Note the systematic change in semivariance between 

data points with increasing distance between those points. (b) Shows the fitting of a trend line through 

the points and the key elements of a semi-variogram model. 

 

3.2.6. Facies modelling: Stochastic simulation algorithms 

 
Facies modelling can be challenging due to the complexity and peculiarities of different 

sedimentary environments, notably in terms of the distribution patterns of facies. There are 

three major conventional stochastic techniques currently used in the reservoir modelling of 

fluvial deposits: object-based modelling (OBM), sequential-indicator simulation (SIS) and multi-

point statistics-based modelling (MPS). Many papers have been published on each of these 

methods and the comparison between them (e.g. Bastante et al., 2008; Barboza et al., 2009; 

dell’Arciprete et al., 2011; Deveugle et al., 2014; Mitten et al., 2020). However, all these 

methods have strengths and weaknesses, and they may or may not be suitable for a specific 

modelling project. In this work, OBM and MPS were the selected modelling methods. The 

characteristics of each method are summarised below.  

Object-Based modelling (OBM) is a facies modelling technique aimed principally at the 

geometry of geological objects. This technique uses a stochastic simulation algorithm, termed 

marked point process, to generate facies models (Holden et al., 1998). OBM provides the 

capability for modelling complex, well-defined facies objects as discrete bodies. OBM can readily 

incorporate geological concepts identified or interpreted from subsurface formations.  
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Typically, the geometry of facies bodies is analysed using sedimentary principles, field 

data, depositional analogues, regional geological studies and seismic attribute analysis; and is 

characterized by probabilistic distributions (e.g., normal, triangular or uniform). Depending on 

the shapes of facies bodies, such as channels, bars, and various ellipsoidal deposits, OBM uses 

predefined mathematical functions to approximate the facies body shapes. 

In the marked point process for facies modelling, the probability density function for a 

target facies can be defined as the product of several terms according to the following equation 

(Holden et al., 1998): 

𝑃(𝑢) = 𝑐 ℎ𝑀(𝑢)ℎ𝐼(𝑢)ℎ𝑊(𝑢)ℎ𝑆(𝑠|𝑢)𝐼(𝑢) (1) 

where 𝑐 is a coefficient, ℎ𝑀(𝑢) describes the facies body geometry, ℎ𝐼(𝑢) describes the 

interaction between different facies bodies, ℎ𝑊(𝑢) describes the well contacts, ℎ𝑆(𝑠|𝑢) is the 

secondary conditioning term, and 𝐼(𝑢) describes the well and volume constraints.  

 
The object-based simulation algorithm works by randomly selecting a reference point 

and creating a facies body based on different criteria, such as facies fractions and rules of 

erosion. Whereas individual facies objects are predefined geometrically with statistical 

parameters, the distribution of different facies objects may be random, clustered, uniform, or 

repulsive in character. These distributions of facies objects describe the spatial relationships of 

different facies objects. One of the most commonly used OBM methods is fluvial object-based 

modelling, which generates channels with defined ranges in width, thickness, and sinuosity 

(Clement et al. 1990; Holden et al. 1998; Colombera et al., 2019). 

Multi-Point Statistics (MPS)-based modelling is a facies modelling technique that uses 

conceptual geological models as 3D training images (TI) to generate geologically realistic 

reservoir models conditioned to well data. It combines the ability to reproduce geological 

'shapes', similar to object-based methods, with the speed and exact data-conditioning provided 

by variogram-based techniques. MPS extracts facies patterns from a conceptual TI that displays 

the type of facies elements believed to be present in the reservoir, and then reproduces in the 

model the patterns that fit the reservoir well data.  

Traditionally, the variogram (see Section 3.2.5) has been used as the key geostatistical 

tool used to describe the spatial continuity of a reservoir property. However, the variogram 

describes only two-point spatial relationships and may not be effective in characterizing complex 

spatial relationships, such as curvilinear features (Guardiano & Srivastava 1993; Mustapha & 

Dimitrakopoulos, 2010). One way to achieve such a goal is to borrow complex spatial geometries 
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through a TI which conveys the relevant spatial relationships between many points (Strebelle, 

2002; Daly & Caers, 2010; Mariethoz & Caers, 2015). 

Thus, MPS is a stochastic modelling method that generates a reservoir model on the 

basis of a given TI. Multiple points also imply exploring the relationships between one-to-many 

points at the same time. The local conditional probability at the cell is calculated by scanning the 

TI. The probability of a facies code is calculated from the matched patterns based on its relative 

occurrences.  

The TI is the main geological concept introduced in this approach. This conveys some 

complex spatial features in facies that are not carried by others statistical tools, such as the 

variogram, but are, nonetheless, key geometrical complexities. The relationships between the 

different facies are assumed to be conveyed by the TI. Therefore, a TI can be considered as an 

idealized representation of the geology. The main goal of the TI is to describe geometries (shapes 

and dimensions) and the neighborhood relationships of facies bodies, i.e., the relative position 

of the facies bodies to each other. 

The TI can be a conceptual geological model, a pre-existing facies model generated by 

another modeling method (such as a model by OBM or process-based modelling), hand drawn 

images, aerial images or analogues. For constructing a 3D facies model, a 3D TI is commonly 

recommended because it conveys both lateral geometries and vertical sequence patterns of the 

facies. A 2D TI will guide the MPS in the lateral distribution of facies shapes, but the vertical 

distribution cannot be borrowed from the training image. The TI should be large enough to cover 

multiple examples of facies shapes and interactions between facies bodies. The facies 

proportions of the TI should be close to the estimate of relative facies proportions (target 

fractions), not attempt to model an excessive number of lithofacies codes (fewer than eight is 

preferable), and have repeatability; that is it should be large enough to cover several replications 

of facies shapes and interactions between facies bodies (Ma, 2019).   

MPS facies simulation enables the generation of models with considerably more 

geological complexity than other techniques (e.g. sequential indicator simulation). As its 

algorithm is cell-based, it has the advantage over the object modeling method in that it can 

condition to data more easily than an object-based model. 

The two facies modelling methods presented here have both pros and cons (Ma, 2019). 

OBM, for example, can be used with defined objects, when the shapes of facies bodies are 

clearly definable, as it provides the flexibility of modelling a combination of facies with different 

geometries. As such OBM is suitable for modelling river deposits with both simple and complex 
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geometries. It is also relatively straightforward to model curvilinear features, including 

meandering channels. Furthermore, OBM can generally model reservoir connectivity better 

than the other methods, which can be important in characterizing flow (Pranter & Sommer, 

2011). However, it has difficulties in honouring abundant hard data. Honouring soft data may 

also present difficulties, depending on the consistency between the soft data and facies objects 

(Ma, 2019). In contrast, MPS trades off the honouring of conditioning data and geometrical 

complexity. It can model moderately curvilinear spatial features, and it can also model 

connectivity quite well. Preparation of a reliable 3D training image is also a major element in 

building a reasonable MPS facies model, but this is often difficult due to the limited data 

available for a reservoir (Ma, 2019).  

In this study, a combination of these two methods was used to model a high-sinuosity 

fluvial system (M-S Unit). As outlined above, OBM is the most suitable method for modelling 

river deposits with complex geometries, such as high-sinuosity fluvial systems. In addition, this 

method is best for estimating reservoir connectivity. Thus, the OBM methodology was used to 

generate both a 3D TI and, the complete reservoir model in order to estimate the reservoir 

connectivity. MPS was subsequently used to predict the distribution of the geobodies from the 

OBM-generated TI, as well as to estimate the influence of the input data on the prediction of 

geobody distribution. This approach was chosen as the MPS method better trades off the 

honouring of conditioning data and geometrical complexity in comparison with the OBM 

method.  

 

3.3. Data 

 
A total of 2.5 km2 of outcrop area were studied, of which 1.5 km2 were incorporated into 

a Digital Outcrop Model. In the studied outcrop area, a total of 20 high-resolution 

sedimentological logs were constructed for the characterization of lateral facies variability in the 

M-S Unit. In addition, and also in the M-S Unit, one high-resolution sedimentological log (PNV 

1), through a section of 72 m, were constructed in order to fully characterize the vertical facies 

variability in the M-S Unit. Another high-resolution sedimentological log (HU1), through a 

section of 40 m, was constructed in order to fully characterize the vertical facies variability in 

the H Unit (Fig. 3.17).  

In the studied area, a total of 15 wells were drilled with a total drilled section of 274.4 

m (Fig. 3.17). In all wells, core recovery and well log data were acquired. In the M-S Unit, Wells 
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MB1 to MB4, with, respectively, 3.6, 2.9, 4.8 and 8 m of drilled section; and Well S2P4, with a 

section of 70 m, were drilled. In addition, Well K2P1 was drilled to a depth of 42 m; of which the 

uppermost 22 m correspond to the S Unit and the remaining 20 m to the M-S Unit. Also, Wells 

K2L1 to K2L4 and Well K2P2 penetrated the S Unit with, respectively, 16, 17, 15, 7 and 20 m of 

drilled section. Wells HU 1 to HU 4, which reached total depths of 14.7, 15, 34.5 and 3.9 m, 

respectively; drilled the H Unit.  

 

 

Fig. 3.17. Satellite image of the study area showing the location of the wells, sedimentological logs and 

GPR profiles. In addition, the area incorporated into the digital outcrop model is also shown. Acronyms 

correspond to the names attributed to the sedimentological logs, well data and/or GPR profiles. 
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A total of Three GPR profiles, covering a total of 443 m of outcrop length, were acquired. 

GPR-N and GPR-S2 profiles, 70 and 248 m long, respectively, were acquired with a shielded 200 

MHz antenna which limited the penetration to a depth of 10 m. GPR-S1, with a 125 m long 

profile, was acquired with a shielded 40 MHz antenna which increased the penetration depth to 

30 m below the surface.
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CHAPTER 4: 

Mudstone-Sandstone Unit: High-sinuosity fluvial system 
  

 
 

L.M. Yeste, A.N. Varela, C. Viseras, N.D. McDougall and F. García-García (2020). Reservoir 
architecture and heterogeneity distribution in floodplain sandstones: Key features in outcrop, 
core and wireline logs. Sedimentology. DOI: 10.1111/sed.12747. 

 
 
 
Abstract Exploration and production from formations deposited in low-gradient fluvial systems is 
typically associated with a high degree of uncertainty; a reflection of the inherent characteristics of these 
environments, notably the dominance of non-reservoir floodplain fines, rapid lateral facies variations and 
associated heterogeneities at different scales. However, for a field development to be successful it 
becomes crucial to know the location, geometry, dimensions and connectivity of the most permeable 
facies, related to the main channel and the associated proximal overbank deposits (crevasse-splay 
complexes). With the aim of addressing this problem, a multi-disciplinary study is presented, combining 
outcrop data, high-resolution sedimentological descriptions and advanced visualization techniques based 
on Digital Outcrop Models. This is compared with subsurface data from behind the outcrop (core, gamma 
ray and borehole image logs). The Mudstone–Sandstone Unit of the Triassic Red Beds of Iberian Meseta 
formation in southcentral Spain was selected for the present study. The unit is characterized by the lateral 
and vertical stacking of four geobodies: (i) channelized sandstone bodies; (ii) asymmetrical sigmoidal-
shaped sandstone bodies; (iii) lobe-shaped to sheet-like sandstone bodies; and (iv) sheet-like mudstones. 
These elements represent meandering channel, crevasse-channel- splay and floodplain sub-
environments, comprising a distal, low-gradient meandering fluvial system. Together with well-
documented outcrop and core facies, calibrated log responses are also presented for the channel bodies 
(bell-shape Gamma Ray profile, random azimuths and low to high dip angles), the crevasse-splay bodies 
(funnel-shape Gamma Ray profile, unidirectional azimuths and low dip angles) and the floodplain deposits 
(serrated Gamma Ray profile, unidirectional azimuths and very low dip angles). The full integration of 
outcrop and subsurface datasets has enabled generation of a robust conceptual model with predictive 
potential when establishing the three-dimensional stacking of facies, distribution of heterogeneities, and 
the connectivity between reservoir rock geobodies of primary (channel) and secondary (crevasse 
complex) interest in this type of fluvial reservoir. 
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4.1. Introduction  

 
The characterization of fluvial reservoirs, and more specifically of meandering channel 

systems is often highly complex, due to the three-dimensional (3D) characteristics of sandstone 

geobodies, the rapid lateral facies variations and the associated heterogeneities at different 

scales (Jordan & Pryor, 1992; Legarreta et al., 1993; Bridge, 2001; Pranter et al., 2008). 

Accordingly, the accurate planning and optimization of recovery options in this type of 

hydrocarbon reservoir demands a detailed 3D knowledge of both geobodies and the distribution 

of heterogeneities (Weber, 1986; Browne & Slatt, 2002; Pranter et al., 2008, 2009, 2014; Slatt 

et al., 2011). To date, fluvial sedimentological research has tended to focus on the 

characterization and distribution of heterogeneities within the component sand bodies 

comprising the main channels (Allen, 1983; Blakey & Gubitosa, 1984; Bridge & Tye, 2000; Gouw 

& Berendsen, 2007; Pranter et al., 2009; Jenson & Pedersen, 2010; and others). However, 

sedimentological research focussed on the detailed study of the overbank deposits, typical of 

this type of depositional environment, has been limited. In fluvial systems dominated by 

aggradation, fine-grained floodplain deposits and sandstone geobodies related to crevasse-

splay processes are a key constituent in the stratigraphic succession, and in fact provide 

significant insights into channel stacking, avulsion mechanisms and even distances to the main 

channel (Mjøs et al., 1993; Kraus & Aslan, 1999; Moscariello, 2009; Varela et al., 2012; Burns et 

al., 2017; Gulliford et al., 2017). 

To achieve an appropriately realistic 3D characterization of all the variables that 

generate heterogeneities in fluvial reservoirs has been a long-term challenge for many workers 

from both an academic and industry perspective. In order to address this challenge a substantial 

volume of high-quality data is required for the estimation of the dimensions and distribution of 

the heterogeneities in this type of fluvial reservoir. 

In this sense, the study of outcrop analogues is a useful tool, which complements the 

sparse subsurface data and aids in constructing more realistic conceptual models (Miall, 1990; 

Kokureck et al., 1991; Tyler & Finley, 1991; Wizevich, 1991; Yoshida et al., 2001; Ajdukiewicz & 

Lander, 2010; Scott et al., 2013; Pranter et al., 2014; Franke et al., 2015). If in addition to the 

outcrop data, subsurface data of the same examples are available, an appropriate database can 

be constructed in order to properly constrain the geometries and dimensions of the sandstone 

geobodies. From this, realistic models can be generated, that capture both facies at high 

resolution and the distribution of the heterogeneities within reservoirs. The integrated study of 

outcrop and subsurface data, known as Outcrop/Behind Outcrop characterization (hereinafter 
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‘OBO’) (Browne & Slatt, 2002; Slatt et al., 2011; Viseras et al., 2018; Yeste et al., 2019) is the 

methodology chosen in this paper. 

The aims of this paper are: (i) to present a detailed analysis of sedimentary facies, 

geometries and stacking patterns within fine-grained floodplain deposits and sandstone 

geobodies associated with crevasse-splay deposits in the mudstone–sandstone (M-S) Unit of 

TIBEM; (ii) to determine the key features necessary for the recognition and characterization in 

subsurface well data of these deposits; and (iii) to develop a predictive conceptual model that 

represents the heterogeneities in these fluvial reservoirs. 

The studied example is a Triassic succession often considered as an outcrop analogue 

for other hydrocarbon-productive reservoirs such as the Algerian TAGI (Trias Argilo-Greseux 

Inferieur; Rossi et al., 2002; Dabrio et al., 2005; Viseras et al., 2011; Henares et al., 2014, 2016a, 

b; Viseras et al., 2018; Yeste et al., 2019). For this reason, the Outcrop/Behind Outcrop workflow 

has been employed, integrating standard 2D high resolution outcrop data and 3D outcrop data, 

developed from photogrammetry, with subsurface data from behind the outcrop including cores 

and core descriptions, Gamma Ray logs and borehole image logs (Yeste et al., 2019). The 

integration of different but complementary data types (i.e. surface and subsurface data) leads 

to better constrained reservoir models which serve to improve the quantification and 

correlation of heterogeneities within this type of fluvial reservoir. 

The results of this chapter have been published in journal Sedimentology: 

Yeste, L.M., Varela, A.N., Viseras, C., McDougall, N.D. and García-García, F. (2020). Reservoir 

architecture and heterogeneity distribution in floodplain sandstones: Key features in outcrop, 

core and wireline logs. Sedimentology. DOI: 10.1111/sed.12747. 

 

4.2. Data distribution 

 
In order to study the geometry, internal structure, sequence trends and spatial 

relationship between the main geobodies, a total of 0.813 km2 of outcrop has been studied. For 

the characterization of lateral facies variability, a total of 20 sedimentological logs have been 

constructed (Fig. 4.1). From the principal architectural element, or the Main Channel, in the 

outcrop, (CP-0, Fig. 4.1), eight sedimentological logs were completed towards the eastern 

margin (CPMR1 to CPMR8, Fig. 4.1) and nine towards the western margin (CPML1 to CPML9; Fig. 

4.1). The lateral variability of facies was also observed in another channel complex to the north, 

characterized by an additional two sedimentological logs (CBML1 and CBML2) although these 
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have not been fully included in all aspects of the study. In addition to the 19 partial sections 

listed above, and to fully characterize the vertical variability of facies, a complete 

sedimentological log was constructed through a section of 72 m (PVN1, Fig. 4.1) in the M-S Unit. 

 

 

Fig. 4.1. Location of the study area (Alcaraz village, Albacete province, Spain) showing the location of the 

studied outcrops. The orange shading represents the outcropping study area and the area covered by 

Digital Outcrop Models (DOM). Yellow points and yellow rectangles represent the location of 

sedimentological logs constructed to enable the characterization of lateral and vertical variability, 

respectively. Green points are well locations. Acronyms correspond to the names of profiles and wells, as 

explained in the text.  

 
Digital Outcrop Models (DOM) have also been created from photogrammetry with an 

RPAS (Remotely Piloted Aircraft System) to complete the outcrop-derived measurement 

dataset. The total covered area spans 0.813 km2.  

In the studied example, two slim-hole [85 mm diameter], behind-outcrop wells allowed 

subsurface characterization of the key facies. (Fig. 4.1): (i) Well S2P4, located at the top of the 

studied succession (M-S Unit), has a section of 70 m and; (ii) Well K2P1 located at the top of the 

S Unit drilled to a depth of 42 m; of which the uppermost 22 m correspond to the S Unit and the 

remaining 20 m to the studied unit (M-S Unit). The distance between Wells S2P4 and K2P1 is 

275 m. Both wells were drilled with continuous core recovery and wireline log data was 

obtained. Core slabbing was subsequently carried out in order to enhance the visibility of 
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sedimentary features on the core surface and allow the identification of the main simple 

lithofacies classes (Table 4.1). Well log data include the Gamma Ray log (GR) in addition to 

borehole imaging from Optical and Acoustic Televiewers (OBI and ABI, respectively). 

Supplementary dip information is also included from four additional wells (MB1 to MB4) 

described in detail in Viseras et al. (2018). 

 

4.3. Outcrop, core and wireline log characteristics of facies associations  

 
Ten facies associations (MSFA) were identified from the TIBEM in the study area, each 

comprising an assemblage of one or more lithofacies (Fig. 4.2; Table 4.1). The following section 

contains a detailed description of each facies association including lateral and vertical lithofacies 

variation, geometric data, bounding surfaces and the dimensions of the sedimentary bodies, as 

described both in outcrop and subsurface (core, GR log response and image logs), in order to 

characterize the spatial distribution of heterogeneities. Gamma-ray log patterns (electrofacies 

patterns) were interpreted according to the models of Emery & Myers (1996) and Slatt (2013). 

4.3.1. Facies Association 1: Main Channel 

Description 

Facies Association 1 (MSFA 1) comprises a fining-upward sequence ranging from 

conglomerates, characterized by the presence of mudstone rip-up clasts, to very fine-grained 

sandstones (Fig. 4.2a). MSFA 1 occurs as lenticular-shaped bodies up to 3 m thick with a lateral 

extension of up to 30 m perpendicular to the main flow direction. These lenticular bodies show 

concave-up erosive bases, whilst the tops are horizontal and sharp (Tables 4.1 and 4.2; and Fig. 

4.2a). Internally they comprise conglomerates, with pebbly mudstone (Lithofacies Gm) as basal 

lags. Overlying the basal lags are medium to fine-grained sandstones with planar to trough cross-

bedding (Lithofacies St) and very fine-grained sandstone with current ripples (Lithofacies Sr) 

towards the top (Table 4.1). Sometimes packages of MSFA 1 also show a final interval of 

laminated fine-grained deposits (Lithofacies Fl). Typically, the tops of MSFA 1 bodies are 

characterized by Arenicolites isp. and less frequently Taenidium isp. trace fossils (Table 4.2; Fig. 

4.2a). 

The GR log through MSFA 1 typically comprises several packages with an initial decrease 

in API values followed by repeated increases and decreases in API values on a decimetre to 

metre scale (Fig. 4.2a). The OBI and ABI logs show a high intensity and high amplitude contrast 

at the base of this facies association. Internally these image logs are characterized by common 
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sine wave surfaces (interpreted as cross-bed foresets) and towards the top display a speckled to 

massive appearance with few non-sine wave surfaces (Fig. 4.2a). 

Interpretation 

This fining-upward succession, together with the lenticular geometries and erosive 

lower surfaces suggest that MSFA 1 should be interpreted as the deposits of a main channel. 

Within this framework; the vertical lithofacies variation (Lithofacies Gm–St–Sr), described 

above, indicates decreasing flow energy (Table 4.1). The occasional presence of laminated fine-

grained deposits (Lithofacies Fl) is interpreted as a mud plug due to neck cut-off of a meandering 

channel (Viseras et al., 2018). In contrast, the common occurrence of Arenicolites tubes 

unconnected with any fine-grained deposits suggests an abrupt avulsion of the fluvial system 

(Hubbard et al., 2011; Durkin et al., 2017). The non-typical GR profile of MSFA 1, a coarsening-

upward trend (funnel shape) at the base and fining-upward (bell shape) towards the top, most 

likely reflects the occurrence of mudstone rip-up clast conglomerates as basal lags (Selley, 2004; 

Henares et al., 2016a, b; Viseras et al., 2018). The high intensity and amplitude contrast at the 

base of the facies package, in both OBI and ABI logs, is interpreted to record the main channel 

erosive surface. Above this surface, the presence of sine wave surfaces in OBI and ABI logs 

corresponds to cross-stratified sandstone (correlated to the cross-stratified sandstones 

observed in outcrop), whereas the speckled to massive final interval without sine wave surfaces 

is interpreted as current rippled sandstones (Keeton et al., 2015). 

 

4.3.2. Facies Association 2: Point bar 

Description 

Facies Association 2 (MSFA 2) is characterized by a fining-upward facies sequence 

passing from mudstone rip-up clast conglomerate to very fine-grained sandstones (Fig. 4.2b). 

Outcrop data indicates that MSFA 2 occurs as asymmetrical, sigmoidal-shaped bodies, up to 3.6 

m thick and with lateral extensions of up to 100 m. These bodies are typically bounded by 

horizontal and erosive bases, whilst the tops are horizontal and sharp (Tables 4.1 and 4.2; Fig. 

4.2b). MSFA 2 is easily recognized, in outcrop by the occurrence of several inclined master 

bedding surfaces perpendicular to the palaeocurrent direction, typically showing an upward 

increase in dip angle. Internally, MSFA 2 comprises sets of trough cross-bedding (Lithofacies St) 

and current ripples (Lithofacies Sr) towards the top of the facies sequence (Table 4.1). Locally, 

mud drapes occur between the inclined master surfaces, both as layers within the packages and 

as drapes over the inclined master surfaces. In addition, the top of the MSFA 2 package shows  
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Table 4.1. Lithofacies identified in the Mudstone–Sandstone (M-S) Unit. See Fig. 4.2 for photographic 

examples of each lithofacies. 

Code Texture and Fabric 
Sedimentary structures and 

Characteristics 
Main process 

Gm Pebble-cobble. Clast or 
matrix supported. 

Massive, weak horizontal bedding or 
planar cross bedding. Erosive base 
and mud rip-up clasts. 

High energy traction 
current. 
 

Sm Fine to medium sand. Massive. Rare presence of mud 
clasts. 

Channel fill due to waning 
flow. 

Sh Fine to medium sand. Horizontal lamination. Sheet flow. Upper flow 
regime. 

St Fine to medium sand. Trough cross bedding. Sometimes, 
mud chips lining the cross beds. 

Migration of megaripples 
and dunes. Channel fill. 

Sp Very fine to medium sand. Planar cross bedding Megaripple migration. 

Sr Very fine to fine sand. Current ripple lamination. Migration of current ripples. 

Sc Very fine to fine sand. Asymmetric climbing ripple 
lamination. 

Combination of traction and 
settling from suspension. 

Sw Very fine sand. Wave ripple lamination. Oscillatory flow in a 
standing body of water. 

Sd Very fine sand. Convolute lamination. Dish plate 
structure. Soft-sediment 
deformation structures. 

Deposition from flow an 
unstable water-saturated 
substrate. 

Sl Very fine sand. Diffuse horizontal lamination or 
diffuse current ripple. 

Settling from suspension or 
migration of current ripples. 
Diffuse structures due to soil 
development. 

Sb Very fine to medium sand. Massive. Presence of rhizoliths, 
Arenicolites isp. and Taenidium isp. 

Structureless due to 
bioturbation. 

Lm Silt. Massive. Abundant rhizoliths. Soil develop on former 
overbank fines. 

Lr Silt. Current ripple lamination. 
Sometimes, wave ripple lamination.  

Migration of current ripples. 

Ll Silt. Horizontal lamination. Uneven 
lamination. 

Settling from suspension. 
Lower flow regime. 

Fm Clay. Slickensides, wedge shape peds, 
angular and subangular blocky peds, 
cutans, motts and rhizoliths. 

Soil develop on former 
overbank fines. 

Fl Clay. Horizontal lamination (lower flow 
regime). Uneven lamination. 
Sometime, presence of plant 
remains and coal. 

Settling from suspension. 

Fb Very fine to silt and clay. Heterolithic bedding. Flaser, wavy 
and/or linsen lamination. 

Settling from suspension 
alternating with tractive 
episodes. 

Cm Limestone. Massive micritic mudstones. Settling from suspension. 

 



O/BO Characterization of M-S Unit 

105 

evidence of wave reworking (Lithofacies Sw) and contains both Arenicolites isp. and Taenidium 

isp. trace fossils (Table 4.2; Fig. 4.2b). The inclined master surfaces, first recognized in outcrop, 

are recognized in core as inclined erosive surfaces commonly draped by thin claystone layers 

(Fig. 4.2b). 

The MSFA 2 GR log typically shows a decrease in API values above the base and 

continues with an increase in API values towards the top (Fig. 4.2b). The OBI and ABI logs also 

show several inclined master surfaces distinguished by high intensities and contrasts in 

amplitude. Between these surfaces, sine waves are typically overlain by massive to speckled 

intervals.  

Interpretation 

These asymmetrical sigmoidal geometries, observed in outcrop, together with the 

characteristic occurrence of several inclined surfaces perpendicular to the paleocurrent and the 

fining-upward succession suggest point bar deposits. The inclined surfaces with increasing dip 

angle are thus interpreted as lateral accretion surfaces. The presence of current ripples flowing 

up-slope along these accretion surfaces (i.e. perpendicular to the paleoflow), are interpreted as 

the result of the helicoidal flow developed in the meander band (Viseras et al., 2018). The 

occurrence of mud drapes between the lateral accretion surfaces represents deposition during 

a waning flood stage (Thomas et al., 1987; Viseras et al., 2018). The presence of Lithofacies Sw 

and Arenicolites tubes could indicate periods of ponding and wave reworking. The basal 

coarsening-upward (funnel shape) interval in the GR log would correspond to the presence of 

mudstone rip-up clasts (Selley, 2004; Viseras et al., 2018). The high contrast surfaces, seen in 

the image logs, represent each lateral accretion surface, whereas internal deposits of each 

lateral accretion package are represented by Lithofacies St (sine wave surfaces) and Lithofacies 

Sr (speckled to massive intervals). 

4.3.3. Facies Association 3: Scroll bar 

Description 

Facies Association 3 (MSFA 3) is similar in some respects to MSFA 2 although the 

dimensions and thickness of the packages are somewhat reduced. It is characterized by a fining-

upward sequence passing from mudstone rip-up clast conglomerate (Lithofacies Gm) into very 

fine-grained sandstones. (Fig. 4.2c). MSFA 3 typically occurs as asymmetrical sigmoidal-shaped 

bodies which are up to 1.5 m thick and up to 30 m in lateral extent. These bodies show horizontal 

and erosive bases, whilst the top surfaces are horizontal and undulated (Tables 4.1 and 4.2; Fig. 

4.2c). This facies association mainly comprises sets of trough cross-bedding (Lithofacies St), 
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locally with mudstone rip-up clasts lining the set base and typically associated, in wells behind 

the outcrop, with notably higher Gamma Ray API values. Towards the top of the facies package, 

current ripples (Lithofacies Sr) are dominant. In core, this facies sequence of trough cross-

bedding with local rip-up clast lags overlain by current ripples, is easily distinguished. 

The GR log through MSFA 3 typically shows an increase in API values towards the top 

(Fig. 4.2c). The OBI and ABI image logs show a generally speckled appearance with sine curves 

at the base. Towards the top, sets of continuous sine curves, bounded by scour surfaces, can 

also be recognized. In the ABI log, the speckling is bright and sets of continuous sine curves are 

dark coloured. 

Interpretation 

Facies Association 3 is characterized by thin, convex-up (undulatory tops) asymmetrical–

sigmoidal packages with a fining-upward facies succession, all of which can be interpreted in 

terms of scroll bar deposits (Nanson & Page, 1983). The undulated tops, as observed, in outcrop 

together with the reduced dimensions, the absence of mud drapes, the presence of rip-up clasts 

at the base, and the prevalence of current ripples in core characterize this facies association in 

contrast to MSFA 2. The presence of sets of trough cross-bedding, with rip-up clasts lining set 

bases overlain by current ripples, suggests lateral migration of the scroll bars. In the image logs, 

the speckled appearance with sine curves reflects trough cross-bedding with mudstone rip-up 

clasts (Lai et al., 2018). Sets of continuous sine curves, bounded by scour surfaces, correspond 

to different lateral accretion units within the scroll bar. The continuous sine curves represent 

trough cross-bedding and current ripples (Lai et al., 2018). 

4.3.4. Facies Association 4: Chute channel 

Description  

Facies Association 4 (MSFA 4) is defined by a fining- upward sequence, from fine-grained 

sandstones into siltstones (Fig. 4.2d). In outcrop, MSFA 4 forms lenticular bodies up to 0.8 m 

thick with a lateral extension of up to 3 m. Internally, this facies association is characterized by 

an alternation between trough cross-bedding (Lithofacies St) and/or current ripples (Lithofacies 

Sr) and horizontal lamination (Lithofacies Sh). Towards the top of the facies sequence, 

heterolithic flaser bedding (Lithofacies Fb) also typically occurs. Geobodies defined as MSFA 4 in 

outcrop are characterized by concave-up and erosive bases cutting down into MSFA3, whilst the 

top surfaces are both horizontal and sharp (Tables 4.1 and 4.2; Fig. 4.2d). The base is 

distinguished in the cores as an inclined erosive surface overlain by horizontal lamination 
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(Lithofacies Sh) and current rippled (Lithofacies Sr) or, less commonly, small-scale trough cross-

bedded (Lithofacies St) sandstones (Fig. 4.2d). 

Facies Association 4 is characterized by an increase in API values towards the top of the 

GR profile (Fig. 4.2d). The OBI and ABI logs are characterized by poorly developed sine waves 

and a high contrast scour surface at the base. The uppermost part of the package is, in contrast, 

characterized by a homogeneous or structureless appearance. 

Interpretation 

This facies association is interpreted as a chute channel, on the basis of a fining-upward 

trend, geobody dimensions, a lenticular geometry and its relationship with MSFA 3. The 

horizontal laminated (Lithofacies Sh) and current rippled (Lithofacies Sr) sandstones represent 

deposition during higher flood stages (Nemec & Postma, 1993; Miall, 1996; Ghinassi, 2011). 

During this phase, the water overtops the point bar, scouring the chute channels (Briant, 1983; 

Ghinassi, 2011). The heterolithic flaser-bedded siltstones (Lithofacies Fb), in contrast, represent 

deposition during the receding flood stages (McGowen & Garner, 1970; Brierley, 1991; Ghinassi, 

2011; Table 4.1). Within this framework, the gradual increase in GR values (bell shape) almost 

certainly records the fining-upward sequence seen in core and outcrop, from horizontal and 

current rippled sandstones to heterolithic flaser-bedded siltstones (Lithofacies Fb). It is also 

probable that those image log intervals characterized by poor sine waves represent horizontal 

laminated and current rippled sandstones, whereas the homogeneous, massive intervals 

correspond to the heterolithic flaser-bedded siltstones (Lai et al., 2018). The scour surface seen 

in the image logs (see Fig. 4.2d) is also clearly the erosive base of the chute channel observed in 

outcrop. 

4.3.5. Facies Association 5: Crevasse channel 

Description 

Facies association 5 (MSFA 5) is characterized by a fining-upward sequence passing from 

mudstone rip-up clast conglomerates to very fine-grained sandstones (Fig. 4.2e). In outcrop, 

MSFA 5 is observed to form lenticular bodies up to 1.1 m thick with a lateral extension of up to 

6 m perpendicular to the main flow direction. These lenticular bodies are characterized by 

concave-up, erosive bases, whilst the tops are horizontal and sharp (Tables 4.1 and 4.2; Fig. 

4.2e). MSFA 5 truncates the underlying strata typically assigned to MSFA 6 and/or MSFA 7. 

Rarely, this facies association also truncates the mud prone MSFA 9. Internally, MSFA 5 packages 

show thin mudstone rip-up clast conglomerates as basal lags overlain by fine to very fine-grained 

sandstone with trough cross-bedding (Lithofacies St) and very fine-grained sandstone with 
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current ripples (Lithofacies Sr). Locally, towards the top, very fine-grained sandstone with 

oscillation ripples (Lithofacies Sw) also occur. In core, this association, is also characterized by 

the alternation of trough cross-bedded and current rippled sandstones (Fig. 4.2e). 

The GR log is characterized by an increase in API values towards the top and a sharp base 

(Fig. 4.2e). The OBI and ABI logs show bright colours and sine waves at the base. Towards the 

top of the package the image logs are also characterized by thin (<10 cm), alternating bright and 

dark bands (bright yellow and dark brown bands in ABI log) with well-developed sine waves (Fig. 

4.2e). 

Interpretation 

The fining-upward succession, together with the distinctive lenticular geometries and 

erosive lower surfaces strongly suggest deposition as a crevasse channel. The vertical lithofacies 

variation (Lithofacies St–Sr–Sw) and fining-upward trend (bell shape) of the GR log indicate 

gradual flow deceleration and overfilling of crevasse channels (Bristow et al., 1999; Burns et al., 

2017; Table 4.1). Sine waves observed in OBI and ABI logs are interpreted as trough cross-

bedded (Lithofacies St) and current rippled sandstones (Lithofacies St) (Lai et al., 2018). The 

alternation of bright and dark bands (bright orange and dark brown bands in ABI log) with sine 

waves are likewise interpreted as very fine-grained sandstone with current ripples or oscillation 

ripples (bright yellow) whilst the dark brown colours likely represent mudstone layers 

(Donselaar & Schmidt, 2005; Xu et al., 2009; Lai et al., 2018). 

4.3.6. Facies Association 6: Proximal crevasse-splay complex 

Description 

Facies Association 6 (MSFA 6) is composed of relatively thin, fine-grained sandstones 

(Fig. 4.2f). MSFA 6 occurs in outcrop as lobe-shape bodies, up to 2 m thick and up to 130 m in 

lateral extent, perpendicular to the main flow direction. These lobate bodies are characterized 

by a horizontal, sharp base, whilst the tops are convex-up and sharp (Tables 4.1 and 4.2; Fig. 

4.2f). The vertical stacking of facies, whether in outcrop or core, shows a transition from 

horizontal laminated sandstones (Lithofacies Sh) to trough cross-bedded sandstones (Lithofacies 

St) and/or current rippled sandstone (Lithofacies Sr). Towards the top of MSFA 6 packages, 

climbing ripple cross-laminated sandstones (Lithofacies Sc) are also recognized. 
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Fig. 4.2. For caption, see page 111.  
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Fig. 4.2. Continued. 
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Fig. 4.2. Characteristics in outcrop, sedimentary log, core, Gamma Ray log and borehole images 
(GR – Gamma Ray; OBI – Optical Televiewer; ABI – Acoustic Televiewer) features for each facies 
association identified. (a) to (j) show outcrop and behind outcrop characteristics for Facies 
Associations 1 to 10, main channel, point bar, scroll bar, crevasse channel, proximal crevasse-
splay, medial crevasse-splay, distal crevasse-splay, distal floodplain and swamp deposits, 
respectively. Hammer for scale is 28 cm long. 
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The GR log, in contrast to most facies sequences in the studied section, shows a decrease 

in API values and a sharp top (Fig. 4.2f). The OBI and ABI logs show a set of continuous sine 

waves, overlying a sharp to truncated basal surface (Fig. 4.2f). 

Interpretation 

These lobate bodies with fine-grained sandstones are interpreted as the deposits of a 

proximal crevasse-splay complex. The vertical stacking of facies suggests variation in flood 

energy during deposition (Burns et al., 2017). The horizontal laminated sandstones (Lithofacies 

Sh) indicate upper flow regime conditions during splay flood events. The overlying Lithofacies St 

and/ or Sr suggest a subsequent reduction in flow energy (Bristow et al., 1999; Table 4.1). The 

presence of Lithofacies Sc towards the top of the package suggests significant deposition from 

suspension during flow deceleration in flood splay events. The coarsening-upward trend (funnel 

shape) of GR logs is typical of prograding crevasse-splay lobes (Emery & Myers, 1996; Cant, 

2002). Continuous sine waves interpreted in OBI and ABI logs correspond to horizontal 

laminated sandstones (Lithofacies Sh), trough cross-bedded sandstones (Lithofacies St) and/or 

current rippled sandstones (Lithofacies Sr) (Xu et al., 2009; Keeton et al., 2015; Lai et al., 2018). 

4.3.7. Facies association 7: Medial crevasse-splay complex 

Description 

Facies Association 7 (MSFA 7) is defined as a package of thin bedded, very fine-grained 

sandstones typically occurring as lobe-shaped bodies up to 1.5 m thick and 70 m in lateral extent. 

These bodies show horizontal, sharp bases, whilst the tops are convex-up and sharp (Tables 4.1 

and 4.2; Fig. 4.2g). This facies association comprises climbing ripples (Lithofacies Sc) and/or 

current rippled sandstones (Lithofacies Sr) at the base alternating with syn-sedimentary 

deformed sandstones (Lithofacies Sd). Locally, towards the top, this facies association also 

shows root and desiccation cracks.  

The GR log is characterized by a decrease in API values with a sharp top (Fig. 4.2g). The 

OBI and ABI logs show both continuous and discontinuous sine waves. The base is represented 

by a sharp to truncated surface (Fig. 4.2g). 

Interpretation 

This facies association is interpreted as a medial crevasse-splay complex, on the basis of 

facies context, the very fine sand grain size, the presence of syn-sedimentary deformation 

(Lithofacies Sd) and current rippled sandstones (Lithofacies Sr) (Burns et al., 2017). The 

occurrence of syn-sedimentary deformation (Fig. 4.2g) reflects rapid sediment accumulation 

onto a water-saturated substrate (Rossetti & Santos, 2003; Owen & Santos, 2014; Burns et al., 
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2017; Table 4.1). The coarsening-upward trend (funnel shape) of the GR log is typical of 

prograding crevasse-splay lobes (Emery & Myers, 1996; Cant, 2002). Continuous sine wave 

curves, interpreted in OBI and ABI logs, correspond to current ripple cross-lamination whereas 

the discontinuous sine waves correspond to syn-sedimentary deformation (Xu et al., 2009; 

Keeton et al., 2015; Lai et al., 2018). 

4.3.8. Facies Association 8: Distal crevasse-splay complex 

Description 

Facies Association 8 (MSFA 8) occurs as thin, fine-grained beds, interbedded with the 

mudstones of MSFA 9. Facies package geometries are lobate to tabular, characterized by 

horizontal and sharp bases and gently convex-up, sharp tops. They reach up to 0.8 m in thickness 

and up to 30 m in lateral extent. This facies association comprises laminated siltstones and 

subordinate, very fine-grained sandstones. Planar laminated siltstones (Lithofacies Ll) are 

overlain by massive and diffuse laminated siltstones and mudstones with pedogenic features 

(rhizoliths, mottles and cutans) and also desiccation cracks (Lithofacies Lm). Less frequently, 

Arenicolites isp. tubes occur (Tables 4.1 and 4.2; Fig. 4.2h). The key macromorphological features 

are reddish to yellowish rhizoliths (colours 10R 4/8 to 2.5YR 3-5/8), reddish and little brown 

mottles (colours 10R 4/4 and 2.5YR 3/4) and scar cutans. Slickensides sometimes also occur 

locally (Fig. 4.2h). MSFA 8 is also characterized by A/C-type paleosol profiles. 

Even though facies packages are thin, the GR response of MSFA 8 is characterized by a 

smooth decrease in API values and a sharp top (Fig. 4.2h). The OBI and ABI logs show thin high 

contrast bedsets, characterized by horizontal and parallel surfaces, although the OBI response 

is not very clear in terms of internal characteristics (Fig. 4.2h). 

Interpretation 

This facies association is interpreted as a distal crevasse-splay complex, on the basis of 

the very fine-grained, silt-dominated lithology, the presence of both planar and diffuse 

lamination as the only sedimentary structures, together with the thin, lobate to tabular 

geometries (Pizzuto, 1987; Mjøs et al., 1993; Bristow et al., 1999; Burns et al., 2017). The 

presence of rhizoliths, mottles and cutans, coupled with the poorly developed and often diffuse 

lamination suggests phases of paleosol formation. These paleosols should be classified as 

modern Entisols (Soil Survey Staff, 1998). The coarsening-upward trend (funnel shape), 

characteristic of the GR log is typical of prograding crevasse-splay lobes (Emery & Myers, 1996; 

Cant, 2002) but given the other distinguishing features, MSFA 8 clearly represents a distal 
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example of such a complex. Amalgamated coarsening-upward packages suggest multiple, 

periodic flooding events (i.e. crevasse-splay complex, sensu Mjøs et al., 1993; Miall, 1996). 

4.3.9. Facies Association 9: Distal floodplain 

Description 

Facies Association 9 (MSFA 9) is characterized by a red (colour 10R 3/4), massive 

mudstones (Lithofacies Fm) with abundant pedo-features such as rhizoliths, mottles, nodules, 

cutans, mesofauna bioturbation (earthworms, trace fossils and Taenidium isp.) and slickensides 

(Tables 4.1 and 4.2; Fig. 4.2i). MSFA 9 is also characterized by granular, subangular, blocky and 

wedge-shape peds as the main pedogenic structures. The geometry of MSFA 9 is tabular with 

horizontal and sharp bounding surfaces. Facies packages range in thickness from a few 

centimetres up to 10 m and may be up to 1000 m in lateral extent.  

The most diagnostic macromorphological pedo-feature (both in outcrop and cores) is 

the presence of slickensides characterized by cross-cutting curved surfaces forming bowl-like 

structures as well as wedge-shape peds. Other key pedogenic features are the gley colour 

mottles (colour 5G 7/1), gley rhizoliths (colour 5G 5-7/1) and Fe-Mn nodules. In thin section, the 

cross-striated b-fabric and the presence of thin clay and both Fe-Mn oxide coatings and infillings 

are the most diagnostic micro-scale pedo-features (Table 4.2, Fig. 4.2i). X-ray diffraction analyses 

indicate that illite is the main component within the clay fraction. MSFA 9 is thus characterized 

by paleosol profiles with Ass(?)–Bss–C successions. The surface paleosol horizons (Ass horizons) 

are, however, usually absent, and where present can only be recognized by the granular ped 

structures reflecting poorly developed horizonation.  

The GR log through MSFA 9 is characterized by higher API values, compared to the facies 

associations described above, and shows an aggrading, serrated trend (Fig. 4.2i). The OBI and 

ABI logs are characterized by a massive and homogeneous aspect, lacking any clear surfaces 

except the presence of very high angle sine waves in two opposing preferential directions (Fig. 

4.2i). 

Interpretation 

This facies association is interpreted as the deposits of a distal floodplain characterized 

by widespread paleosol development. The abundance of vertic pedo-features (slickensides, 

wedge-shape peds and cross-striated b-fabric) suggests the presence of shrinking and swelling 

expansive clays, although this apparently contradicts the X-ray diffraction analyses that show 

abundant illite. However, the illitization of smectites in paleo-Vertisols due to burial diagenesis 

is a common process (Driese et al., 2000) and may explain this apparent contradiction. The cross-
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cutting curved surfaces, forming bowl-like structures, are interpreted as the microlow areas of 

gilgai microrelief. In this sense, the poorly developed horizonation most likely records the mixing 

of seasonal shrink-swell processes (Driese et al., 2000; Retallack, 2001; Varela et al., 2012). The 

presence of hydromorphic features (Fe-Mn nodules, gley mottles and rhizoliths) also indicates 

seasonal waterlogged drainage conditions (Retallack, 2001). These pedofeatures are also 

consistent with Vertisol-like paleosols (Soil Survey Staff, 1998). The serrated shape (aggrading 

trend) of the GR log through MSFA 9 is also typical of fluvial floodplain deposits (Emery & Myers, 

1996; Cant, 2002). The very high angle sine waves observed in OBI and ABI could be related to 

slickenside surfaces.  

4.3.10. Facies Association 10: Swamp 

Description 

Facies Association 10 (MSFA 10) is composed of dark grey to dark purple (colours N2.5/0 

to 10B 3-4/1) thin-laminated mudstones (Lithofacies Fl) and organic matter.  Sporadic, thin, 

massive micritic limestones and massive mudstone lamina also occur. The geometry of MSFA 10 

is tabular with horizontal and sharp bounding surfaces. Facies packages range in thickness from 

several centimetres up to 2 m with up to 100 m of lateral extension (Tables 4.1 and 4.2; Fig. 4.2j). 

Locally, desiccation cracks occur towards the top of the MSFA 10 succession. 

The GR log through MSFA 10 is characterized by a serrate profile (aggrading trend) with 

the highest API values in comparison with MSFA 9. The OBI and ABI logs both show a high 

contrast, high amplitude base and top, between which multiple, parallel surfaces dipping <5 

degrees, are observed (Fig. 4.2j). 

Interpretation 

Facies Association 10 is interpreted as having been deposited from suspension in a 

swamp environment. The dark grey and dark purple colours indicate reducing and anoxic 

conditions, with organic matter commonly preserved. The presence of desiccation cracks, as 

well as the transition to MSFA 9 most likely records swamp desiccation during dry seasons. The 

high API values characteristic of the GR log are probably due to an increase in the uranium 

associated with the organic matter (Myers & Bristow, 1989; Rider & Kennedy, 2011). Multiple, 

parallel, flat-lying surfaces, seen in OBI and ABI logs represent thin laminations accumulated by 

fall-out from suspension in extremely low energy conditions. 
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4.4. Stratigraphic architecture of the Mudstone-Sandstone Unit 

 
The exceptional outcrops of the study area permit a full description of the geobodies of 

the M-S unit, as well as characterization of both the vertical and lateral variability of the 

previously described facies associations. From this, it can be seen that the main channel and 

point bar deposits pass laterally into floodplain and swamp deposits interbedded with the 

crevasse-splay complex deposits recorded in the PNV-1 section as shown in Fig. 4.3. 

Amalgamated crevasse-splay deposits occur throughout but are clearly more frequent 

towards the eastern edge of the outcrop, although still interbedded with an abundance of 

floodplain and swamp deposits. Towards the western part of the outcrop, the corresponding 

main channel and point bar deposits occur (Fig. 4.3). Finally, towards the top of this outcrop, 

main channel and point bar deposits occur where the PNV-1 section is located and grade 

laterally into the crevasse-splay deposits to the east of the outcrop (Fig. 4.3). 

 

 

Fig. 4.3. West–East oriented panoramic view showing the key outcrop of the Mudstone–Sandstone (M-S) 

Unit and interpretation of the main channels, multi-storey crevasse-splay complexes, distal floodplain and 

swamp deposits.  

 

4.5. Channel – Crevasse-splay complex model 

 

4.5.1. Outcrop perspective 

 
The 19 sedimentary logs, constructed following the same stratigraphic level (Fig. 4.4), 

provide a framework from which the dimensions, lateral variability, and heterogeneities of the 

M-S Unit can be established. Towards the south-east (CPMR1 to CPMR8), a facies transition is 

observed, from the main channel (CP-0), through point bar, proximal to distal crevasse-splay 

complex, and finally distal floodplain deposits (Fig. 4.4). In contrast, towards the north-west  
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(CPML1 to CPML9), the facies transition observed is from main channel to point bar to scroll bar 

and, finally, proximal and medial crevasse-splay complex (Fig. 4.4). 

Through the empirical determination of the lateral facies variations, the internal 

discontinuities and the scale (lateral and vertical measurements) of the geobodies, as well as the 

distance to the main channel (Fig. 4.4), a conceptual model has been developed, as illustrated 

in Fig. 4.5. The key elements are summarized as follows: 

 

 

Fig. 4.5. Conceptual model of lateral variability for Facies Associations (FA 1 to FA 10) including 

sedimentary and pedogenic features, lateral extent or width of the associated depositional area, distance 

from the main channel and thickness of each facies association. 

 
The main channel (MSFA 1) is 40 m wide and 3 m thick. On the accretional, inner margin 

of the thalweg, the main channel grades into lower and middle point bar deposits (MSFA 2). 

The point bar is up to 3.6 m thick and 100 m wide, extending from the main channel. 

The deposits of the point bar pass into scroll bar deposits (MSFA 3). The scroll bar is up to 1.5 m 

thick, 30 m in width and located up to 130 m away from the main channel. Locally, chute channel 

deposits (MSFA 4) are incised into the scroll bar (Fig. 4.2d). These are up to 3.0 m in width and 

up to 0.8 m in thickness. The scroll bar grades laterally into distal floodplain deposits (MSFA 9). 

On the erosive margin of the main channel, the crevasse-splay complex comprises a 

proximal crevasse-splay complex (MSFA 6) up to 130 m in width and up to 2 m thick. Crevasse 

channel (MSFA 5) deposits frequently cut into the proximal crevasse-splay complex (Fig. 4.2e 

and Fig. 4.6a-b; Bristow et al., 1999). Crevasse channels are up to 6.0 m wide and up to 1.1 m 

thick. The proximal crevasse-splay complex passes from the main channel into the medial 

crevasse-splay complex (MSFA 7); and is 70 m wide and 1.5 m thick. This is located 200 m away 

from the main channel and is also cut by crevasse channels. The distal crevasse-splay complex 
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(MSFA 8) is located up to 230 m from the main channel. It is 30 m wide and 0.8 m thick. The 

distal crevasse-splay complex grades laterally into the distal floodplain (MSFA 9). 

Distal floodplain deposits (MSFA 9) occur up to 300 m from the main channel. They vary 

between 100 m and 1000 m in width forming packages only 0.6 m thick. Locally, within the distal 

floodplain, swamp deposits (MSFA 10) occur which are up to 100 m wide and 0.5 m thick. 

Sandstone geobodies interpreted as crevasse-splay deposits in the M-S Unit have a 

lobate form marked by a sharp base and convex-up top. The dimensions of these deposits range 

from tens to hundreds of metres in width, with a thickness of 0.5 to 2.0 m (Fig 4.6a-b). These 

lobular geo-bodies rarely occur as a single crevasse-splay lobe generated during a flood event. 

Rather they are formed during continuous flood events leading to overlapping lobe geobodies, 

giving rise to a crevasse-splay complex (Fig. 4.6c-d). 

A detailed interpretation of the crevasse-splay complexes (Fig 4.6a-b) shows the 

amalgamation and architecture of the crevasse channel, proximal, medial and distal crevasse-

splay deposits (MSFA5 to MSFA8) (Fig 4.6b). Internally, each crevasse-splay complex also 

displays a vertical, progradational, trend from distal crevasse (MSFA 8) to medial and proximal 

crevasse-splay (MSFA 7 and MSFA 6, respectively). Locally, however, distal crevasse-splay 

deposits are observed overlying proximal crevasse-splay deposits (Fig 4.6b). 

Measurements from DOM (Fig 4.6b) show up to 2.1 m thickness for crevasse-splay lobes 

with proximal crevasse-splay deposits (MSFA 6) and a width of up to 52.3 m measured 

approximately perpendicular to the lobe propagation direction (Fig 4.6b). As described above, 

these crevasse-splay lobes appear to be amalgamated, forming a crevasse-splay complex. In the 

DOM section shown in Fig 4.6b, the crevasse-splay complexes range from 1.1 m to 4.0 m in 

thickness (Fig 4.6b). The dimensions for the crevasse channel, interpreted in this section, are 1.1 

m thick and 28.5 m wide, measured sub-perpendicular to flow direction (Fig 4.6b). 

4.5.2. Subsurface perspective 

 
From the comparison between the largely complete outcrop sedimentary log (PNV-1; 

see Fig. 4.1 for locations) and the two wells (S2P4 and K2P1), located at distances of 405 m and 

275 m, respectively (Fig. 4.7), it can be seen that the sequence of facies associations corresponds 

to the stacking of the various geobodies. 

From base to top, the lowest two thirds of the PNV-1 section comprise distal floodplain 

and swamp deposits (MSFA 9 and MSFA 10) interbedded with crevasse-splay complex facies 
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(MSFA 5 to MSFA 8). In this interval, the paleocurrent measurements fall into two main groups; 

north-east-directed and south-east-directed for the crevasse-splay deposits. In contrast, in the 

uppermost third of the PNV-1 section; main channel and point bar (MSFA 1 and MSFA 2) deposits 

show a mean paleocurrent direction towards the north (between N280E and N095E; Fig. 4.7). 

In the cored section of Well K2P1, towards the base, point bar deposits (MSFA 2) are 

observed. These are overlain by distal floodplain and swamp (MSFA 9 and MSFA 10) deposits, 

interbedded with crevasse-splay complex (MSFA 5 to MSFA 8) facies (Fig. 4.7 and Fig. 4.8a). In 

Well S2P4 the core comprises distal floodplain and swamp (MSFA 9 and MSFA 10) deposits 

interbedded with crevasse-splay complex (MSFA 5 to MSFA 8) facies (Fig. 4.7 and Fig. 4.9a). This 

well did not penetrate either main channel and/or point bar (MSFA 1 and/or MSFA 2) facies. 

 

 

Fig. 4.6. (a) and (b) Close-up view of crevasse-splay complexes showing a detailed interpretation of 

internal bounding surfaces and both lateral and vertical variability of the facies associations. (c) Plan-view 

conceptual model of a crevasse-splay complex. (d) Cross-section conceptual model of crevasse-splay 

complexes. Numbers in (c) and (d) are related to the order of deposition. 
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Fig. 4.7. Vertical variability of facies associations from outcrop and subsurface data. Section PNV-1 data is 

outcrop-derived including sedimentological log, facies associations and paleocurrent data. S2P4 and K2P1 

are wells (see Fig. 4.1 for location) which include Gamma Ray (GR) log, GR stacking patterns, core 

description, facies associations and paleocurrent measurements from borehole images. The rose 

diagrams inside the rectangles show the dip azimuth measurements for the indicated interval.  
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The GR logs from both Wells S2P4 and K2P1, show a predominance of coarsening/ 

cleaning-upward trends (funnel shapes) which reflect a progradation from distal floodplain to 

crevasse-splay deposits (MSFA 9 to MSFA 5) and/or from distal to proximal crevasse-splay 

deposits (MSFA 8 to MSFA 5; Fig. 4.7). To a lesser extent, fining-upward trends (bell shapes) also 

occur (Fig. 4.7, Fig. 4.8b and Fig. 4.9b). These correspond to main channel deposits (MSFA 1), 

crevasse channel deposits (MSFA 5) with a shift from proximal (MSFA 6) to distal (MSFA 8) 

crevasse-splay deposits. In contrast, the aggrading trends (serrated GR profiles) represent distal 

floodplain and/or swamp deposits (MSFA 9 and/or MSFA 10; Fig. 4.7, Fig. 4.8b and Fig. 4.9b). 

In Well K2P1, a total of 60 dip tadpoles were picked within crevasse-splay deposits with 

a mean azimuth of N093E, measurements ranging from N013E to N353E with the most frequent 

values between N014E and N137E. In point bar deposits (MSFA 2) a total of 45 dip tadpoles were 

picked with a mean azimuth of N346E (Fig. 4.7 and Fig. 4.8b). In this Well, a 5.2 m thick interval 

is shown in Fig. 4.8, as an example of such a crevasse-splay complex. High-resolution analysis of 

dip tadpoles, for the basal 3.6 m of this interval, shows three discrete paleocurrent packages, 

with azimuths, from base to top, of N092E, N044E and N134E (Fig. 4.8b), respectively. This 

suggests the stacking of three component crevasse-splay lobes. These lobes, in addition to 

prograding across the floodplain during flood events, are arranged laterally by compensation of 

accommodation space. Above this basal 3.6 m a bell-shaped GR profile is observed 

corresponding to medial and distal crevasse-splay deposits, respectively (Fig. 4.8b). In this 

interval, two dip tadpole packages are distinguished, with paleocurrent directions to N015E and 

N094E, respectively. This superposition of distal over proximal facies, and with different 

paleocurrent directions, strongly supports the interpretation of an amalgamated crevasse-splay 

complex. 

In Well S2P4, a total of 236 dip tadpoles have been picked within crevasse-splay deposits 

with a mean azimuth of N081E, although there is a significant dispersion in paleocurrent 

directions (360°). Dip tadpole analysis shows that: (i) in the lowest third of the section mean 

paleocurrent values, for intervals, range between N065E and N247E; and (ii) the uppermost two-

thirds of the section shows mean values, for intervals, ranging from N058E to N137E (Fig. 4.7 

and Fig. 4.9b).  
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From the foregoing descriptions of outcrop and well sections, the key features in core, 

GR log and paleocurrent, for each of the main facies associations, are summarized as follows 

and in Fig. 4.2, Fig. 10 and Fig. 11: 

Main channel (MSFA 1) packages are distinguished by the stacking of several fining-

upward (bell-shape) profiles in the GR log characterized by values ranging from 65 to 188 API 

(Fig. 4.10). The higher API values between each package represent mudstone rip-up clast 

conglomerates (Lithofacies Gm), occurring as basal lags. This pattern reflects the stacking of 

Lithofacies Gm–St–Sr (Selley, 2004; Viseras et al., 2018). Dip tadpole plots highlight several 

surfaces with dip angles of <15° and azimuths perpendicular to the dip tadpoles associated with 

the lateral accretion surfaces interpreted in point bar (MFSA 2). These dips correspond to the 

channel base erosional surfaces. Between these erosional surfaces, a set of dips with both 

random azimuth and dip angles between 5° and 25° are recorded (Fig. 4.11). These correspond 

to trough cross-bed foresets (Donselaar & Schmidt, 2005; Viseras et al., 2018; Yeste et al., 2019). 

The point bar (MSFA 2) is characterized by a coarsening-upward or cleaning-upward 

(funnel shape) GR profile at the base, and a fining-upward (bell shape) towards the top of each 

facies package (Fig. 4.11), with API values ranging from 35 API to 182 API (Fig. 4.10). The 

lowermost bell-shaped GR packages also show higher API values reflecting the presence of 

mudstone rip-up clasts (Selley, 2004; Viseras et al., 2018). In core, point bar deposits are 

recognized by sets of Lithofacies St–Sr separated by inclined surfaces corresponding to the 

lateral accretion surfaces. Two dip tadpole groups are associated with this facies association: (a) 

shallow-to-steep-to-shallow dip angles towards the top (Fig. 4.11); and (b) azimuths displaying 

a slightly variable rotation (clockwise or anticlockwise) towards the top. These tadpoles 

correspond to lateral accretion surfaces (Donselaar & Schmidt, 2005; Brekke et al., 2017; Viseras 

et al., 2018). Tadpole sets with random azimuth and dip angles between 5° and 25°, occurring 

between the planar features of (a) are interpreted to represent trough cross-bed foresets 

(Donselaar & Schmidt, 2005; Viseras et al., 2018; Yeste et al., 2019). 
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Fig. 4.9. (a) Core view showing a 14 m thick interval (from 14 m to 28 m depth) of Well S2P4. (b) S2P4 well 

composite (14 to 28 m depth interval) displaying the Gamma Ray (GR) log, the core description, facies 

associations interpretation and dip tadpole analysis. Red, blue and green arrows indicate a coarsening- 

/cleaning-upwards, fining-upwards or aggradational GR profile, respectively. (c) to (f) Selected close-up 

view of dip tadpole log highlighting the grouping of tadpole patterns accompanied by a rose diagram for 

each interval highlighted on the well composite.  
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Proximal crevasse-splay deposits (MSFA 6) are characterized by a coarsening-upward or 

cleaning-upward (funnel shape) GR response truncated by a sharp top (Fig. 4.11), API values 

ranging from 57 API to 197 API (Fig. 4.10). In core, this association is characterized by the 

lithofacies succession Sh–Sr–Sc indicating flow deceleration and significant deposition during 

splay events (Burns et al., 2017). Locally, the funnel-shaped GR profile develops into a bell-shape 

(fining-upward trend) towards the top of the facies package reflecting truncation by crevasse 

channel deposits (MSFA 5). This bell-shaped GR package corresponds, in core, with the 

lithofacies succession St–Sr–Sw implying a gradual flow deceleration and overbanking of the 

crevasse channels (Bristow et al., 1999; Burns et al., 2017). MSFA 6 is characterized by tadpoles 

with unidirectional azimuths and dip angles of <10° (Fig. 4.9c, e and Fig. 4.11). In contrast, MSFA 

5 is characterized by sets of tadpoles with randomly distributed azimuth and dip angles between 

5° and 25° (Fig. 4.9d, e and Fig. 4.11). Towards the top, this association typically shows a tadpole 

set with unidirectional azimuth and dip angles <10°. 

Medial crevasse-splay deposits (MSFA 7), are characterized in core by the presence of 

syn-sedimentary deformation indicating rapid sediment accumulation onto a water-saturated 

substrate (Bristow et al., 1999; Rossetti & Santos, 2003; Owen & Santos, 2014; Burns et al., 

2017). These deposits also comprise Lithofacies Sr and, occasionally, Sd. The associated GR 

profile is characterized by a coarsening-upward or cleaning-upward trend (funnel shape), API 

values ranging from 99 API to 200 API (Fig. 4.10). Tadpoles in MSFA 7 are characterized by 

randomly distributed dip angles and azimuths when syn-sedimentary deformation structures 

(Sd) are present (Fig. 4.9f and Fig. 4.11). In the interval where MSFA 7 is characterized by 

Lithofacies Sr, the tadpole pattern shows a unidirectional azimuth and dip angles of <10°. 

Distal crevasse-splay deposits (MSFA 8) are also characterized by funnel-shaped 

(coarsening-upward or cleaning-upward trend) GR packages, albeit notably thinner than those 

associated with medial or proximal crevasse-splay deposits. The API values range from 99 API to 

242 API (Fig. 4.10). In core, FA 8 is characterized by Lithofacies Lm and Ll suggesting poorly-

developed paleosols (Retallack & Dilcher, 2012). The dip tadpoles through this association 

clearly highlight the bounding surfaces (bottom and top) of each package. Locally, where 

Lithofacies Ll is present, very low dip angle tadpoles (<10°) with unidirectional azimuths are 

recognized (Fig. 4.11). 

Distal floodplain deposits (MSFA 9) are characterized by a typically serrated GR response 

(aggrading trend) with high API values (ranging from 105 API to 244 API; Fig. 4.10 and Fig. 4.11). 

In core, MSFA 9 is characterized by red, massive mudstones with abundant vertic pedo-features 
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(Lithofacies Fm), suggesting Vertisol-like paleosols (Soil Survey Staff, 1998). Two dip tadpole 

types are identified in MSFA 8: (i) tadpoles with very low dip angles (<7°) and a unidirectional 

azimuth; and (ii) tadpoles with very high dip angles (30° to 75°) and a bi-directional azimuth; the 

latter are associated with slickensides structures (Fig. 4.9b and Fig. 4.11). 

Swamp deposits (MFA 10) show the highest GR values in the M-S Unit (ranging from 110 

API to 366 API; Fig. 4.10) and a characteristically serrated GR profile (aggrading trend). In core, 

MSFA 10 is characterized by dark grey to dark purple-coloured, thinly-laminated mudstone 

(lithofacies Fl). MSFA 10 is also characterized by tadpoles with very low dip angles (<10°) and 

unidirectional azimuths (Fig. 4.9b and Fig. 4.11). 

 

 

Fig. 4.10. Statistics summarizing the minimum, maximum and mean API values for each facies association.  

 

4.6. Discussion 

 
The detailed study of lateral facies variability using both outcrop and subsurface data 

(core, GR log and image log data) of the study area has enabled the definition of ten facies 

associations. Furthermore, with DOM data, it has also been possible to make precise 

measurements of both thickness and width for each of these facies associations and thereby 

define their geometric characteristics. In addition, the full integration of subsurface datasets and 

their validation with surface equivalents has enabled the development of more realistic 

conceptual models that include both descriptive and quantitative data related to the distribution 

of heterogeneities within the M-S Unit (Fig. 4.5 and Fig. 4.11). 
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The predictive conceptual model presented in this study helps to reduce uncertainty 

surrounding the location and dimensions of the key channel element (main reservoir) on a low 

gradient floodplain. The proposed model only uses data essentially identical to that which would 

be acquired during exploration and production drilling of wells located across a floodplain. This 

is critical for the establishment of a more robust basis for predicting the location of primary and 

secondary reservoirs, in low net-to-gross fluvial settings, with greater precision and significantly 

reduced risk. 

The method is applied to an example that has been shown to be an excellent outcrop 

analogue for fluvial reservoirs. More specifically, the M-S Unit is an excellent outcrop analogue 

for the lower TAGI (Trias Argilo-Greseux Inferieur) in the Berkine Basin, Algeria (Rossi et al., 2002; 

Viseras et al., 2011; Henares et al., 2014). Recent studies (e.g. Burns et al., 2017; Gulliford et al., 

2017; Ielpi et al., 2018), also suggest how the predictive model presented here could be used as 

an analogue for low net-to-gross fluvial reservoirs with different ages but with similar geobody 

dimensions. Varela et al. (2019) have also established a comparative relationship between 

paleosol development and the fluvial architecture of sedimentary successions from both the 

Cretaceous of Patagonia, Argentina and Triassic Red Beds of Iberian Plateau (TIBEM). The 

authors have recognized an increase in maturity within the paleosol catena moving away from 

the main channel bodies. The most mature paleosol was, in each case, located at similar distance 

(200 to 300 m) from the main channels. Gil-Ortiz et al. (2019) have also identified a meandering 

fluvial-dominated system in the Lower Cretaceous pre-salt units of the distal offshore South 

Gabon sub-basin. These authors suggest similar dimensions and geobodies (meandering 

channels and crevasse-splay lobes) from image log data. The quantitative conceptual model 

presented for the M-S Unit could equally be applied to this Cretaceous formation and potentially 

many other low net-to-gross fluvial successions worldwide. 

 

4.6.1. Distribution of heterogeneities and evolution of crevasse-splay lobes 

 
Recent studies in outcrop of crevasse-splay deposits have shown similar facies 

distributions and facies belt dimensions for the same geobodies described for the M-S Unit. 

Burns et al. (2017), for example, have described facies distributions from the Cretaceous 

Castlegate Sandstone and Neslen Formations of Utah. Kraus & Aslan (1999) established the 

development of paleosol catenas related to topographic relief and to distance from the main 

channel. Moscariello (2009) highlights the importance of paleosol identification in low net-to-

gross systems, as paleosol distribution is closely linked to channel sand distribution and reservoir 
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architecture. Varela et al. (2012) have also carried out a quantitative study in the Cretaceous 

Mata Amarilla Formation, of Argentina, focussed on the spatio-temporal distribution of different 

paleosols relative to the distance to the main channel. These authors also recognized an increase 

in maturity within the paleosol catena with increasing distance from the main channel bodies, 

so that the most mature paleosols are located in the distal floodplain at ca 200 m from the main 

channel. The current study has also observed a paleosol catena developed from distal crevasse-

splay deposits (MSFA 8; Entisol-like) to distal floodplain deposits (MSFA 9; Vertisol- like). The 

measurements made in outcrop prove that the most mature paleosols of this catena are located 

at >300 m from the main channel deposits (Fig. 4.5). 

In the most common case, the stacking of distal to medial to proximal crevasse-splay 

deposits is explained by the progradation of the crevasse-splay facies belts in successive flood 

events (sensu Mjøs et al., 1993; Miall, 1996; Bristow et al., 1999). However, the occurrence of 

distal crevasse-splay deposits overlying a proximal crevasse-splay must be explained by the 

stacking of successive crevasse-splay lobes through lateral compensation of accommodation 

space (Li et al., 2014; Li & Bristow, 2015; Fig. 4.6c). 

Because the stacking of successive crevasse-splay lobes is conditioned by lateral 

compensation, the propagation direction of lobes ranges from 15° to 130° relative to the main 

channel axis into the same crevasse-splay complex (Fig. 4.6c-d). This lateral and vertical 

amalgamation of lobes explains the significant areal extent of crevasse-splay complexes typical 

of the M-S unit (Mjøs et al., 1993; Van Toorenenburg et al., 2016; Burns et al., 2017). 

In addition, these crevasse-splay complexes may also stack to form amalgamated 

crevasse-splay complexes. In some sections, between two crevasse-splay complexes, distal 

floodplain and/or swamp deposits are observed (Fig. 4.6b). In other sections, a lateral overlap 

between two crevasse-splay complexes can also be observed (Fig. 4.6b), suggesting that these 

complexes may well be connected three-dimensionally when amalgamated. The excellent 

preservation of these crevasse-splay deposits, even in proximal facies, is due to the tendency of 

main channels to suffer sudden avulsions, rather than processes of gradual abandonment, 

thereby preventing cannibalization, linked to erosion by channel migration (Burns et al., 2017). 

Preservation is also more likely, considering that the system was located on a very low gradient 

alluvial coastal plain, in a context of sea-level rise which triggers frequent avulsion processes 

(Fernández & Dabrio, 1985; Henares et al., 2014, 2016a, b; Viseras et al., 2018). 

 

 



O/BO Characterization of M-S Unit 

133 

4.6.2. Implications for subsurface prediction 

 
The high-resolution analysis of GR log trends, corroborated by both outcrop and core 

data, strongly suggests that the predominant funnel-shaped GR response reflects proximal, 

medial and distal crevasse-splay deposits (Fig. 4.9b). This funnel-shape reflects the progradation 

of the overbank facies in successive flood events (sensu Mjøs et al., 1993; Miall, 1996; Emery & 

Myers, 1996; Cant, 2002). An overlying fining-upward trend, with a distinctive bell-shaped GR 

response, marked by higher API values, and related to medial and/or distal crevasse-splay 

deposits, is interpreted to record amalgamation of crevasse-splay complexes (Fig. 4.8b and Fig. 

4.9b). The crevasse channel deposits show a bell-shaped GR trend associated with a 

characteristic vertical lithofacies succession (St–Sr–Sw). 

A high-resolution analysis of dip tadpoles, grouping those with a sedimentological 

significance, corroborated by both outcrop and core data, is also useful in reducing the 

uncertainty in sandstone depositional trends (Donselaar & Schmidt, 2005). 

Brekke et al. (2017) also recognize the shallow-to-steep-to-shallow dip pattern in point 

bar deposits in the McMurray Formation of Alberta. This pattern of change in dip angles reflects 

epsilon cross-bedding (Allen, 1983) and is characteristic of lateral accretion surfaces in point 

bars. Donselaar & Schmidt (2005) interpreted the azimuth rotation (clockwise or anticlockwise) 

as the expression of the gradual downstream migration of the meander bend. The azimuth 

rotation in this case is poorly developed. This can be explained if point bar migration occurred 

mainly by expansion, where the bend apex migrates transversely away from the channel-belt 

axis (Ghinassi et al., 2014; Ielpi & Ghinassi, 2014). Tadpole sets with random azimuth and dip 

angles, between 5° and 25°, represent the foresets of trough cross-bedding (Donselaar & 

Schmidt, 2005; Viseras et al., 2018; Yeste et al., 2018). 

Donselaar & Schmidt (2005) have also identified tadpole patterns with unidirectional 

azimuths and very low dip angles for crevasse-splay deposits. Keeton et al. (2015) highlighted 

the difficulty in picking tadpoles in crevasse-splay deposits, reflecting the convoluted and ripple-

laminated nature of the deposits, but recognized low angle dips and a high dispersion in dip 

azimuths. The high-resolution analysis of tadpoles in this study reveals patterns associated with 

the different segments of the crevasse-splay lobes (Fig. 4.11): (i) tadpoles with randomly 

distributed azimuth and dip angles between 5° and 25° associated with trough cross-bedding in 

MSFA 5; (ii) tadpoles with unidirectional azimuths and low-dip angles associated with horizontal 

and ripple-laminated sandstones in MSFA 6; (iii) randomly distributed dip angles and azimuths 

and unidirectional azimuths associated with low dip angles corresponding respectively to syn-



Chapter 4 

134 

sedimentary deformation structures and ripple-laminated sandstones, associated with MSFA7; 

and (iv) unidirectional azimuths and low dip angles between mud rock laminae in MSFA 8. 

 

4.6.3. Implications for reservoir connectivity and modelling 

 
The identification of amalgamated crevasse-splay complexes is of considerable 

importance because they can be considered potential hydrocarbon reservoirs (Van 

Toorenenburg et al., 2016). Crevasse-splay deposits connect to the main channel body, which 

typically constitutes the best reservoir (Fielding & Crane, 1987; Pranter et al., 2008). Proximal 

crevasse-splay and crevasse channel deposits comprise similar lithofacies, in addition to being 

directly connected to the main channel. Amalgamated crevasse-splay complexes can also be 

used to estimate the dimensions of the main channels in intervals where the channel body itself 

is not directly penetrated by a well. The thickness of the main channel will be similar to that of 

the amalgamated crevasse-splay complexes (Van Toorenenburg et al., 2016). Thus, a detailed 

study of the proposed facies associations in core, and a high-resolution study of both GR log 

response and dip tadpole patterns would lead to a correct identification of depositional sub-

environments, sediment body geometries, dimensions, orientations and thus a better estimate 

of net reservoir volume. 

Recent studies related to the petrophysical and diagenetic characteristics of the M-S 

Unit (Henares et al., 2014, 2016a, b) have established a strong relationship between Open 

Porosity (OP), permeability and early diagenetic processes. The latter are strongly related to 

depositional environments and thus the distribution of facies associations. 

Although there is no systematic petrophysical and diagenetic study for these crevasse-

splay deposits (MSFA 5 to MSFA 8), it is reasonable to assume the same relationships between 

OP, permeability and early diagenetic processes. Henares et al. (2014) recognized 4.6% of 

gypsum cement associated with the crevasse-splay deposits in the M-S Unit. This cement occurs 

as poikilotopic crystals occluding primary porosity. These authors also report values of 15.6% of 

OP and 2mD of permeability for one sample of crevasse-splay deposits in the M-S Unit. These 

values reflect the pervasive influence of the gypsum in reducing permeability by occlusion of 

pore throats although subsequent patchy cement dissolution does act to generate the poorly 

connected secondary pores mentioned previously. 

Henares et al. (2016a, b) also conclude that there is a good match between reservoir 

properties and facies distribution. This relationship is a direct consequence of the primary 
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control exerted by depositional features, notably detrital clay abundance and distribution, on 

diagenetic evolution and thus on reservoir quality. As such, permeability will most probably be 

higher in those facies associations where grain coating clays are well-developed and significant 

primary porosity preserved. Conversely, those facies associations characterized by pervasive 

gypsum cement will show the poorest reservoir quality. This suggests that even the medial 

crevasse-splay facies (MSFA 7) could have favourable petro-physical characteristics, and thus be 

considered a potential hydrocarbon reservoir. 

Through the combined integration of both outcrop and subsurface datasets, this study 

offers a new quantitative conceptual model for low gradient, meandering, fluvial systems, with 

key geometric and sediment body dimension data, which can be used in the elaboration of more 

robust numerical models. This is especially valuable for the crevasse-splay/floodplain elements 

which, otherwise, are not so well-understood and may often act as a secondary reservoir. Such 

data can be used directly as input in reservoir modelling of similar subsurface systems. 

Quantitative conceptual models are a valuable tool in geostatistical modelling, especially when 

it comes to planning modelling strategies as well as producing training images. The detailed 

study of paleosols and overbank deposits, and their integration into geostatistical modelling, 

also provides information on the position of the channel (main reservoir) in low net-to-gross 

reservoirs (Yeste et al., 2019b). Based on the OBO (Outcrop/Behind Outcrop) methodology this 

study suggests well-calibrated criteria for recognizing the key facies elements, from purely 

subsurface wireline log and core data; so that if key facies can be correctly identified in the 

subsurface, the outcrop geometry data can subsequently be applied as input for modelling, as 

highlighted in Chapter 8.  

 

4.6.4. Limitations of the predictive conceptual model 

 
Although the potential applicability of the presented conceptual model to similar 

systems of different age is self-evident (Burns et al., 2017; Gulliford et al., 2017; Varela et al., 

2019), it is nonetheless prudent to indicate that it should not be considered as a general 

predictive model. In this respect, there are a number of key limitations associated with the 

conceptual model, related to three main factors: (i) scale of the fluvial system; (ii) humidity and 

paleoclimatic conditions; and (iii) the sequence stratigraphic framework. 

The first factor is related to the scale of the fluvial system; especially the main channel 

from which the overbank deposits are derived. Thus, in fluvial systems dominated by a main 

channel with larger dimensions (depth and width) than those presented in this example, 
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overbank deposits may be more extensively developed. However, the dimensional ratios of the 

different facies zones and their relationship with the distance to the main channel should still 

result in patterns similar to those established in the conceptual model. 

The second limiting factor is related to the humidity and paleoclimatic conditions of the 

floodplain. Paleosol analysis suggests a seasonal climate reflected in the development of 

Vertisol-like profiles in distal floodplain deposits. This was most likely promoted by seasonal 

rainfall and/or variations in fluvial discharge (Driese et al., 2000; Retallack, 2001; Varela et al., 

2012). The presence of swamp deposits with preserved organic matter, and both the gley 

mottles and rhizoliths of the Vertisol-like paleosols evidence seasonal ponding in the studied M-

S Unit. Consequently, the overbank flow is slowed by the presence of a still-water body (Bristow 

et al., 1999). These floodplain conditions would tend to favour a reduced areal extent and lobe-

shape geometry of the crevasse-splay deposits compared to those accumulating on a dry 

floodplain. In addition, a dry floodplain would be characterized by a more gradual transition 

between facies associations and also a reduced thickness for the crevasse-splay lobes, in 

comparison with the presented conceptual model. 

Finally, it is important to consider the position of the fluvial system in the basin and the 

sequence stratigraphic framework in order to apply the conceptual model. The M-S Unit in the 

study area was most likely located on a very low gradient plain in the distal part of drainage 

system (Dabrio et al., 2005; Viseras et al., 2011, 2018; Henares et al., 2014, 2016a, b). This is 

evidenced by the presence of wave reworking and trace fossils towards the top of channel and 

point bar deposits. The development of Entisol-like paleosols in the crevasse-splay deposits may 

also indicate high sedimentation rates and avulsion, which would inhibit the development and 

maturity of soils in the studied M-S Unit. As such, it seems reasonable to assume that the 

conceptual model presented here could successfully be applied to high sinuosity fluvial systems 

located in the distal part of drainage system within a framework of rising base level, which would 

tend to favour the development of a frequently flooded floodplain (Bristow et al., 1999). 

 

4.7. Conclusions 

 
Ten facies associations (including core and wireline log characteristics; Fig. 4.2, Fig. 4.5 

and Fig. 4.11) characterize the four geobodies recognized in the mudstone–sandstone unit of 

the TIBEM (Triassic Red Beds of Iberian Meseta): (i) channelized sandstone bodies consisting of 

three facies associations (main channel, chute channel and crevasse channel); (ii) asymmetrical 
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sigmoidal-shaped sandstone bodies consisting of two facies associations (point bar and scroll 

bar); (iii) lobe-shaped to sheet-like sandstone bodies consisting of three facies associations 

(proximal crevasse-splay, medial crevasse-splay and distal crevasse-splay); and (iv) sheet-like 

mudstone bodies consisting of two facies associations (distal floodplain and swamp). 

Wireline log characteristics, constrained by Outcrop/Behind Outcrop (OBO) 

methodologies, allow us to distinguish, in subsurface, the four elements that constitute the 

crevasse bodies (this paper and others here cited) along a channel-floodplain cross-section: 

crevasse channel and proximal, medial and distal crevasse-splays. The Gamma Ray (GR) log is 

characterized by a fining-upward trend and a sharp base for crevasse channel deposits, whereas 

proximal, medial and distal crevasse-splay deposits are characterized by a coarsening/cleaning-

upward trend and a sharp top. The GR API values (maximum, minimum and mean) increase from 

proximal to distal deposits. Distal floodplain and swamp deposits, in contrast, are characterized 

by a serrate GR profile. Crevasse channels are also characterized by randomly distributed 

paleocurrent azimuths and foreset dips whereas proximal crevasse-splay deposits are 

characterized by unidirectional azimuths and low dip angles. Medial crevasse-splay deposits are 

characterized by sets of either randomly oriented paleocurrent azimuths and dips, or 

unidirectional azimuths and low dip angle tadpole patterns. For distal crevasse-splay deposits 

the bounding surfaces (bottom and top) are easily distinguished whilst unidirectional azimuths 

and very low dip angle tadpoles occur locally. 

A new outcrop analogue dataset for meandering, low gradient fluvial systems, including 

key geometric and sediment body dimension data, is presented in this chapter. This is especially 

valuable for the crevasse-splay/floodplain elements which, otherwise, are not so well-known 

and may often act as a secondary reservoir. A predictive model generated from outcrop and 

subsurface data allows to estimate, with some confidence, how far a well drilled through 

crevasse-splay/floodplain deposit might be from a main channel and thus potential primary 

reservoir, a prediction of significant value in exploration and appraisal. Such data can also be 

used directly as both hard and soft input in reservoir modelling of similar subsurface systems 

during the development of a discovery (see Chapter 8). 

The use of OBO methodology also allows to establish a well-constrained link between 

recently refined outcrop facies models of channel-overbank systems and channel-crevasse 

sandstone reservoirs in the subsurface. 
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CHAPTER 5: 

Sandstone Unit: Low-sinuosity fluvial system 
 
 

L.M. Yeste, S. Henares, N. McDougall, F. García-García, and C. Viseras (2019) Towards 

the multi-scale characterization of braided fluvial geobodies from outcrop, core, georradar and 

well logs data. In: River to Reservoir: Geoscience to Engineering (Eds Corbett, P., Owen, A., Hartley, 

A., Pla-Pueyo, S., Barreto, D., Hackney, C. and Kape, S.), GSL Special Publication, 488. 

https://doi.org/10.1144/SP488.3 

 
 
 
Abstract The integrated application of advanced visualization techniques – validated against 
outcrop, core and Gamma Ray log data – was found to be crucial in characterizing the spatial distribution 
of fluvial facies and internal permeability baffles to a centimetre-scale vertical resolution. An 
outcrop/behind outcrop workflow was used, combining the sedimentological analysis of a perennial deep 
braided outcrop with ground-penetrating radar profiles, behind outcrop optical and acoustic borehole 
imaging, and the analyses of dip tadpoles, core and Gamma Ray logs. Data from both the surface and 
subsurface allowed the recognition of two main geobodies – channels and compound bars – and within 
the latter to distinguish between the bar head and tail and the cross-bar channel. On the basis of a well-
constrained sedimentological framework, a detailed characterization of the Gamma Ray log pattern in the 
compound bar allowed several differences between the geobodies to be identified, despite a general 
cylindrical trend. A high-resolution tadpole analysis showed that a random pattern prevailed in the 
channel, whereas in the bar head and tail, the tadpoles displayed characteristic patterns that allowed 
differentiation. The ground-penetrating radar profiles aided the 3D reconstruction of each geobody. Thus, 
the application of this outcrop/behind outcrop workflow provided a solid database for the 
characterization of reservoir rock properties from outcrop analogues. 
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5.1. Introduction  

 
Exploration in fluvial environments may be more challenging than in other continental 

environments due to their potential 3D complexity in terms of architecture, the sand to mud 

ratio and grain size distribution (Miall, 1985; Brayshaw et al., 1996; Einsele, 2000; Sharp et al., 

2003; Pranter & Sommer 2011; Pranter et al., 2014; Allen & Pranter, 2016). Each scale of 

heterogeneity within fluvial deposits has a different expression, both from the proximal to distal 

facies and laterally, showing a specific interaction between the diagenetic processes and 

depositional facies. 

Braided stream systems form some of the world’s largest sandstone reservoirs and, at 

the simplest level, can be considered as largely homogenous relative to other fluvial deposits. In 

addition, they are also typically coarse-grained and relatively clay-free, a response to the high 

energy flow conditions characteristic of these systems (e.g. Cant, 1983; Atkinson et al., 1990; 

Martin & Church, 1996; Miall, 1996, 2006; Bjorlykke & Jahren, 2010; Pranter et al., 2014). Some 

examples of braided-type reservoirs include the Trias Argilo-Gréseux Inférieur Formation 

(Berkine-Ghadames Basin, Algeria; e.g. Rossi et al., 2002), the Williams Fork Formation (Piceance 

Basin, Colorado, USA; e.g. Pranter et al., 2014) and the Wolfville Formation (Fundy Basin, 

Canada; Leleu et al., 2009). In general, they display a high continuity down the depositional dip, 

parallel to the channel axis (i.e. the base of the channel), and a low continuity perpendicular to 

the axis (i.e. to the margins) (Atkinson et al., 1990; Bridge & Lunt, 2009). Nevertheless, these 

sheet-like sandstone bodies may present heterogeneities at several scales that the affect 

hydraulic conductivity. At the mesoscale (according to Weber, 1986), laterally discontinuous 

shale intervals may form as abandoned/slough channel fills, with thin intra-channel drapes and 

inter-channel muds representing potential baffles to vertical fluid flow (Miall, 1985; Atkinson et 

al., 1990). The original, highly permeable layers (i.e. thief zones) related to laterally continuous 

clast-supported or sand-matrix-supported conglomerates and coarse-grained intervals must 

also be considered as part of the internal heterogeneity (Miall, 1985, 2006; Atkinson et al., 

1990). 

The estimation of the dimensions and spatial distribution of the architectural elements 

in fluvial reservoirs from 1D core and well data is a well-known problem in reservoir modelling. 

In this sense, outcrop analogue studies represent a powerful tool, supplementing sparse 

subsurface data with outcrop-derived measurements (Miall, 1990; Kokureck et al., 1991; Tyler 

& Finley, 1991; Wizevich, 1991; Yoshida et al., 2001; Ajdukiewicz & Lander, 2010; Scott et al., 

2013; Pranter et al., 2014; Franke et al., 2015). Only by integrating both sources of information 
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– outcrop and subsurface – can an appropriate database be properly constructed for the 

reservoir geometry, dimensions and attributes, in order to generate realistic models that include 

both high-resolution facies interpretations and rock heterogeneities (Alpay, 1972; Kokureck et 

al., 1991; Ambrose et al., 1991; Miall, 1991; Alexander, 1992; Kostic & Aigner, 2007; Van den 

Brill et al., 2007; Calvache et al., 2010; Ozkan et al., 2011; Trendell et al., 2012; Ghinassi et al., 

2014; Colombera et al., 2014; Pranter et al., 2014; Klausen & Mork, 2014; Shimer et al., 2014).  

This study aimed to determine the key criteria in the subsurface recognition and 

characterization of the geobodies and their associated potential permeability barriers identified 

in braided fluvial systems. The studied example consists of a Triassic braided system considered 

as an outcrop analogue for other hydrocarbon-productive reservoirs, such as the Algerian Trias 

Argilo-Gréseux Inférieur (Rossi et al., 2002; Dabrio et al., 2005; Viseras et al., 2011b; Henares et 

al., 2011, 2016; Viseras et al., 2018). For this purpose, the integrated outcrop/behind outcrop 

characterization workflow, described in Chapter 3, was applied in this study, combining different 

imaging techniques – namely ground-penetrating radar (GPR), acoustic borehole imaging (ABI) 

and optical borehole imaging (OBI) – validated against outcrop, core and well log data. The 

integration of different data sources (i.e. surface and subsurface) lead to the development of 

more robust reservoir models which may improve the quantification and correlation of 

heterogeneities within this type of fluvial reservoir. 

The results of this chapter have been published in the Special Publication volume “River 

to Reservoir: Geoscience to Engineering” of Geological Society of London: 

Yeste, L.M., Henares, S., McDougall, N., García-García, F. and Viseras, C. (2018). Towards the 

multi-scale characterization of braided fluvial geobodies from outcrop, core, georradar and well 

logs data. In: River to Reservoir: Geoscience to Engineering (Eds Corbett, P., Owen, A., Hartley, 

A., Pla-Pueyo, S., Barreto, D., Hackney, C. and Kape, S.), GSL Special Publication, 488. 

https://doi.org/10.1144/sp488.3. 

 

5.2. Data distribution 

 
Two main outcrops (Outcrop North and Outcrop South), extending to a total length of 

2500 m and with a total area   >0.1927 km2 were selected for the outcrop-based facies analysis, 

in terms of geometry, internal structure, sequence trends and the spatial relationship between 

the main geobodies. Three Digital Outcrop Models (DOM) were also created by 

photogrammetry with an RPAS to complete the dataset of outcrop-derived measurements (see 

Chapter 3 for details of the DOM methodology). 
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In the studied example, six slim-hole (85 mm) behind outcrop wells allowed subsurface 

characterization based on data from both wireline logs and cored intervals. From north to south, 

these wells are (Fig. 5.1a): the four wells K2L1–4, located in Outcrop North, with 16, 17, 15 and 

7 m of core, respectively, and an interwell spacing of 52, 7 and 8 m; K2P2, located in Outcrop S-

2 with 20 m of cored section; and K2P1, located in Outcrop S-3 with 42 m of core. The interwell 

spacing between K2P2 and K2P1 was 296 m.  

 

 

Fig 5.1. (a) Geographical location of the studied outcrops. Well and GPR profile locations are also shown. 

(c) Global legend for the lithological, sedimentary structure and tadpole logs used in this chapter.  

 
Core slabbing was carried out to enhance the visibility of sedimentary features on the 

core surface and to allow the identification of the main lithofacies. The wireline log data included 

a Gamma Ray log and borehole imaging from optical and acoustic televiewers. Dip tadpoles, 
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picked from the image logs, together with Gamma Ray pattern analyses, provided data on the 

spatial distribution, orientation and dip of the main sedimentary surfaces and structures. In 

addition, three GPR profiles were acquired, covering a total of 443 m of outcrop length. In 

Outcrop North and Outcrop S-2, profiles 70 and 248 m long, respectively, were acquired with a 

shielded 200 MHz antenna that limited the penetration to 10 m below the surface, but provided 

high-resolution images of the internal structure of the geobody. In Outcrop S-1, a 125 m long 

profile was acquired with a shielded 40 MHz antenna that increased the penetration depth to 

30 m below the surface. 

 

5.3. Geometrical description and fluvial style of the Sandstone Unit 

 
The Sandstone Unit (S Unit) is distinguished by an irregular base, eroding the underlying 

M-S Unit, and an undulatory or scoured top. This Unit is characterized by a high net-to-gross 

(sand:mud ratio of 95:5) and consists of a laterally extensive (hundreds of metres along strike 

and/or along depositional dip) tabular sandstone package up to 20 m thick. 

The studied sandstone package was divided between two main outcrops (Fig. 5.1a): 

North and South. Outcrop North is represented by only one exposure with 130 m of lateral 

extension and an east–west orientation. Outcrop South includes three different sections (S-1, S-

2 and S-3) with 350, 40 and 50 m of lateral extension and east–west, north–south and NNW–

SSE orientations, respectively. These changes in orientation of the different exposures 

throughout the sedimentary deposit allow 3D tracing of the entire sandstone package as well as 

of the main elements (geobodies) identified within it. 

The internal organization of this tabular sandstone package is characterized by the 

stacking of several small-scale thinning-upward sequences, each of which shows, from base to 

top: upper flow regime parallel lamination; cross-bedding and cross-lamination; and lower flow 

regime parallel lamination (Dabrio & Fernández, 1986; Fernandez et al., 2005; Viseras & 

Fernández, 2010) 

From the perspective of a north–south panoramic view, two main elements are 

distinguished within the sandstone package (Fig. 5.2a): two massive zones at both extremes of 

the outcrop (section S-1 and S-3), where internal erosional scours define irregular concave-up 

surfaces; and a central zone (section S-2) characterized by westerly-inclined mega-cross-bedding 

(Figs. 5.2a-b). These two well-differentiated zones correspond to the typical architectural 

elements or geobodies identified in deep perennial braided systems: channels (termed SFA 1; 
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sections S-1 and S-3) and the compound bar (termed SFA 2; section S-2; Fig. 5.2a; Ashmore, 

1982; Cant & Walker, 1978). 

 

Fig. 5.2. (a) North-south panoramic view showing the three different exposures comprising Outcrop 

South, labelled from north to south, as outcrops S-1 to S-3, with the facies interpretation below. The 

location of wells K2P1 AND K2P2 is also indicated. (b), (c), (d) Close-up views of the different sections of 

Outcrop South with a more detailed interpretation of the depositional architecture and internal 

sedimentary structure. 
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Fig 5.2. Continued. (e) East-west panoramic view showing Outcrop North with the facies interpretation 
below. The location of Well K2L1-4 is also indicated. (f) Close-up view in outcrop of the internal 
sedimentary structure of the compound bar in Outcrop North. 
 

5.4. Multi-approach description of geobodies 

 
The two geobodies identified in the studied sandstone (the channel and compound bar) 

are characterized on the basis of their main features in the outcrop, core, wireline log and GPR 

data. This includes: outcrop-derived observations and measurements in digital outcrop models; 

the definition of lithofacies in the cores (Table 4.1); Gamma Ray pattern analysis; dip tadpole 

trend analysis; and the description of key surfaces and radar facies in the GPR profiles. 

 

5.4.1. Channel (SFA 1) 

 
Outcrop features 

Two channels have been identified in outcrop: the north channel and the south channel 

(Fig. 5.2a). The north channel is 20 m thick with a lateral extent of 300 m, measured 

perpendicular to the main flow direction, and an internal fining- and thinning-upwards trend. 

Above a flat base, with an upper flow regime parallel horizontal lamination, megaripples are 

stacked hierarchically into several smaller thinning-upwards sequences separated by clay drapes 

(Figs. 5.2b, d), which laterally extend over the full cross-section of the channel (Fig. 5.3a). The 
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south channel shows similar dimensions (18 m thick; 230 m lateral extension) and sedimentary 

features compared to the north channel. 

 

 

Fig. 5.3. (a) Potential permeability barriers within the channel geobody represented by laterally 

continuous clay drapes. (b) Potential permeability baffles in the compound bar geobody represented by 

laterally limited cross-bar channel deposits. 

 
Core features 

This geobody has only been targeted in Well K2P1 through 17.8 m of fully recovered 

core. At the base, the succession starts with a conglomeratic layer of centimetre- to decimetre-

scale clay intraclasts (Lithofacies Gm; Fig. 5.4a). This basal layer is overlain by a thinning-upwards 

interval comprising beds of medium- to fine-grained sand, with faint horizontal lamination 

(Lithofacies Sh) or lacking any clearly visible sedimentary structures (Lithofacies Sm; Fig. 5.4d). 

Two clay intraclast-rich layers can also be observed towards the top of this interval (Fig. 5.4ac). 

The succession is capped by several thinning-upwards sandstone packages, characterized by 

trough cross-bedding (Lithofacies St; Fig. 5.4ef) alternating with intervals of current ripple cross-

lamination (Lithofacies Sr) overlain by mudstone layers with horizontal lamination (Lithofacies 

Fl). 

Well log data 

The Gamma Ray in Well K2P1 shows a generally cylindrical pattern (Serra and Surpice, 

1975; Emery and Myers, 1996; Rider, 2000; Selley, 2004) with values ranging from 22 API to 128 

API and a mean of 69 API, (Fig. 5.4a). Within this broad framework, higher resolution 

observations show that the lower part of the section (from 23 up to 13 m depth) shows a funnel 

pattern at the base, which evolves to a cylindrical pattern. From 13 m to 9 m depth upwards, 

the Gamma Ray log shows several packages defined by funnel patterns showing an increase in 

API values before becoming cylindrical again. At high resolution, this final cylindrical interval can 

be divided into a funnel plus a bell pattern.  
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Fig. 5.4. Outcrop/behind outcrop characterization of the channel geobody, including data from Gamma 

Ray logs, optical borehole imaging, outcrop-derived facies analysis and core descriptions: (a) Well K2P1 

composite showing the Gamma Ray, the core description, the optical borehole image, dip tadpole analysis 

and the location of core photographs (c, d and e); (b) Detailed outcrop interpretation of S-3 showing 

trough cross-bedding (Lithofacies St); (c) Core view of the clay intraclast-rich layers and the trough cross-

bedding (Lithofacies St); (d) Core view of the massive lithofacies (Sm); (e) Similar trough cross-bedding 

(Lithofacies St) to that shown in outcrop image (b); (f) Close-up view in core of the trough cross-bedding 

described in outcrop image (b). See Fig. 5.1b for legend. 

 
A total of 67 dip tadpoles were picked, based on the OBI and ABI logs, showing a 

significant, near random dispersion in azimuth values, ranging from N1E to N350E. However, 

within this framework a predominant paleoflow direction, between N20E and N80E with a mean 

azimuth of N46E, can still be identified (Fig. 5.4a; see also Fig. 5.8). 

GPR features 

In the lower part of the channel geobody (Fig. 5.7c), the reflectors are parallel or sub-

parallel and locally discontinuous or chaotic. In the central part of the profile the reflectors show 

lower amplitudes, with a structure that varies from sub-parallel with a steep angle to a more 

chaotic pattern. Towards the upper part of this geobody, mounded (wave reflection) and sub-

parallel reflectors are observed, interrupted by others with a concave-up shape. 

5.4.2. Compound bar (SFA 2) 

 
Outcrop features 

The compound bar geobody is represented by a 20 m thick, continuous (500 m wide) 

and extensive (up to 1000 m parallel to the main paleocurrent) sandstone layer (Fig. 5.2a). A 

decimetre-thick set of planar cross-bedding is observed towards its base, overlain by several 

stacked, thinning-upwards sets of planar and trough cross-bedding (Fig. 5.2c). Above this 

geobody, an 8 m long and 1 m thick channel-shaped body is recognized, consisting of very fine-

grained to silty sediments (Lithofacies Sr-Fl). This channel-shaped body is interpreted as a cross-

bar channel (Fig. 5.3b).  In Outcrop North (Fig. 5.1 and Fig. 5.2e), the section is characterized by 

the stacking of minor sigmoidal packages constructed by the hierarchical accretion of bedforms 

(dunes and megaripples) (Fig. 5.2f). 

Core features 

In the compound bar geobody, best developed in Well K2P2 (Fig. 5.5), the succession 

begins with a massive sandstone (Lithofacies Sm) intercalated, at a depth of 18 m, with a 

centimetre-scale, clay intraclast-rich layer (Fig. 5.5a, e). Horizontal lamination (Lithofacies Sh) is 

observed from above this clay intraclast lag upwards, locally with intercalated clayey levels (e.g.  
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Fig. 5.5. Outcrop/behind outcrop characterization of the compound bar geobody, including data from the 

Gamma Ray log, optical borehole imaging, outcrop-derived facies analysis, and core descriptions: (a) Well 

K2P2 composite showing the Gamma Ray log, the core description, dip tadpole analysis and locations of 

OBI interval (b) and core photograph/description (e); (b) Close-up view of the optical borehole image and 

tadpole patterns between 3 and 5 m depth and their correlation with outcrop features in image (c); (c) 

Detailed outcrop interpretation of S-2 showing the planar cross-bedding; (d) Core view of the planar cross-

bedding identified in outcrop; (e) Core view of the horizontal bedding described in outcrop; (f), (g) and (h) 

Close-up core views of some details of the planar cross-bedding identified in outcrop in image (c). See Fig. 

5.1b for legend.  

 
at 16 m depth; Lithofacies Fl). A similar interval of massive sandstone (Lithofacies Sm) is then 

recognized, starting at 12.5 m depth, and capped by a centimetre-scale thin clay intraclast-rich 

layer. Above this, trough cross-bedding (Lithofacies St) becomes the dominant sedimentary 

structure up to 5 m depth, where planar cross-bedding (Lithofacies Sp) appears (Fig. 5.5ad). 

Lithofacies Sp is intercalated toward the top with a centimetre-scale silty layer with current 

ripple lamination (Lithofacies Sr-Fl) at 2.75 m depth. Overlying this silt layer, trough cross-

bedding (Lithofacies St) is again recognized, grading upwards into clay. In this last cross-bedded 

interval, several reactivation surfaces, lined with clay intraclast lags, have been described. 

This geobody has been also characterized in another outcrop (Outcrop North) and in 

different wells (K2L1–4; Fig. 5.1a) corresponding to a position closer to the channel (Fig. 5.6). In 

this position, a different facies association is observed, beginning with trough cross-bedding 

(Lithofacies St) and evolving upwards to horizontal bedding (Lithofacies Sh) and subsequent 

planar cross-bedding (Lithofacies Sp). Several repetitions of the gradation from Lithofacies Sh to 

Sp are observed in which the dip angle of the layers increases gradually and then decreases again 

(Fig. 5.6b and c). At the top, this facies association is truncated by an erosive surface overlain by 

very fine-grained sandstone with current ripple lamination (Lithofacies Sr) and intercalated clays 

(Lithofacies Fl) which are interpreted as the infill of a cross-bar channel (Fig. 5.6b). 

Well log data 

The Gamma Ray log in Well K2P2 shows a well-developed cylindrical pattern (Fig. 5.5a) 

with minor irregularities (e.g. values decrease from 9 to 6 m depth and, at 3.75 m depth, a 

decimetre-thick interval with higher API values is recognized). Well K2P2 shows values ranging 

from 16 to 110 API with a mean value of 51 API. In Well K2L1–4 (Fig. 5.6b), the Gamma Ray log 

also shows a general cylindrical pattern, but this can be sub-divided into several minor cycles of 

bell and funnel patterns. Towards the top, the general cylindrical trend is interrupted by a 

decimetre-thick interval characterized by higher API values. Well K2L1-4 shows GR values 

ranging from 24 API to 157 API with a mean of 63 API. 
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Fig. 5.6. (a) Digital outcrop model of Outcrop North showing the transition area between the compound 
bar and the channel geobodies (also so-called the bar tail). (b) Gamma Ray log and core description of 
Well K2L3 and key outcrop and core features. 
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Fig. 5.6. Continued. (c) Core view of the sigmoidal cross-stratification described in outcrop and recognized 
in the dip tadpole analysis. (d) Dip tadpole analysis of Well K2L1. See Fig. 5.1b for legend. 

 
A total of 57 dip tadpoles interpreted in Well K2P2 reveal paleocurrents which, whilst 

displaying a wide dispersion, ranging between N0E and N350E, are characterized by a dominant 

north easterly-directed flow (N0E to N45E) and a mean azimuth of N28E. Two main trends can 

be identified from the dip tadpoles in this well: (i) random and (ii) patterns with a predominant 

azimuth and a variable dip, interrupted at both the bottom and top by one tadpole with a lower 

dip and a slightly different azimuth (Fig. 5.5b). A total of 244 tadpoles were also interpreted in 

Well K2L1–4. These also show a wide dispersion, between N0E and N350E, but again with a 

dominant north easterly flow, ranging from N45E to N80E and a mean azimuth of N61E. The 

tadpole stacking trend in this well also shows two different patterns: (i) random and (ii) patterns 

with a predominant azimuth and a dip that cyclically varies from sub-horizontal to high angle to 

sub-horizontal again (Fig. 5.6d; see also Fig. 5.8). 
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GPR features 

The GPR profile, that targets the compound bar in Outcrop South (Fig. 5.7a), shows 

parallel or sub-parallel reflectors with a high amplitude and locally high dip angles. In the 

southernmost section, the profile slightly changes to mounded reflector patterns (wave 

reflection patterns), whereas in the northernmost section the parallel reflectors can be traced 

laterally through several metres. The GPR profile of Outcrop North (Fig. 5.7b) presents several 

stacked sets with a sigmoidal reflection pattern. A scour is observed towards the eastern part of 

the profile, above which the reflectors show a wave pattern. 

 

5.5. Environmental reconstruction by integrating outcrop and subsurface 

data 

 
By coupling the identified geobodies in outcrop, the paleocurrent dispersion identified 

from dip tadpoles (Fig. 5.8), the facies associations in core, the Gamma Ray profiles and reflector 

patterns in the GPR profiles, the S Unit sandstone package can be interpreted as a perennial 

deep braided fluvial system. This interpretation is consistent with previous studies in the same 

area (Dabrio et al., 2005; Viseras et al., 2011b, 2016; Henares et al., 2014). 

In both outcrops where the channel geobody is exposed, it shows a fining- and thinning-

upwards infill trend, resulting from the hierarchical stacking of minor sequences of dunes and 

megaripples (Fig. 9a, b and Table 5.1). Decimetre-scale clay drapes highlight the boundaries 

between the different sequences, indicating the temporary abandonment of the channel 

associated with its migration to a new position (Dabrio & Fernández, 1986). The three-

dimensional character of these clay drapes, which extend over the complete cross-section of the 

channels and are also recognized in the behind outcrop wells, strongly suggests that they can be 

considered as potential barriers to vertical fluid flow and would compartmentalize the reservoir 

within this facies association.  

In outcrop, the compound bar geobody can be subdivided into the bar head and the bar 

tail (Bluck, 1976; Viseras & Fernández, 1994), on the basis of the predominant sedimentary 

structures. On the one hand, the thick, planar cross-bedded set corresponds to the development 

of a transverse bar across which the compound bar was deposited (Fernández et al., 2005). This 

association of Lithofacies Sp–St, together with an upwards-thinning trend, records the 

development of a sand flat system within the framework of gradual reduction in accommodation 

space responding to a decrease in water column depth (Fig. 5.9a-b and Table 5.1). On the other 
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hand, the stacking of minor sigmoidal sequences with a thinning-upwards trend, as exposed in 

Outcrop North, is characteristic of the termination of the bar into the channel. This sigmoidal 

cross-stratification has been termed a bar tail by some researchers (Bluck, 1976), whereas others 

have described it as a “delta foreset” (Cant & Walker, 1978). Each of these minor sequences is 

characterized by the hierarchical stacking of bedforms (dunes and megaripples) (Fig. 5.9a-b and 

Table 5.1). 

 

 

Fig. 5.8. Dip azimuth rose diagrams and dip histograms obtained from the tadpole analysis in the main 

geobodies of the channel, bar head and bar tail.  
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The lithofacies assemblage observed in the core of the southern channel (Well K2P1) is 

typical of a deep multi-storey channel fill (Miall, 1996). The horizontal lamination (Lithofacies Sh 

or Sm) indicates upper flow regime conditions, whereas the association of trough cross-bedding 

(Lithofacies St) and ripple cross-lamination (Lithofacies Sr) corresponds to progressive channel 

abandonment reflecting a gradual reduction in accommodation space (Muñoz et al., 1992). The 

conglomeratic levels (Lithofacies Gm) may be related to short-lived increases in channel energy 

(Table 5.1; Bridge & Tye, 2000; Viseras et al., 2009; Calvache et al., 2010). 

The assemblage of Lithofacies Sh–Sp observed in the core of Well K2P2, which targets 

the compound bar geobody (Table 5.1), is interpreted to record the aggrading stage of the bar, 

whereas the abandonment is represented by the gradual change from the Lithofacies Sp to St 

(Miall, 1996; Bridge & Tye, 2000). In the core from Well K2L1-4, the repetition of the succession 

comprising Lithofacies Sh–Sp–Sh interpreted as a response to the variation in dip of the cross-

stratification developed in the bar tail sigmoids (Table 5.1). The association of Lithofacies Sr-Fl, 

with an erosive base, suggests the development of a cross-bar channel across the upper part of 

the bar during the maximum flooding peak. 

 
Table 5.1. Comparison of the key features identified in both outcrop and subsurface datasets for the 

channel, bar head and bar tail geobodies. See Fig. 5.9 for detailed illustrations. 

 Channel 
Compound Bar  

(Bar Head) 

Compound Bar  

(Bar Tail) 

 
Conceptual 
sedimentary 
model 
 

fining and thinning upward 
infill trend resulting from the 
hierarchical stacking of 
minor sequences of dunes 
and megaripples 

planar cross-bedded set 
corresponding to 
aggradation of a transverse 
across which the compound 
bar developed 

stacking of minor sigmoidal 
sequences with a thinning 
upwards trend 

Lithofacies  Gm - Sh/Sm - St - Sr Sh - Sp - St Sh - Sp – Sh 

High resolution 
GR pattern 
 

Funnel pattern Cylindrical pattern Bell pattern 

Dip tadpole 
trends 

random pattern due to the 
stacking of trough cross-
bedded sets 

similar dips and azimuth sets 
delimited by tadpoles with 
lower dips and slightly 
different directions 
 

predominant azimuth with a 
dip cyclically varying from 
sub-horizontal to high angle 
to sub-horizontal again 

GPR reflector 
character 

parallel or subparallel and 
wave reflectors 

parallel or subparallel 
reflectors with high 
amplitude and locally high 
tilt angles 

subparallel reflectors with 
high tilt angles that decrease 
upward 

Permeability 
barriers/baffles 

internal, laterally extensive 
clay drapes 

laterally limited cross-bar 
channel at the top 

laterally limited cross-bar 
channel at the top 
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Fig. 5.9. (a) 3D conceptual block diagram with 2D conceptual models of the component geobodies 

identified in the S Unit. Colour legend: orange, sandy channel facies; yellow, sandy compound bar facies; 

grey, clayey facies corresponding to the permeability barriers/baffles or cross-bar channels. Note that the 

2D conceptual model is not to scale. (b) 3D conceptual block diagram with some outcrop photographs of 

the component geobodies. 
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Fig. 5.9. Continued. (c) 3D conceptual block diagram highlighting the key ground-penetrating radar 

features of the component geobodies. (d) 3D conceptual model highlighting the key well log features of 

the component geobodies identified in the S Unit. 
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Despite the general cylindrical pattern in the Gamma Ray logs of both geobodies (Bridge 

& Tye, 2000; Bridge & Lunt, 2009; Tianjian et al., 2014), higher resolution examination can 

identify differences between the channel and the compound bar and, within the latter, between 

the bar head and the bar tail (Bridge & Tye, 2000; Bridge & Lunt, 2009) (Fig. 5.9d).  

Well-developed cylindrical trends are observed in the channel, related to Lithofacies Sh–

Sm, whereas Lithofacies St or Gm show a more funnel-shaped Gamma Ray pattern. The higher 

API values (59 to 128 API, Mean 89 API) in the upper part of the facies sequence records gradual 

channel abandonment (Lithofacies St-Sr; Fig. 5.4) (Bridge & Tye, 2000; Bridge & Lunt, 2009).  In 

contrast, the Gamma Ray pattern in the bar head is mostly cylindrical, with higher API values 

towards the top associated with Sr-Fl lithofacies typical of cross-bar channel deposits (Bridge & 

Tye, 2000; Bridge & Lunt, 2009). The decrease in API values between 9 and 6 m depth in Well 

K2P2 reflects the occurrence of diagenetic gypsum nodules in this interval (Fig. 5.5a and d).  

The Gamma Ray log of the bar tail shows several superimposed bell-shaped intervals 

corresponding to the stacked sigmoidal units that characterize this part of the geobody. At the 

top of these sigmoids, the funnel pattern corresponds to Lithofacies St, reflecting short-lived 

increases in channel activity (Bridge & Tye, 2000; Bridge & Lunt, 2009). The uppermost interval 

with higher API values (87-157 API; Mean 129 API) is associated with Lithofacies Sr-Fl (Fig. 5.6), 

typical of the cross-bar channel (Bridge & Tye, 2000; Bridge & Lunt, 2009).  

The difference in thickness between the upper intervals with higher API values in Wells 

K2P2 and K2L of the compound bar is the expression of the greater cross-bar channel thickness 

in the bar tail than in the bar head. Thus, these cross-bar channel deposits, characterized by 

Lithofacies Sr-Fl and with limited lateral extension, may increase reservoir heterogeneity by 

acting as potential permeability baffles for 3D fluid migration as they will be thicker towards the 

contact with the channel, parallel to the flow direction.  

Dip tadpole analysis reveals a regional NE-directed paleocurrent flow for the braided 

system. However, more detailed differences can be determined between the channel and the 

compound bar tadpole patterns, as well as between the bar head and the bar tail (Fig. 5.8). In 

the channel geobody, the tadpoles show a random pattern due to the stacking of trough cross-

bedded (Lithofacies St) sets (Cameron et al., 1993; Williams & Soek, 1993; Dueck & Paauwe, 

1994; Selley, 2004; Miall, 2006; Long, 2006; Lelpi & Ghinassi, 2015). In the compound bar head, 

the tadpoles show characteristic patterns with similar dips and azimuths corresponding to the 

planar cross-bedded (Lithofacies Sp) sets. In addition, at the bottom and the top of the geobody, 

these sets also typically show tadpoles with lower dips and slightly different azimuths, which 
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correspond to the set boundary surfaces (Selley, 2004; Lelpi & Ghinassi, 2015; Long, 2006). In 

the compound bar tail, the dip tadpoles have a predominant azimuth with a dip varying cyclically 

from sub-horizontal to a high angle to sub-horizontal again, associated with the thinning-

upwards stacking of the sigmoidal units described in outcrop and cores. 

The parallel or sub-parallel reflectors displayed in the lower part of the channel in the 

GPR profile (Fig. 5.7c) correspond to the horizontal lamination of Lithofacies Sh (Stephens, 1994; 

Bridge & Lunt, 2009; Lunt et al., 2013; Reesink et al., 2014). In the upper part of the profile, 

where mounded (wave reflection or chaotic) and sub-parallel reflectors are observed, 

interrupted by other concave-up reflectors, trough cross-bedded (Lithofacies St) sandstones 

(Corbeanu et al., 2001; Bridge & Lunt, 2009; Lunt et al., 2013; Reesink et al., 2014; Franke et al., 

2015) with internal erosional scars have been described in outcrop (Fig. 5.9c). 

The GPR profiles acquired across the compound bar geobody (Fig. 5.7a-b) show parallel 

or sub-parallel reflectors with high amplitude and locally with high tilt angles. The GPR profile of 

the bar head (Fig. 5.7a) clearly represents the features observed in outcrop, such as the 

occurrence of different mega-cross-bedded sets and tiered bars as well as internal erosional 

scours (Bridge & Lunt, 2009; Lunt et al., 2013; Reesink et al., 2014; Franke et al., 2015). Towards 

the south, in this profile, there is a change to mounded radar facies reflecting the proximity to 

the southern channel (Bridge & Lunt, 2009; Smith et al., 2006; Lunt et al., 2013; Reesink et al., 

2014; Franke et al., 2015). The GPR profile of the bar tail (outcrop north) (Fig. 5.7b) captures the 

sigmoidal stratification clearly identified in outcrop (Skelly et al., 2003; Bridge & Lunt, 2009; Lunt 

et al., 2013), and represented by sub-parallel radar facies with high inclination angles that 

decrease upwards (Fig. 5.9c). 

A general paleogeographic reconstruction is presented here, based on the integration 

of both surface (outcrop and digital outcrop model) and subsurface (cores, wireline logs and GPR 

profiles) datasets (Fig. 5.10). In this model, two compound bars are represented, subdividing the 

braidplain into three channel branches. The dimensions of the two compound bars, estimated 

from the digital outcrop models and GPR profiles, are similar, characterized by a long section 

and cross-sections of 1000 and 600 m, respectively. The easternmost branch is 230 m wide in 

the channel, whereas the central branch is 300 m wide. The dimensions of the westernmost 

branch could not be estimated due to outcrop constraints. Dip tadpole analysis indicates that 

the entire braidplain is characterized by a NE-directed paleocurrent flow. 

The full integration of subsurface datasets and their validation with their surface 

expression using outcrop analogues has been demonstrated to be one of the most effective 



Chapter 5 

162 

ways of enhancing pre-existing facies models (Donselaar & Schmidt, 2005; Miall, 2006; 

Colombera et al., 2014). In this study, such a combination provides the key criteria for the 

subsurface recognition and characterization of the component geobodies and their associated 

permeability heterogeneities in sandy braided fluvial systems. A better understanding of the 

dimensions and distribution of the potential permeability barriers and baffles in this type of 

deposit may improve the scaling of reservoir properties and increase the reliability of 

quantitative facies models applied in improved/enhanced oil recovery strategies. 

 

 

Fig. 5.10. Paleogeographic reconstruction of the braided bar channel complex resulting from the 

integration of the outcrop/behind outcrop workflow data. The paleocurrent directions of the main 

geobodies are shown in rose diagrams. (A-B, C-D & E-F; are cross-sections through different segments of 

the braided system). 

 

5.6. Conclusions 

 
The in-house designed outcrop/behind outcrop characterization workflow used in this 

study combined the sedimentological analysis of a deep perennial braided fluvial system, of 

Triassic age, with GPR profiles and behind outcrop OBI and ABI imaging techniques, in addition 

to the analyses of dip tadpoles, conventional core and Gamma Ray logs. By coupling the data 

from both surface and subsurface sources, a highly detailed analysis of the spatial distribution 
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of the fluvial facies and potential internal permeability baffles was carried out with a centimetre-

scale vertical resolution. 

The main geobodies identified are the channel and the compound bar, and within the 

latter; the bar head, the bar tail and a cross-bar channel. The detailed lithofacies description in 

both outcrop and core has also allowed us to identify the potential permeability barriers and/or 

baffles within each geobody. In the channel, the main permeability baffles are represented by 

clay drapes, which disrupt the vertical continuity of the stacked sandy lithofacies, resulting in a 

parallel pseudo-stratification in outcrop and GPR. Towards the upper part of the compound bar, 

the presence of very fine-grained, ripple-laminated sandstone and clay layers corresponding to 

a cross-bar channel deposit represent a potential permeability baffle within this geobody. The 

thickness of this element seems to be greater in the bar tail than in the bar head, so its potential 

impact would clearly be more important towards the contact between the channel and the 

compound bar. 

By means of a detailed analysis of the Gamma Ray log patterns, several differences, 

superimposed on a general cylindrical pattern through the S Unit, have been established 

between the channel and the compound bar head and tail. Several minor sequences with funnel-

shaped patterns can be observed in the channel. In contrast, within the compound bar, the bar 

head shows a more homogeneous cylindrical trend, whereas the bar tail is characterized by the 

stacking of several bell-shaped intervals. 

Detailed analysis of the dip tadpoles was of paramount importance for the high-

resolution characterization of the two main geobodies. The channel shows a predominantly 

random pattern in the tadpole azimuth and dip orientations. In contrast, the tadpoles in the bar 

head display several characteristic patterns with similar dips and azimuths, limited at the bottom 

and the top by tadpoles with lower dips and slightly different directions. The tadpoles in the bar 

tail have a predominant azimuth with a dip varying cyclically from sub-horizontal to high angle 

to sub-horizontal again. 

By integrating both surface and subsurface data, a detailed paleogeographical 

reconstruction is proposed, including the dimensions and spatial distribution of the main 

geobodies. This study directly links sedimentological information with petrophysical and image-

log responses. Thus, it highlights our view that the application of the outcrop/ behind outcrop 

workflow presented here provides a solid database for the characterization of the spatial 

distribution of reservoir rock properties from outcrop analogues. 
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CHAPTER 6: 

Heterolithic Unit:  

Mixed tidal and wave-influenced shoreline system 
 
 
 
 
 
Abstract Coastal depositional environments are of increasing economic importance in the 
hydrocarbon industry, forming a large number of significant petroleum and gas reservoirs, in many basins 
around the world. These reservoirs are shaped both by the interaction of a wide variety of depositional 
processes and are also highly sensitive to changes in sea level, subsidence and sediment supply, 
Consequently, they exhibit significant variability in stratigraphic architecture and sedimentological 
heterogeneity.  

With the aim of addressing this problem, a multi-disciplinary study was undertaken on an 
example of well-exposed coastal sediments, combining both outcrop and subsurface data (core and 
wireline logs).  For the purposes of this study, the Heterolithic Unit (H Unit) of the TIBEM Formation in 
south-central Spain was selected.  

Six facies associations were identified and grouped, based on geometry and sand:mud ratio, into 
three types of reservoir geobody: (1) elongate geobodies and (2) asymmetrical-sigmoidal geobodies, 
characterized by heterolithic-dominated facies associations; and (3) tabular geobodies, characterized by 
sand-dominated facies associations; and one type of non-reservoir geobody, characterized by a tabular 
geometry and composed of mud-dominated facies associations. These reservoir geobodies were 
deposited within the broad framework of a tide-dominated delta system. 

The full integration of outcrop and subsurface datasets has enabled the generation of a predictive 
conceptual model, based on facies analysis, which through integration with a sequence stratigraphic 
framework has allowed us to characterise the development through time of the system, in response to 
the changing balance between shoreline processes, all of which impacts on both geobody geometries and 
reservoir potential.  
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6.1. Introduction 

The assemblage of siliciclastic depositional settings associated with deltas, coastal plain 

to shoreline-shelf systems and estuarine depositional environments, all of which occur at or 

close to sea-level, is typically termed coastal or paralic (Reynolds, 2017). The dynamic interaction 

of numerous factors in paralic settings results in the variable physiography of the coastline and 

a complex heterogeneity of nearshore deposits, observable both in modern and ancient 

examples (Dalrymple & Choi, 2007). However, despite many apparent differences, all paralic 

deposits can be characterized by a number of common depositional environments, often simply 

arranged in different spatial patterns and/or vertical sequences. This reflects the essential fact 

that many of these environments are extremely sensitive to, and respond rapidly, to changes in 

sea-level, climate and sediment supply.  

Paralic reservoirs are globally important, but the range of environments, together with 

the impact of sea-level and changes in sediment supply, results in significant variability, in both 

stratigraphic architecture and sedimentological heterogeneity (Davis & Dalrymple, 2012; 

Ashworth et al., 2015; Tessier & Reynaud, 2016). The idea that the genesis and shape of the 

geobodies associated with these environments can be usefully described and differentiated by 

the proportions of the wave-, fluvial- and tide generated sedimentary structures is certainly 

powerful (Yang et al., 2005; Ainsworth et al., 2011; Longhitano et al., 2012), but is largely 

untested in the published literature (Reynolds, 2017). The extent to which these processes can 

be distinguished, and the capacity of the proportions determined to be predictive, are 

fundamental sedimentological questions for shoreline reservoirs.  

In this sense, the study of outcrop analogues is a useful tool, which complements the 

subsurface data and helps us to construct more realistic conceptual models (Miall, 1990; 

Kokureck et al., 1991; Tyler and Finley, 1991; Wizevich, 1991; Yoshida et al., 2001; Ajdukiewicz 

& Lander, 2010; Scott et al., 2013; Pranter et al., 2014; Franke et al., 2015; Yeste et al., 2019, 

2020). New technical advances in the reconstruction of the outcrop in 3D, based on digital 

outcrop models built using photogrammetry, allow us to quantify the data provided by the 

outcrops as well as contributing to more precise interpretations. If, in addition to the outcrop 

data, subsurface data of the same examples are available, an appropriate database can be 

constructed in order to properly constrain the geometries and dimensions of the sandbodies. 

From this, realistic models can be generated, that capture both facies at high resolution and the 

distribution of the heterogeneities within reservoirs.  
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The aims of this chapter are: (i) to present a detailed analysis of the sedimentary facies, 

geometries and stacking patterns in a Triassic fluvio-marine succession; (ii) to determine the key 

features necessary for the recognition and characterization in subsurface well data of these 

shoreline deposits; and (iii) to develop a predictive conceptual model that represents the 

heterogeneities in these paralic reservoirs.  

The studied example is a Triassic succession, often considered as an outcrop analogue 

for other hydrocarbon-productive reservoirs such as the Algerian TAGI (Trias Argilo-Gréseux 

Inférieur; Rossi et al. 2002; Dabrio et al., 2005; Viseras et al., 2011b; Henares et al., 2014, 2016; 

Viseras et al., 2018; Yeste et al., 2019; Yeste et al., 2020; Baouche et al., 2020). For this reason, 

the Outcrop/Behind Outcrop workflow has been employed, integrating standard 2D high 

resolution outcrop data and 3D outcrop data, developed from photogrammetry, with 

subsurface data from behind the outcrop including cores and core descriptions, Gamma Ray 

logs, Spectral Gamma Ray logs and borehole image logs. The integration of different but 

complementary data types (i.e. surface and subsurface data) leads to better constrained 

reservoir models which serve to improve the quantification and correlation of heterogeneities 

within this type of reservoirs. 

 

6.2. Data  

 
The outcrop selected for the facies analysis, in terms of geometry, internal structure, 

sequence trends and the spatial relationships between the main architectural elements, has a 

total study area of 0.68 km2 (Fig. 6.1). Digital Outcrop Models (DOM) have also been created 

from photogrammetry, with an RPAS (Remotely Piloted Aircraft System), to complete the 

outcrop-derived measurement dataset.  

Shallow wells drilled, behind the outcrops, with continuous core recovery and wireline 

log data were also acquired (Fig. 6.1). Core slabbing was subsequently carried out in order to 

enhance the visibility of sedimentary features on the core surface and allow the identification 

of the main lithofacies classes (Table 6.1). Well log data include the Total Gamma Ray log (GR) 

and Spectral Gamma Ray log (SGR) in addition to borehole imaging from Optical and Acoustic 

Televiewers (OBI and ABI, respectively). See Chapter 3 for a detailed description of technical 

specifications.  

In the studied outcrop of the H-Unit, four slim-hole (85 mm diameter), behind-outcrop 

wells permitted subsurface characterization by providing data, both from wireline logs and 
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cored intervals (Fig. 6.1). From north to south, these wells are: HU 1, with 14.7 m of cored section 

and 11.7 m of well logged section; HU 2, with 15 m of core and 14.4 m of wireline logged section; 

HU 3, with a 34.5 m cored interval and 31.7 m of wireline logged section; and HU 4, with 3.9 m 

of core and 3 m of wireline logged section. The differences noted between cored and wireline 

logged intervals for these wells is purely due to technical issues. At the bottom of each borehole, 

drilling mud accumulated after coring, thereby preventing the acquisition of wireline logs over 

the entire drilled section. 

 

 

Fig. 6.1. Satellite image of the study area showing the location of the wells, sedimentological logs, 

outcrops and the location of Figs. 6.2, 6.4, and 6.9. 

 
 

6.3. Stratigraphic framework and architecture of the Heterolithic Unit 

 
The Heterolithic Unit (H Unit) is a 40 m-thick section, comprising five metre-scale sand-

prone packages (termed Sand-Prone Packages 1-5) embedded within mudstones (Fig. 6.2 and 

Fig. 6.3). Along the studied north-south cross-section (Fig. 6.2), the lateral-extension of the sand-

prone packages is highly variable (ranging from a few metres to a few hundred metres) as is the 

thickness of the packages (0.5 m to above 14 m thick).  



Chapter 6 

170 

 

Fi
g.

 6
.2

. 
P

an
o

ra
m

ic
 v

ie
w

 (
ab

o
ve

) 
an

d
 li

n
e 

d
ra

w
in

g 
(b

el
o

w
) 

sh
o

w
in

g 
th

e 
lit

h
o

st
ra

ti
gr

ap
h

ic
 f

ra
m

ew
o

rk
 o

f 
th

e 
st

u
d

ie
d

 c
ro

ss
-s

ec
ti

o
n

. N
o

te
 t

h
e 

tw
o

 m
aj

o
r 

st
ra

ti
gr

ap
h

ic
 s

u
rf

ac
es

 

in
 t

h
e 

H
 U

n
it

 (
b

as
al

 s
u

rf
ac

e 
an

d
 i

n
ci

se
d

 s
u

rf
ac

e 
in

 t
h

e 
m

id
d

le
 o

f 
th

e 
H

 U
n

it
).

 N
o

te
 t

h
e 

h
ig

h
-,

 m
ed

iu
m

- 
an

d
 l

o
w

-l
at

er
al

 c
o

n
ti

n
u

it
y 

o
f 

Sa
n

d
-p

ro
n

e 
P

ac
ka

ge
s 

1
, 

5
 a

n
d

 3
-4

, 
re

sp
ec

ti
ve

ly
.  

Se
e 

Fi
g.

 6
.1

 fo
r 

lo
ca

ti
o

n
 o

f p
an

o
ra

m
ic

 v
ie

w
. M

-S
 U

n
it

: M
u

d
st

o
n

e-
Sa

n
d

st
o

n
e 

U
n

it
; S

 U
n

it
: S

an
d

st
o

n
e 

U
n

it
; H

 U
n

it
: H

et
er

o
lit

h
ic

 U
n

it
; M

-G
 U

n
it

: M
u

d
st

o
n

e
-G

yp
su

m
 

U
n

it
.  

 



O/BO Characterization of H Unit 

171 

 

Fi
g.

 6
.3

. 
C

o
rr

el
at

io
n

 p
an

el
 c

o
n

ta
in

in
g 

th
e 

4
 w

el
ls

 (
H

U
 1

 –
 H

U
 4

) 
an

d
 1

 o
u

tc
ro

p
-d

er
iv

ed
 s

ed
im

en
to

lo
gi

ca
l l

o
g 

(H
U

V
 1

),
 w

h
ic

h
 is

 lo
ca

te
d

 in
 t

h
e 

sa
m

e 
ve

rt
ic

al
 s

ec
ti

o
n

 a
s 

w
el

l H
U

 1
 –

 
se

e 
Fi

g.
 6

.1
 f

o
r 

lo
ca

ti
o

n
).

 G
R

 lo
g,

 S
G

R
 lo

g 
an

d
 c

o
re

 d
es

cr
ip

ti
o

n
 a

re
 s

h
o

w
n

 f
o

r 
ea

ch
 w

el
l. 

Th
e 

b
lu

e 
lin

e 
h

ig
h

lig
h

ts
 t

h
e 

b
o

u
n

d
in

g 
su

rf
ac

e 
b

et
w

ee
n

 t
h

e 
S 

U
n

it
 a

n
d

 H
 U

n
it

. T
h

e 
re

d
 li

n
e 

h
ig

h
lig

h
ts

 t
h

e 
in

ci
se

d
 v

al
le

y 
fo

rm
in

g 
th

e 
b

o
u

n
d

ar
y 

b
et

w
ee

n
 S

u
b

u
n

it
s 

1
 a

n
d

 2
. 



Chapter 6 

172 

Two major stratigraphic surfaces have been recognized within the H Unit. These are: (A) 

the basal surface and (B) an incised surface in the middle of the H Unit; the latter dividing the 

Unit into a lower and an upper subunit, termed Subunit 1 and Subunit 2, respectively.  

The basal bounding surface of the H Unit is a scoured contact truncating the top of the 

Sandstone Unit (S Unit) (Fig. 6.4a). This distinctive surface is capped by a lag of burrowed finer-

grained (than S Unit) sandstones characterized by a well-cemented bored surface (Fig. 6.4b-c).  

The lowermost part of the H Unit or Subunit 1, up to 28 m thick, overlies the basal 

surface described above. It is formed by: (a) a laterally continuous,  fining-upward (sand/mud 

ratio decreasing-upward) heterolithic sandstone-mudstone package (Sand-prone Package 1) up 

to 14 m thick and; (b) a low lateral-continuity, very-fine sandstone package (Sand-prone package 

2) up to 0.5 m thick,. Both, Sand-prone packages 1 and 2, grade laterally and gradually into 

mudstones (Fig. 6.2). 

Subunit 1 is, as indicated above, truncated by an incised surface (Fig. 6.4d-e). This 

constitutes the base of Subunit 2. The surface has up to 14 m of relief and up to 215 m of lateral 

extension. The surface is a clear example of a small- to medium-scale incised valley. 

Subunit 2 is formed by two low lateral-continuity sand-prone packages (1 to 3 m in 

thickness, 50 to 100 m in width; Sand-prone Packages 3 and 4, respectively) confined within the 

limits of the incised valley described above (Fig. 6.2 and Fig. 6.4d-e). Sand-prone Package 4 

grades into a succession of mudstones with interbedded coals, overlain itself by Sand-prone 

Package 5 which forms the top of the H Unit (Fig. 6.3). 

 

6.4. Lithofacies and sedimentary process  

 
Twenty-four lithofacies types are recognised, based on composition, grain size, textural 

characteristics and sedimentary structures (Table 6.1). The facies scheme is an extended version 

of the schemes of Miall (1985), Viseras et al. (2019) and Yeste et al. (2020). 
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Fig. 6.4. (a) Digital outcrop model showing the S Unit – H Unit transition. Note the position of Sand-prone 

Package 1. (b) – (c) Close-up view of outcrop showing the bioturbated top of the S Unit. (d) Digital outcrop 

model showing the incised surface within the H Unit dividing it into the lowermost Subunit 1 and 

uppermost Subunit 2. (e) Close-up view of the digital outcrop model showing the location of Sand-prone 

Packages 2, 3 and 4; and also, the locations of Wells HU 2 and HU 3. For each well both the GR and SGR 

log are also shown. 

 

 

 

 

 

 



Chapter 6 

174 

Table 6.1. Lithofacies identified in the study area.  

Lithology Code Texture and Fabric 
Sedimentary structures and 

Characteristics 
Main process/Interpretation 

Sandstones 

 

Gm 
 

Pebble-cobble. 
Clast or matrix 
supported 

 

Massive, weak horizontal 
bedding or planar cross bedding. 
Erosive base and mud rip-up 
clasts. 

 

Associated with high-energy traction 
current. 

Sm Fine to medium 
sand 

Massive. Rarely, presence of 
mud clasts. 

Associated with rapid transport and 
deposition of sand during large-
magnitude flood. 

Sh Fine to medium 
sand 

Horizontal lamination. 
Occasionally presence of mud 
drape and flame structures.  

Associated with upper flow regime. 

St Fine to medium 
sand 

Trough cross bedding. 
Sometimes, mud chips lining the 
cross beds 

Migration of megaripples and dunes. 
River and tidally influenced, moderate 
to strong current. 

Sp Very fine to 
medium sand 

Planar cross bedding. 
Commonly, alternation of mm-
thick lamina of sand and clay-
enriched and scattered mud 
clasts layers. 

Megaripple migration. Associated with 
river and tidally influenced, moderate 
to strong current. 

Sr Very fine to fine 
sand 

Current ripple lamination. Migration of current ripples. 
Associated with river and tidally 
influenced, moderate to strong 
currents. 

Scr Very fine to fine 
sand 

Critically climbing ripple 
lamination. Angle of climbing = 
stoss side angle. 

Combination of traction and settling 
from suspension. Associated with river 
floods and hyperpycnal flows. 

Sbcr Very fine to fine 
sand 

Sub-critically climbing ripple 
lamination. Angle of climbing < 
stoss side angle. 

Combination of traction and settling 
from suspension. Associated with river 
floods and hyperpycnal flows. 

Spcr Very fine to fine 
sand 

Super-critically climbing ripple 
lamination. Angle of climbing > 
stoss side angle. 

Combination of traction and settling 
from suspension. Associated with river 
floods. 

Sicr Very fine to fine 
sand 

In-phase climbing ripple 
lamination. 

Balance between traction transport 
and sediment supply, indicating the 
ripples do not migrate. Associated 
with river floods and hyperpycnal 
flows. 

Sw Very fine to fine 
sand 

Wave ripple lamination. Oscillatory flow during both fair 
weather and storm events. 

Swr Very fine to fine 
sand 

Combined flow ripple 
lamination. 

Migration of current ripples modified 
by wave action. Associated with river 
floods, wind-driven residual currents 
and oscillatory wave action. 

Sl Very fine sand Diffuse horizontal lamination or 
diffuse current ripple 
lamination. 

Settling from suspension or migration 
of current ripples. Diffuse structures 
due to bioturbation. 

Sb Very fine to 
medium sand 

Massive. Presence of rhizoliths, 
Arenicolites isp. and Taenidium 
isp. 

Structureless due to bioturbation 

HCS Very fine sand Hummocky cross-stratification. Storm-influenced high-energy 
combined flows.  



O/BO Characterization of H Unit 

175 

 
Table 6.1. (continued)  

Lithology Code 
Texture and 

Fabric 
Sedimentary structures and 

Characteristics 
Main process/Interpretation 

Heterolithic  
sandstones 

 

Ht 
 

Very fine to silt 
and clay 

 

Heterolithic trough cross 
bedding. Presence of sand-mud 
couplets forming bundles. 
Rarely, presence of mud clasts 
and convolute lamination 

 

Tidally-influenced unidirectional 
currents with moderate speeds. Sand 
bedsets are formed by tidal currents 
during ebb-flood tidal cycles. Mud 
drapes are formed during the low 
energy periods of slack water 

IHb Very fine to silt 
and clay 

Inclined heterolithic bedding. 
Frequent presence of slumped 
layers. 

Tidally-influenced unidirectional 
currents with moderate speeds. The 
sand laminae represent deposition 
from ebb-flood tidal flows, whereas 
the mud layers accumulated from 
suspension under low energy, slack 
water conditions  

Wb Very fine to silt 
and clay 

Wavy bedding. Roughly equal 
volumes of sand and mud. 

Tidally-influenced unidirectional 
currents with low to moderate 
speeds. Alternation of low and high 
energy conditions.  Sandy ripples were 
deposited by high energy tidal and/or 
fluvial flows, whilst muddy drapes 
were deposited during slack water 
conditions.  

Fb Very fine to silt 
and clay 

Flaser bedding. Sand alternates 
with minor mud drapes 

Tidally-influenced unidirectional 
currents with low to moderate 
speeds. Alternation of low and high 
energy conditions.  Sandy ripples were 
deposited by high energy tidal and/or 
fluvial flows, whilst muddy drapes 
were deposited during slack water 
conditions. 

Siltstone 

 

Lm 
 

Silt 
 

Massive. Intense bioturbation. 
Presence of rhizoliths. 

 

Structureless due to bioturbation and 
soil development. 

Lr Silt Current ripple lamination. 
Sometimes, wave ripple 
lamination.  

Migration of current ripples; 
occasional storm events dominated by 
oscillatory flows. Associated with 
fluvial and tidally- influenced currents. 
  

Ll Silt Horizontal lamination (lower 
flow regime). Uneven 
lamination. 

Settling from suspension in low energy 
conditions. 

Claystone 

 

Fm 
 

Clay 
 

Massive. Intense bioturbation. 
Presence of rhizoliths. 

 

Settling from suspension in very low 
energy conditions.  

Fl Clay Horizontal lamination (lower 
flow regime). Uneven 
lamination. Locally, presence of 
plant remains and coal. 

Settling from suspension in very low 
energy conditions.  
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6.5. Facies associations and depositional sub-environments 

 
The proposed facies association scheme, based on the lithofacies (Table 6.1) establishes 

six facies associations termed Heterolithic Unit Facies Association 1 (HFA 1) to HFA 6, assigned 

to broadly proximal and increasingly distal environments. The following section contains a 

detailed description of each facies associations, including outcrop-derived observations, lateral 

and vertical lithofacies, as described in Table 6.1, variation in both outcrop and cores, geometric 

data based on digital outcrop models, bounding surfaces, Gamma-ray log response and analysis 

of both paleocurrents and dip tadpole patterns based on image logs. Gamma-ray log patterns 

(electrofacies patterns) were also characterized and interpreted following the models of Emery 

& Myers (1996) and Slatt (2013).  

 

6.5.1. HFA 1: Supratidal flat 

 
Description 

HFA 1, with up to 10 m of thickness and more than 1 km of lateral extent, is characterized 

by a tabular geometry with horizontal and sharp bounding surfaces. This facies association was 

drilled by all wells (HU 1 to HU 4) and occurs in both subunits. It is distinguished by a sand:mud 

ratio of 10:90, characterized by dominant mudstones alternating with single to amalgamated 10 

to 50 cm thick sandstone beds (Fig. 6.5). Mudstone deposits consist principally of metre-scale 

bedsets of clay, clayey siltstone or siltstone. These are generally bioturbated, although, in these 

muddy, dark red-coloured sediments, bioturbation is commonly difficult to distinguish with 

confidence (Fig. 6.5a-b). Occasionally, roots traces are also recognised (Fig. 6.5b). The sandstone 

beds are very fine grained, well-cemented, with mud pebble lag (Lithofacies Gm) at the base, 

massive and/or horizontal lamination (Lithofacies Sh/Sm) and wave ripples (Lithofacies Sw) 

toward the top. Arenicolites isp. trace fossils are observed toward the top of these sandstone 

beds (Fig. 6.5a-b). Horizons marked by desiccation cracks and both coal and dark carbonaceous 

shales, characterized by horizontal lamination (Lithofacies Fl), are also present in this facies 

association (Fig. 6.6), especially in Subunit 2.  

In the GR log, this facies association is characterized by a mean of 158 API, values ranging 

from 81 to 269 API. Mudstones show mean values of 162 API, whilst sandstones show 

surprisingly high mean values of 125 API suggestive of abundant K-Feldspars and/or heavy 

minerals. In terms of curve shape, mudstones show a serrated-cylindrical shape, whilst 

sandstones are characterized by a smooth-egg shape (Fig. 6.5d), although locally, some intervals 
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show a smooth funnel shape. This occurs when the top of the sandstone bed is intensely 

bioturbated and overlain by a cm-scale bed comprising green mudstones (Fig. 6.5b)  

Dip tadpole analysis, with a total of 36 measurements, shows poly-directional azimuths 

and planar to high dip angles (Fig. 6.5d). The predominant azimuths are toward the southeast, 

with a mean azimuth of N137E, ranging from N016E to N346E. 

Interpretation 

This facies association is interpreted as a supratidal flat. Mudstone deposits with 

abundant bioturbation, paleosols and desiccation cracks levels indicate the low energies and 

common evidence of emergence, typical of supratidal environments.  Massive sandstone beds 

are interpreted as episodic high energy events associated with floods of fluvial origin or storm 

events. A coal-bearing horizon towards the top is interpreted as the deposit of a peat bog 

indicative of freshwater ponds (Fig. 6.4a and Fig. 6.6).  

 

 

Fig. 6.5. Subsurface data characterizing the Supratidal Flat facies association (HFA 1) in Subunit 1. (a) - (c) 

Core view showing mudstone deposits and thin sandstone beds from Well HU 3. (d) HU 3 well composite 

displaying the GR log, core description and SGR log supratidal flat facies associations.  
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Fig. 6.6. Core views showing the Supratidal Flat facies association (HFA 1) and an outcrop photograph 

showing desiccation cracks in Subunit 2, from Well HU 2.  

 

6.5.2. HFA 2: Tidal point bar 

 
HFA 2 corresponds to Sand-prone Package 4. It is characterized by both fining-upwards 

and aggradational facies stacking trends, occurring as asymmetrical, sigmoidal-shaped bodies 

with planar and erosive bases and planar, sharp tops. This facies association was drilled by Wells 

HU 2 and HU 3 and appears only in Subunit 2, infilling the incised valley. On the basis of the 

sand:mud ratio and predominant lithofacies, two sub-divisions of this associations can be 

differentiated: heterolithic tidal point bar (HFA 2.1), with a sand:mud ratio of 40:60, and sand-

dominated tidal point bar, with a sand:mud ratio of 60:40.  
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HFA 2.1: Heterolithic tidal point bar 

 
Description 

The heterolithic tidal point bar facies association (HFA 2.1), occurs as packages up to 10 

m thick, characterized by a complete spectrum of heterolithic structures (flaser, wavy and 

lenticular bedding), although wavy bedding (Lithofacies Wb) is dominant (Fig. 6.7 a-b). Inclined 

heterolithic bedding (Lithofacies IHb) and dewatered, deformed layers are also observed. In 

addition, this association is also characterized by a basal mud clast lag (Lithofacies Gm) and 

several superimposed sets characterized by reactivation surfaces, rip-up mud clasts, trough 

cross-bedded fine sandstone (Lithofacies St) and fine to very fine sandstones with ripple cross- 

lamination (Lithofacies Sr); Fig. 6.7a). This facies association was only drilled by well HU3.  

In the GR log, FA 2.1 is characterized by values ranging from 101 to 170 API, a mean 

value of 137 API and a cylindrical shape (Fig. 6.8f). Dip tadpole analysis, with a total of 34 

measurements, shows principally unidirectional azimuths and low to high dip angles. Several 

tadpole groups showing unidirectional azimuths and shallow-to-steep-to-shallow dip angle 

pattern can also be identified (Fig. 6.8f). The predominant azimuths are toward the southeast, 

with a mean azimuth of N156E, ranging from N021E to N211E (Fig. 6.8f). 

 

Interpretation 

This facies association is interpreted as having accumulated within the point bars of 

meandering, strongly tidally-influenced channels under subtidal conditions. The basal lag is 

interpreted as deposited under high energy conditions along the thalweg of tidal or fluvio-tidal 

channels (Dalrymple & Choi, 2007). 

 

HFA 2.2: Sand-dominated tidal point bar 

 
Description 

The sand-dominated tidal point bar facies association (HFA 2.2), occurs as packages up 

to 5 m thick, comprising cross-bedded, very-fine to medium sandstones. Inclined Heterolithic 

Stratification (Lithofacies IHS) and lateral accretion units are also identified. Significant lateral 

variability can also be observed in lithofacies in outcrop and between both Wells HU 2 and HU 

3 (Fig. 6.7b).  
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In the HU 2 section, several fining-upward sets, characterized by basal reactivation 

surfaces and rip-up mud clasts (Lithofacies Gm), trough cross-bedding very-fine sandstones 

(Lithofacies St) and heterolithic trough cross-bedding (Lithofacies Ht), toward the top, 

respectively, are observed. Lithofacies Ht, characterized by convolute lamination and 

incorporation of mud pebbles into foresets (Fig. 6.7c and Fig 6.8b) also occurs. The reactivation 

surfaces are interpreted as lateral accretion surfaces. Ripples flowing up-slope along lateral 

accretion surfaces are also identified in outcrop (Fig. 6.7c).  

In contrast, in the HU 3 section, very fine sandstones, characterized by sets of trough 

cross-bedding (Lithofacies St) and ripple cross-lamination (Lithofacies Sr), separated by mud 

drapes are observed (Fig. 6.7d and Fig 6.8e). In addition, Lithofacies Sh and also flame structures 

are observed (Fig. 6.8e). Wave ripples (Lithofacies Sw) and flaser bedding (Lithofacies Fb) 

commonly occur toward the top of this association. 

The GR response is characterized by values ranging from 62 to 152 API, a mean of 108 

API and a smooth-egg shape profile followed by a cylindrical shape in both Wells HU 2 and HU 

3. Dip tadpole analysis, with a total of 72 measurements, shows principally unidirectional 

azimuths and low to high dip angles (Fig. 6.8f). The predominant azimuths are toward the 

southeast, with a mean azimuth of N143E, ranging from N55E to N321E. Several tadpole groups 

showing unidirectional azimuths and shallow-to-steep-to-shallow dip angles pattern can also be 

identified (Fig. 6.8f).  

 

Interpretation 

This facies association is interpreted as a sand-dominated tidal point bar. The presence 

of ripples flowing up-slope along lateral accretion surfaces highlights the occurrence of 

helicoidal flow, a hydrodynamic process typical of point bars. In addition, the mud drapes 

intercalated with sandstones and IHS are interpreted as the record of frequent oscillations of 

energy associated with tidal currents. As such, HFA 2.2 is also interpreted as a tidal-dominated 

meandering channel, but more proximal in comparation with HFA 2.1.  
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Fig. 6.7. Outcrop interpretation of the tidal point bar facies association (HFA 2). (a) Digital outcrop model 

showing the wells and location of the detailed images. (b) Outcrop interpretation to scale showing the 

spatial and vertical relationship between sub-associations, a detailed interpretation of internal surfaces 

and lithofacies variability highlighted by simplified core sections. (c) Close-up view of outcrop showing a 

detailed internal structure of lateral accretion units. (d) Close-up view of the outcrop showing very fine 

sandstones, characterized by thin sets of trough cross-bedding (Lithofacies St) and ripple cross-lamination 

(Lithofacies Sr), separated by mud drapes.  
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Fig. 6.8. Summary of subsurface data characterizing the tidal point bar facies association (HFA 2). (a) Core 

view from Well HU 3 showing the lithofacies at the base of the heterolithic point bar facies association 

(HFA 2.1). (b) Core view from Well HU 2 showing the lithofacies of lateral accretion units comprising the 

sand-dominated tidal point bar facies association (HFA 2.2.). (c) Core view from Well HU 3 showing the 

wavy bedding heterolithic sandstones characteristic of HFA 2.1. (d) Core view from Well HU 3 showing 

the Inclined Heterolithic bedding (Lithofacies IHb) typical of HFA 2.1. (e) Core view from Well HU 3 showing 

sandstone sets with mud drapes, characteristic of HFA 2.2. (f) Section from the Well HU 3 composite 

displaying the GR log, core description and dip tadpole log for the tidal point bar facies associations.  

 

6.5.3. HFA 3: Intertidal sandbars 

 
Description 

HFA 3, occurs as thin sheet-like packages 2m thick and with up to 500 m of lateral 

extension. It corresponds to Sand-prone Package 5 located toward the top of Subunit 2. This 

facies association occurs as an elongate-shaped body with a horizontal and erosive base and a 

convex-up, sharp top. HFA 3 was drilled by Well HU 4 only. It is characterized by a sand:mud 

ratio of 60:40, forming a weakly fining-upward package dominated, at the base, by planar-

laminated (Lithofacies Sh) and trough cross-bedded (Lithofacies St) green-coloured sandstone 
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(Fig. 6.9c and d) overlain by several sets of sigmoidal cross-stratified sandstones displaying a 

gradual upwards increase in the foreset dip angle (including parabolic contorted folds) and also 

separated by millimetre-scale, mud drapes, reactivation surfaces, bidirectional ripple and flaser 

laminations in the toesets (Fig. 6.9a-c). Scattered mud clast layers are also intercalated with 

foresets (Fig. 6.9e). Erosional surfaces typically truncate the top of cross-bed sets (Fig. 6.9b-c) 

with the sole exception of the uppermost set which has preserved the topset, showing wave 

ripples (Fig. 6.9f).  

The GR log is characterized by values ranging from 60 to 152 API, a mean value of 99 

API, and the superposition of two smooth egg shape profiles (Fig. 6.9g). Dip tadpole analysis, 

with a total of 37 measurements, shows bidirectional azimuths and low to high dip angles (Fig. 

6.9g). The predominant azimuths are toward the south-east, with a mean azimuth of N106E, 

ranging from N56E to N299E. Some dip tadpole sets show a gradual upwards increase in dip 

angle (Fig. 6.9g).  

 

Interpretation 

HFA 3 is interpreted as the deposits of tidal- and wave-influenced bars in the 

estuarine/intertidal zone (intertidal sandbars). Deformed cross-bedding, reactivation surfaces 

and mud clasts are interpreted, on the basis of paleocurrent analysis as the deposits high-energy 

ebb-tidal flows (Dalrymple, 1992). The sigmoidal geometry associated with cross-stratified 

sandstones reflects migration of simple dunes, in response to the increase and then decrease of 

flow energies associated with tidal currents (Mutti et al., 1985; Dalrymple, 1992; Olariu et al., 

2012). Fine-grained laminae in dune toesets are linked to suspension settling in ponds preserved 

during low-tide emersion. An upward-decrease in the flow energy is revealed by the 

preservation of fair-weather wave reworking structures and mudstone deposits at the top of the 

sandstone package. Paleocurrent measurements (dip tadpole analysis) show a bidirectional flow 

with a predominantly seaward migration characteristic for this facies association. 
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Fig. 6.9. Summary of outcrop and subsurface data for the intertidal sand bar facies association (HFA 3). 

(a) Digital outcrop model of Sand-prone Package 5. (b) Detailed interpretation of the depositional 

architecture and internal sedimentary structure of Sand-prone Package 5. (c) Close-up view of a digital 

outcrop model section showing the base, top and internal reactivation surfaces of Sand-prone Package 5. 

(d-f) Core views of planar-laminated greenish sandstones (Lithofacies Sh), trough cross-bedded 

sandstones with mud clasts lining foresets (Lithofacies St) and wave rippled sandstones (Lithofacies Sw), 

respectively. (g) Well HU 4 composite displaying the GR log, core description and dip tadpoles for this 

association. 
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6.5.4. HFA 4: Subtidal bars 

 
Description 

Association HFA 4 corresponds to Sand-prone Package 1, occurring within Subunit 1. It 

is up to 14 m thick with up to 1 km of lateral extension (Fig. 6.10a), and occurs as an elongate-

shaped body with a horizontal, sharp to locally erosive base and a convex-up, sharp top. HFA 4 

was drilled by Wells HU1 and HU 3. Sand:mud ratios range from 60:40 to 40:60, giving the 

Association a broadly mixed heterolithic aspect. The most common sedimentary structure is 

complex cross-bedding characterized by an alternation of mm-scale sand and clay-enriched 

foresets (Lithofacies Ht) associated with bidirectional dipping sand-mud couplets forming 

bundles truncated by reactivation surfaces (Fig. 6.10e-f and Fig. 6.11f-g).  

Locally, where the basal surface is erosive, Association HFA4 is characterized by massive 

and cross-bedded, fine to very coarse-grained sandstones (Lithofacies Sm, Sp and St; Fig. 6.10e-

d and Fig. 6.11a-b). In addition, several reactivation surfaces overlain by pebbly coarse grain 

sandstones to pebbly gravels are observed (Lithofacies Gm, Fig. 6.11d). This lithofacies grades 

upwards to cross-bedded sandstones (Lithofacies St). Locally, heterolithic wave-rippled 

sandstones also occur (Fig. 6.10b).  

Association HFA4 also shows a noteworthy lateral gradation in the heterolithic character 

of the geobodies. In this way, the succession penetrated by Well HU 1 shows a sand:mud ratio 

of 60:40, characterized principally by fine to very coarse-grained sandstones (Lithofacies Sm, Sp, 

St and Sw; Fig. 6.10c-d and Fig. 6.11a-d) and locally by pebbly coarse (Lithofacies Gm); whereas, 

in Well HU 3, the sand:mud ratio is 40:60, characterized mainly by Lithofacies Ht (Fig. 6.10e-f 

and Fig. 6.11f-g).  

The GR response for this facies association is characterized by a mean value of 129 API. 

However, there is some variation between the two wells; Well HU 1 shows a lower mean value 

(120 API, ranging from 74 to 164 API) when compared to Well HU 3 (144 API, ranging from 86 to 

204 API), reflecting the more heterolithic character in Well HU 3 compared to Well HU 1, as 

described above. In terms of GR curve shape, in Well HU 1, HFA 4 is characterized by the 

superposition of smooth cylindrical and egg shapes (Fig. 6.11h). Well HU 3 also shows a funnel 

shape at the base succeeded by smooth, cylindrical shapes. Similarly, smooth, cylindrical GR 

profiles can also be observed toward the top of the HFA4 facies sequence (Fig. 6.11i). 
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Fig. 6.10. Outcrop interpretation of the subtidal sandbar facies association (HFA 4). (a) Digital outcrop 

model showing the location of Well HU 1 and detail image location. (b) Close-up view of digital outcrop 

model showing a detailed interpretation of the depositional architecture of Sand-prone Package 1. (c) 

Close-up view of outcrop showing cross-stratified sandstone sets, characterized by trough cross-bedded 

(Lithofacies St), planar cross-bedded sandstones (Lithofacies Sp), massive sandstones (Lithofacies Sm) and 

pebbly coarse sandstones (Lithofacies Gm). (d) Close-up view of (c) showing in detail the alternation of 

mm-thick laminae of sand and clay-enriched and scattered mud clasts layers. Also see Fig. 6.11c for a view 

of this facies in core.  (e) Close-up view of outcrop showing sand-mud couplets in bundles interpreted as 

tidal rhythmites (Lithofacies Ht) and wave-rippled heterolithic sandstones (Lithofacies Sw). (f) Close-up 

view of (d) showing the tidal couplets in detail. 

 

Dip tadpole analysis, with a total of 127 measurements in Well HU 1, shows principally 

unidirectional azimuths and low to high dip angles. Bidirectional azimuths and low to high dip 

angles also can be observed in this well. The predominant azimuths are toward the southeast, 

with a mean azimuth of N93E, ranging from N9E to N353E (Fig. 6.11h). Well HU 3, in contrast, 

with a total of 44 measurements, shows principally bidirectional azimuths and low to high dip 

angles. The predominant azimuths are toward the northeast and toward the south-southeast, 

with a mean azimuth of N100E, ranging from N5E to N344E (Fig. 6.11i). 

 
Interpretation 

This facies association is interpreted as the deposits of tidal sandbars migrating across a 

sandflat in the intertidal to subtidal transition zone of a tidal-dominated coastal plain. The basal 

scoured surface corresponds to the lateral migration (or major avulsion) of the tidal channel. 

Cross-bedded sandstones, pebbly coarse sandstones and pebbly gravels are interpreted to have 

been deposited under high energy conditions, as barforms developed along the thalweg of tidal 

channels. The alternation of mm-scale sand and clay-enriched foresets evidences the frequent 

oscillations of energy associated with tidal currents. Bidirectional dipping cross-stratified sand-

mud couplets forming bundles are interpreted as tidal rhythmites (Coughenour et al., 2009; 

Longhitano et al., 2012). In addition, these tidal bundles show rhythmic changes in individual 

bed thickness reflecting the shift from spring to neap and back again as each tidal cycle takes 

place (Visser 1980). During spring tides, the more vigorous currents result in thick sand units and 

small mud drapes; whereas during neap tides, lower energy currents result in thinner sand units 

and thicker mud drapes (Visser, 1980; Fig. 6.10f). The characteristic cyclical stacking of sand and 

mud couplets indicate vertically accreted tidal facies, commonly developed in intertidal to 

subtidal environments as a response to alternating flood (subordinate) and ebb (dominant) tidal 

currents. The erosional surfaces truncating the top of these tidal bundles are interpreted as 

reactivation surfaces generated by the subordinate ebb currents (Klein, 1970).  
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Fig. 6.11. Subsurface characteristics of the Subtidal sandbar facies association (HFA 4); (a) Core view from 

Well HU 1 showing the basal scour surface of the HFA4 facies sequence overlain by massive, coarse-

grained sandstones (Lithofacies Sm) and scattered mud intraclasts. (b) Core view from Well HU 1 showing 

the cross-bedded and pebbly coarse sandstones (Lithofacies St and Gm). (c) Core view from Well HU 1 

showing the alternation of mm-scale sand and clay-enriched foresets and scattered mud clasts lining 

foresets (Lithofacies Sp). (d) Core view from Well HU 1 showing a reactivation surface overlain by pebbly 

gravel (Lithofacies Gm) and trough cross-bedded sandstones (Lithofacies St). (e) Core view from Well HU 

1 showing wave-rippled heterolithic sandstones (Lithofacies Sw). (f) – (g) Core views from Well HU 3 

showing heterolithic cross bedding (Lithofacies Ht). (h) – (i) Complete HU 1 well composite and a section 

of the HU 3 well composite, respectively, displaying the GR log, core description and dip tadpole plot for 

Facies Association HFA4. 



O/BO Characterization of H Unit 

189 

6.5.5. HFA 5: Hyperpycnite 

 
Description 

A thin sandstone package, corresponding to Sand-prone Package 2, is observed in 

Subunit 1 (Fig. 6.4e). This package is characterized by a tabular or sheet-like geometry, forming 

a body to 0.5 m thick and with up to 50 m of lateral extension (perpendicular to depositional 

dip), with a horizontal, sharp base and convex-up, sharp top. Internally it displays a distinctive 

lithofacies sequence consisting of very fine sandstones characterized by wave modelled current 

ripple lamination (Lithofacies Swr) at the base and sub-critically climbing ripples (Lithofacies 

Sbcr), super-critically climbing ripples (Lithofacies Spcr) and in-phase climbing ripples 

(Lithofacies Sicr) toward the top, respectively (Fig. 6.12). This facies association was not drilled 

by any well and is thus recognised only from outcrop 

 
Interpretation 

This facies association is interpreted as a hyperpycnite, generated by river floods in the 

subtidal zone. The vertical stacking of Lithofacies Swr-Sbcr-Spcr-Sicr shows a waxing to waning 

flow sequence typical of a density or hyperpycnal flow and strongly suggests a fluvial influence 

during the deposition of Subunit 1 (Mulder et al., 2003; Zavala & Pan, 2018).  

 

 

Fig. 6.12. Close-up view of outcrop, sedimentary log and detailed outcrop pictures of Sand-prone package 

2. See Figure 6.4e for location of this outcrop in a general view. 

 

6.5.6. HFA 6: Storm-dominated shoreface 

 

Description 

This facies association corresponds to Sand-prone Package 3. It is up to 4m thick, 

characterized by the stacking of several 15-20cm thick beds of fine-grained sandstones, a basal 

scoured surface lined with a mud pebbles lag, hummocky-cross bedding (HCS) or swaley cross-

stratification (SCS) sandstones (Lithofacies HCS) alternating with heterolithic combined flow 
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wave rippled sandstones (Lithofacies Sw; Fig. 6.13). This association directly overlies the 

intraformational incised surface, marking the base of Subunit 2 (Fig. 6.4e). The top of this sand-

prone package is also erosional, interpreted as a fluvio-tidal scour surface (Fig. 6.4e). 

The GR log, is characterized by values ranging from 80 to 193 API, a mean value of 118 

API, and a smooth-cylindrical shape (Fig. 6.13f). Dip tadpole analysis, with a total of 81 

measurements, shows poly-directional azimuths and planar to low-angle dip angles (Fig. 6.13f). 

The predominant azimuths are toward the southeast, with a mean azimuth of N136E, ranging 

from N0E to N344E. 

 

Interpretation 

This facies association is interpreted as a storm-dominated shoreface. Hummocky-cross 

bedded sandstones (Lithofacies HCS) are interpreted as the deposits of high-energy oscillatory 

currents associated with large storm waves (Hunter & Clifton, 1982; Klein & Marsaglia, 1987; 

Duke et al., 1991; Yang et al., 2006; Ichaso & Dalrymple, 2014). The occurrence of wave ripples 

capping the HCS, and showing evidence of combined flow, indicates that there was a 

unidirectional component to the water motion, due either to wind-driven residual motion 

and/or the presence of superimposed tidal currents (Hill et al., 2003; Yang et al., 2005; Ichaso 

and Dalrymple, 2014). These wave ripples are characterized by draping mud lamina formed 

during low tide slackwater, followed by a sandy lamina formed during the flood tide. Another 

mud lamina is formed during the high tide slackwater, followed by deposition of a sandy lamina 

during the peak of the ebb tide. This rhythmic alternation of heterolithic wave ripple couplets 

records the periodicity typical of short-term tidal cycles (Reineck & Singh, 1980; Visser, 1980; 

Longhitano, 2011). Accordingly, Sand-prone Package 3 represents a storm-dominated but 

tidally-influenced mid to upper shoreface.  

The smooth-cylindrical shape of the GR highlights the clean sand interval associated with 

the hummocky cross-stratification. The HCS is also distinguished in core by dip tadpoles, 

characterized by azimuths showing considerable dispersion (poly-directional azimuths) but still 

a dominantly seaward-directed paleocurrent direction (towards southeast) reflecting the 

importance of the combined flow component.  
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6.6. Integrating outcrop and subsurface data in a depositional model 

 
The assemblage of facies associations identified in this study of the H Unit can be 

interpreted within the framework of several published models for shoreline sedimentation (e.g. 

Dalrymple, 1992; Dalrymple and Choi, 2007; Ichaso and Dalrymple, 2014; Gil-Ortiz et al., 2019). 

In general terms the complex of depositional environments identified in the H Unit may be 

envisaged as a mixed tidally-influenced and wave-influenced deltaic system and adjacent 

shoreface. Within this genetic framework, a 3D conceptual model has been constructed which 

includes all the observed facies associations, and their key features in terms of lithofacies and 

subsurface data, placed in their paleogeographic context (Fig. 6.14). Although this conceptual 

model is correct in terms of the spatial relationships in a 2D framework, it is important to note 

that processes related to relative sea-level change were also important in sequence 

development. These issues are addressed within a sequence stratigraphic framework of the H 

Unit in Chapter 7. 

Based on the proposed conceptual model, facies associations can be classified into three 

main types of reservoir geobodies (Table 6.2): (a) elongate geobodies, typical of subtidal sandbar 

facies (HFA 4) and intertidal sandbar facies (HFA 3); (b) asymmetric-sigmoidal geobodies formed 

by tidal-dominated point-bar facies (HFA 2); and (c) tabular geobodies characterized by 

hyperpycnite facies (HFA 5) and open-coast shoreface facies (HFA 6). Supratidal flat facies 

association (HFA 1) also form mud-prone tabular geobodies but can be considered as non-

reservoir. Thus, in modelling terms, these tabular non-reservoir geobodies could be considered 

as background. 

 

6.6.1. Elongate geobodies 

 
Elongate geobodies in the H Unit can be characterized as either: subtidal sandbars (HFA 

4), or intertidal sandbars (HFA 3). 

In this study, individual Subtidal sandbars (HFA 4) are up to 350 m in width and up to 14 

m in thickness (Fig. 6.14 and Fig. 6.15a). However, by migration of these individual geobodies, 

sheet-like bodies with high-lateral continuity (above 1 km) can be formed. In contrast, intertidal 

sandbars (HFA 3) appear to be restricted to tidal channels up to 500 m in width (Fig. 6.14 and 

Fig. 6.15d) and up to 2 m of thick.  
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Internally, Subtidal sandbar deposits (HFA 4) are principally characterized by fine to very 

coarse-grained sandstones (Lithofacies Sm, Sp, St and Sw) and locally by pebbly coarse grain 

sandstones (Lithofacies Gm). This geobody is notably more heterolithic in character in a seaward 

direction, characterized by cross-stratified sand-mud couplets forming tidal bundles (Lithofacies 

Ht). As such, within this geobody, the sand:mud ratio varies from 60:40, in a landward direction 

(proximal subtidal sand bars) to 40:60, in a seaward direction (distal subtidal sand bars) (Fig. 

6.14 and Fig. 6.15a). In addition, mud drapes are also observed to increase in thickness in a 

seaward direction, varying from cm-scale (in proximal subtidal sandbars) to decimetre-scale (in 

distal subtidal sandbars). 

Paleocurrents, observed in outcrop and dip tadpole logs, often show bidirectional 

azimuths and low to high dip angles, although these are more common in distal subtidal 

sandbars (HFA 4) and intertidal sandbars (HFA 3). In marked contrast, proximal subtidal sandbars 

(HFA 4) predominantly show unidirectional, seaward-directed. 

 

6.6.2. Asymmetric-sigmoidal geobodies 

 
Asymmetric-sigmoidal geobodies, represented by Tidal-dominated point bar deposits 

(HFA 2), form sand-prone or heterolithic bodies, tens of metres thick, constrained by the 

paleorelief associated with the intraformational incised valley (Fig. 6.15c). These geobodies are 

up to 100 m in width and up to 10 m thick (Fig. 6.14 and Fig. 6.15c). Asymmetric-sigmoidal 

geobodies are characterized by higher mud contents (sand:mud ratio of 40:60) distinguished by 

heterolithic lithofacies (Lithofacies IHb and Wb, predominantly), indicating deposition under 

subtidal conditions; or characterized by a sand:mud ratio of 60:40, composed principally by HIS 

and Lithofacies Ht-St-Sr, indicating deposition under inter- to supratidal conditions (Fig. 6.14). 

Cm-scale mud drapes, intercalated with sandstones and IHS are also frequent in these 

geobodies.  

The GR response is characterized by a smooth-egg shape and a coarsening- to fining 

upward trend, where these geobodies are located in proximal zones (inter- to supratidal 

conditions) and a smooth-cylindrical shape and aggradational trend in the distal zone (subtidal 

conditions). Asymmetric-sigmoidal geobodies (HFA 2) are characterized by unidirectional 

azimuths and shallow-to-steep-to-shallow dip patterns (Fig. 6.14). 
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6.6.3. Tabular geobodies 

 
Tabular geobodies comprise (a) Hyperpycnite facies (HFA 5); or (b) a Storm-dominated 

linear shoreface (HFA 6). In the former case, the geobody forms a really restricted body up to 

0.5 m thick and 50 m in width, perpendicular to depositional dip, characterized by a sand:mud 

ratio of 90:10 and very fine, rippled sandstones (Lithofacies Swr-Sbcr-Spcr-Sicr). For the latter 

case, the geobody corresponds to the Storm-dominated shoreface of Association HFA 6. This 

comprises a sand prone package, up to 4 m thick, confined by the intraformational incised valley 

(Fig. 6.15b). The top of this geobody is eroded by the prograding of a fluvio-tidal system (HFA2). 

It is also characterized by a sand:mud ratio of 80:20, and stacked storm beds comprising fine-

grained sandstones dominated by Lithofacies HCS and Sw. In the subsurface, this geobody is 

characterized by smooth-cylindrical GR profile and an aggradational trend (Fig. 6.14). Tabular 

geobodies, composed of Association HFA 6, are characterized by poly-directional azimuths and 

planar to low-angle dip angles (Fig. 6.14).   

The Supratidal flat facies association (HFA 1), with  a sand:mud ratio of between 10:90 

and 0:100, can also be considered as a tabular geobody, forming mud prone packages, up to 10 

m thick and with more than 1 km of lateral continuity, encasing the three types of reservoir 

geobody, described above. This geobody is characterized, in GR, by high API values, a serrated-

cylindrical shape and an aggradational trend. Some thin sandstone horizons also occur within 

HFA 1, recognizable in GR as thin smooth-egg shape packages with a coarsening- to fining 

upward trend (Fig. 6.14). From the GR log, it is also apparent that HFA 1 may show, intervals 

characterized by fining upward trends and high API values related to increasing organic matter 

content (ultimately becoming coaly horizons) and some distinctive low GR zones associated with 

periods of exposure characterized by desiccation cracks (Fig. 6.14).  
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6.7. Discussion: Limitations of conceptual model 

 
The role of shoreline systems classification in the characterization of reservoirs is a 

complex issue, addressed by numerous authors in recent decades (e.g. Boyd et al., 1992; 

Dalrymple et al., 1992; Shanmugam et al., 2000; Harris et al., 2002; Ichaso & Dalrymple, 2014; 

Leuven et al., 2016; Nichols, 2017; Bradley et al., 2018; Gil-Ortiz; 2019). This is especially so when 

dealing with tide-dominated systems as proximal-distal changes in both processes and facies are 

inherently complex. According to Dalrymple & Choi (2007) this may be explained by two 

fundamental factors. Firstly, tidal energy does not vary in a simple linear manner with onshore-

offshore position and, secondly, these environments are characterized by complex, shifting 

networks of tidal channels and bars. As a direct consequence, depositional architecture is 

complex reflecting the migration and stacking of successive channels and the common 

occurrence of several different orders of erosion surface. 

Boyd et al. (1992) and Dalrymple et al. (1992) propose a classification of coastal 

depositional environments based on a ternary diagram, summarizing the main factors (rivers, 

waves, and tides) controlling the geomorphology of linear shorelines, deltas, or estuaries. This 

is a very useful and powerful tool but, in many cases, it might be hard to apply to ancient coastal 

depositional systems. Even in these systems, as highlighted by Yan et al. (2005), changes in the 

relative importance of the key processes may occur on a variety of time-scales, even, for 

example on a seasonal basis between winter and summer. These authors have shown how 

sedimentation on the open-coast tidal flats of south-western Korea is controlled by seasonal 

variation in the intensity of onshore-directed winds and waves. As a result, an environmental 

oscillation takes place between tide-dominated conditions in summer and wave-dominated 

conditions in winter. Given observations of this type in modern systems it is clear that ancient 

systems will also very often present us with a need for complex, nuanced interpretations based 

on typically limited, incomplete data. 

Focussing on modern tide-dominated systems, the distinction, morphologically, 

between a tide-dominated delta, with a protruding morphology, and a tide-dominated estuary, 

with a funnel morphology, seems evident. Dalrymple & Choi (2007) also presented a useful 

theoretical comparison between tide-dominated deltas and tide-dominated estuaries. These 

authors highlighted the subtle differences in terms of sedimentary processes, grain size 

distribution, bed forms, and sub-environments between both systems. Both in a tide dominated 

delta and, in a tide-dominated estuary, the river influence decreases in strength and relative 

importance in a seaward direction; the maximum tidal influence occurs on the middle to inner 
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part of the delta plain and in the middle estuary whereas wave action increases, on open coasts, 

in a seaward direction. As such it is apparent that the characteristic facies of fluvial point-bar, 

tidal rhythmites and HCS are not specific to any one setting and may occur in different sub-

environments of both deltas and estuaries.  

In addition, Brookfield (1998) and Prins et al. (2000) show that, in modern systems such 

as the Indus River delta, both tide-dominated deltas and tide-dominated estuaries can co-exist. 

It is only in the area of active river outflow that a true tidal-dominated system appears. The 

remainder of the delta plain is inactive and it is here, in response to slow transgression due to 

tectonic subsidence and/or compaction of the underlying mud, where tide-dominated estuary 

systems appear (Dalrymple & Choi, 2007). 

Accordingly, and on the basis of the foregoing discussion, the conceptual model 

proposed for the H Unit (Fig. 6.14) represents the  distribution of the facies associations within 

the proximal to distal zones of a mixed tide-dominated and wave influenced delta system, 

comprising: Supratidal flat (HFA 1), Tidal-dominated meandering channels (HFA 2), Intertidal 

sandbars (HFA 3), Subtidal sandbars (HFA 4), local Hyperpycnite deposits (HFA 5), and shoreface 

deposits (HFA 6). It is also necessary to note that, within this broad framework, processes related 

to relative sea-level change were important in sequence development and in the changing 

coastline paleogeography (Fig. 6.15; see Chapter 7).  

In general, coastline paleogeography would have been similar during deposition of HFA 

3 and 4 (Subunit 1 and upper part of Subunit 2, respectively; Fig. 6.15a and d), characterized by 

a gently-dipping coastal plain and delta front. A tide-dominated, wave-influenced delta system 

developed during these stratigraphic intervals. In marked contrast, a steeper coastal plain-delta 

front, laterally-constrained by the intraformational incised valley controlled deposition of HFA 6 

and HFA 2 (lower part of subunit 2; Fig. 6.15b-c). During this time, it is most probable that a 

second tide-dominated, wave-influenced estuarine system developed, initially 

paleogeographically constrained and with a strong storm-influence (HFA 6), subsequently 

evolving into a tidal-dominated meandering system (HFA 2).  

 

6.8. Conclusions 

 
The integrated study of both outcrop (conventional outcrop data and DOM data) and 

well-calibrated subsurface data (core and wireline log data) has allowed us to produce a high-

resolution sedimentology study of the Heterolithic Unit of the TIBEM (Triassic Red Beds of 
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Iberian Meseta).  Six facies associations were identified, namely Supratidal flat (HFA 1), Tidal 

point bar (HFA 2), Intertidal sandbars (HFA 3), Subtidal sandbars (HFA 4), Hyperpycnite (HFA 5) 

and Storm-dominated shoreface (HFA 6).  

Based on geometry and sand:mud ratios, the facies associations can be grouped into 

three types of reservoir geobody: (1) elongate geobodies, comprising Subtidal sandbars and 

Intertidal sandbars facies associations; (2) asymmetric-sigmoidal geobodies, composed of the 

Tidal-dominated point bar facies association; and (3) tabular geobodies, comprising 

Hyperpycnites and the deposits of a Storm-dominated shoreface.  

Elongate and asymmetric-sigmoidal geobodies show moderate reservoir properties, 

characterized by heterolithic-dominated facies associations (sand:mud ratios between 40:60 

and 60:40) and by the presence of mud drapes/layers that may act as significant potential flow 

baffles and barriers to flow. In contrast, tabular geobodies show excellent reservoir properties, 

characterized by sand-dominated facies associations (sand:mud ratios between 80:20 and 

90:10). Supratidal flat (HFA 1) deposits, characterized by sand:mud ratios of 10:90 and 0:100, 

were classified as tabular, non-reservoir geobodies and for modelling purposes would be 

considered as background. 

A mixed tidally-dominated and wave influenced delta system is proposed as a 

depositional model for the H Unit. However, processes related to relative sea-level change were 

also important in sequence evolution and in the development of coastal paleogeographies 

throughout deposition of the H Unit. For example, by considering changes in relative sea level, 

most notably a significant intraformational fall in sea level (dividing Subunits 1 and 2) we are 

able to explain the development of a second coastal system within the H Unit; specifically a tide-

dominated estuarine system characterized initially by storm-dominated shoreface and tidal-

dominated point bar facies associations, infilling an incised valley.  

A new outcrop analogue dataset for paralic reservoirs, specifically for both a tide-

dominated delta system and a tide-dominated estuarine system, including key geometric and 

sediment body dimension data, is presented here. A conceptual model generated from outcrop 

and subsurface data allows us to predict the paleo-locations of each facies association within 

the framework of proximal-distal trends of the depositional system, whether it is an estuary or 

a delta. Such data can also be used directly as an outcrop analogue for similar systems in the 

subsurface, both as hard and soft input for reservoir modelling. 
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CHAPTER 7: 

Reservoir implications:  

Key features for heterogeneity modelling 
 
 
 
 
 
Abstract This chapter attempts to assign appropriate geometries and dimensions to the various 
geobodies, summarizing their internal heterogeneities for reservoir modelling. These are then upscaled 
to describe the gross-scale reservoir architecture of the three TIBEM Units (M-S, S and H Units) and the 
key bounding surfaces (or correlation surfaces) between the units. 

On the basis of geometry, a total of 6 reservoir geobodies can be differentiated in the TIBEM 
succession of the Alcaraz area: (i) low-sinuosity channel geobodies, comprising braided channel fills; (ii) 
ribbon-shaped geobodies, associated with high-sinuosity channel fills; (iii) crescent-shaped geobodies, 
comprising fluvial or tidal point bar deposits; (iv) elongate-shaped geobodies, characterised by fluvial 
compound bar or tidal bar deposits; (v) lobate-shaped geobodies, composed of crevasse-splay deposits; 
and (vi) tabular-shaped geobodies, composed of storm-dominated shoreface deposits. 

After analysing the stacking of the facies associations in the Alcaraz succession (see Chapters 4, 
5 and 6), a simplified scheme with three major depositional sequences (Sequences 1 to Sequence 3) and 
five reservoir zones (RZ 1 – RZ 5) was defined. A material-based sequence stratigraphic methodology 
(Embry, 2009), was used to recognize the key bounding surfaces delimiting genetic sedimentary packages.  
Sequence 1 comprises the deposits of the Mudstone-Sandstone Unit (M-S Unit), characterized by a high-
sinuosity fluvial system. This sequence is broadly regressive in character (RST) and is considered as RZ 1. 
The boundary between Sequences 1 and 2 is marked by a sub-aerial unconformity (SU) reflecting a 
significant base-level fall. Sequence 2, comprising the deposits of the Sand Unit (S Unit) and much of Sub-
unit 1 of the overlying Heterolithic Unit (H Unit), is broadly transgressive in character (TST). This sequence 
corresponds to Reservoir Zones 2 and 3, the former characterized by a low-sinuosity fluvial system, and 
the latter, by a tidally-dominated coastal system. The boundary between these two systems is interpreted 
as a diastemic shoreline ravinement surface (SR-D). The top of Reservoir zone 3 is marked by a maximum 
flooding surface (MFS). This is overlain by hyperpycnites, generated in response to increased sediment 
supply at the beginning of the regressional or progradational stage (RST), and supratidal flat deposits. A 
significant truncation along a major erosion surface, interpreted as a shoreline ravinement surface (SR-U) 
with the geometry of an incised valley, marks the boundary between Sequences 2 and 3. Sequence 3 
comprises the deposits of shoreline systems, characterised by the changing influences of fluvial and 
coastal processes, during a series of high order Transgressive-Regressive cycles (T-R cycles) all grouped 
into a major regressive progradational shoreline package (RST). Sequence 3 includes both Reservoir Zones 
4 and 5.  
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7.1. Geobody characteristics: geometry, dimensions and internal 

heterogeneity 

 
This section attempts to assign appropriate geometries and dimensions to the various 

reservoir geobodies identified in the TIBEM succession of the Alcaraz area and review their 

internal heterogeneities based both on the previous chapters (Chapter 4 to 6) and available 

literature as a prelude to the modelling of heterogeneity in each reservoir geobody.  

As introduced in Chapter 1, the term ‘geobody’ as used in this study refers to the 

geological elements in a reservoir. These elements are defined on the basis of their specific 

geometry (including width, thickness and orientation), bounding surfaces, internal sedimentary 

features (lithofacies and/or facies associations) and the location within the depositional 

environment. This is a term commonly used in geological modelling. Geobody is also equivalent 

to ‘architectural element’ as defined by Miall (1985), ‘depositional elements’ defined by Kostic 

& Aigner (2007) or the storeys of Ford & Pyles (2014). 

 

7.1.1. Low-sinuosity fluvial channel deposits 

 
Two types of reservoir geobodies linked to low-sinuosity (braided) fluvial systems are 

identified: (i) channel geobodies, characterised by a lenticular geometry in 2D cross section and 

low sinuosity in plan view; and (ii) compound bar geobodies, characterised by an elongate 

geometry (Fig. 7.1; Allen, 1983; Bridge & Tye, 2000; Bridge & Lunt, 2009; Ashworth et al., 2011; 

Ielpi & Ghinassi, 2015).  These geobodies were only identified in the S Unit (see Chapter 5). They 

are characterised by a high sand:mud ratio (sand:mud ratio of 95:5) and as such show only 

limited heterogeneity.  

Channel geobodies, up to 20 m thick and 300 m in width (defined here as lateral 

extension as measured perpendicular to the main flow direction), are characterized internally 

by fining- and thinning-upwards sequences composed of Lithofacies Sh/Sm-St-Sr (Facies 

Association SFA 1). Locally, Lithofacies Gm appears toward the base of these geobodies. Thin 

(cm-scale) mud drapes between the different sequences could be potential baffles or even 

barriers to vertical fluid flow and would tend to compartmentalize these geobodies (Fig. 7.1; 

Yeste et al., 2019).  

Elongate geobodies, comprise compound bar deposits, assigned to Facies Association 

SFA 2, are up to 20 m thick and 500 m in width. Internally, these are principally characterized by 
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a stacking of Lithofacies Sh-Sp-St. Finer grained deposits and mm-scale mud drapes are also 

observed, associated with the gently dipping bounding surfaces between individual downstream 

accretionary macroforms, although these are unlikely to form significant baffles to permeability 

within the barform. Locally, at the top of these geobodies, an erosive surface is observed, 

overlain by very fine-grained sandstone (Lithofacies Sr) and mudstone deposits (Lithofacies Fl). 

These deposits represent cross-bar channels cutting across the top of the compound bars and, 

locally, could be considered as potential flow baffles (Fig. 7.1).  

 

 

Fig. 7.1. Descriptive conceptual models for a low-sinuosity fluvial system showing a plan view (not to scale) 

and the facies stacking pattern for both the channel (SFA 1) and compound bar (SFA 2) reservoir 

geobodies.   

 

7.1.2. High-sinuosity fluvial channel deposits 

 
Two types of reservoir geobody are associated with high-sinuosity fluvial channels. (i) 

channel geobodies, characterized by a ribbon-shape in plan view and lenticular geometry in 2D 

cross section; and (ii) point bar geobodies, characterized by a crescent-shape in plan view and 

asymmetric-sigmoidal geometry in 2D cross section (Fig. 7.2). These reservoir geobodies were 

identified in the M-S Unit. 

Sinuous channel fill deposits 

Given the key hydrodynamic processes that operate in a meandering system, as a 

consequence of the existence of the helical flow model and a channel with asymmetric cross 

section, two main zones can be differentiated along the channel thalweg; the thalweg pool zone 

and the thalweg riffle zone. The channel thalweg is defined as the deepest, axial zone of the 
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river channel. Its gravel-paved erosional segments are referred to as pools (TP) and the 

shallower, inter-bar crossover segments, as riffles (TR; Bridge, 1993, 2003; Ghinassi et al., 2014). 

Thus, as a result of hydrodynamic processes, channel fills give rise to specific lithofacies 

sequences during the active channel phase which differ from those deposited during the channel 

abandonment phase.  

During the active channel phase, outer bank areas of a river bend, comprising the 

thalweg pool, are generally erosional. However, deposits may still be preserved due to net 

vertical bed aggradation, episodic channel depth changes during river stage changes and 

stepped migration patterns. Deeper areas along these pools, formed where flows impinged 

upon cut banks more strongly, may also preserve deposits in this area of a channel bend. The 

deposits tend to be coarse-grained lags, locally preserved directly above the most deeply incised 

area forming the base of a channel storey. A channel storey is defined here as the deposits 

formed by an individual channel segment which by increasing sinuosity, migrates across the 

floodplain (Allen, 1965, 1979; Willis & Sech, 2019). Where, in contrast, channels migrate by 

expansion over time, these deposits will also occur as coarser‐grained lags at the base of point 

bar deposits (Willis & Sech, 2019).  

In contrast, during the abandonment phase, channel fill deposits generally show a fining-

upward succession, reflecting a longer-term decline in discharge when abandonment is due to 

channel bend cut-off. Within this framework, sandier fills are generally inferred to reflect a more 

gradual process of channel abandonment, whereas muddier fills suggest a more rapid 

abandonment. It is also expected that higher‐sinuosity channel‐bend segments will be cut-off 

faster than lower‐sinuosity segments because the cut-off path of a higher‐sinuosity channel 

segment defines a greater relative slope advantage (Allen, 1965; Bridge, 1993; Willis & Sech 

2019). Willis and Tang (2010) modelled abandonment fills by gradually decreasing river 

discharge whilst keeping channel width constant. They predicted that bend axis pool scours 

would fill with sand faster than areas with flat beds near bend crossovers. The result was 

generally thicker, sandier, more gradually upward‐fining abandonment fills along meander‐bend 

axes and overall muddier fills in crossover areas.  

In contrast to channel bend cut-off, when channel abandonment is produced by neck 

cut-off or river avulsion the channel is disconnected from the network of active river channels 

and the previous channel is transformed into an ox-bow lake that only receives suspended load 

during floods (Viseras & Fernandez, 2010).  In both these abrupt abandonment process, neck 

cut-off and river avulsion, the flow velocity in the abandoned channel section decreases to zero 



Chapter 7 

206 

very quickly. In this way, the interval of sandier fill, that is above the deposits of the active phase 

of the channel, is usually very thin. Above the sands, however, a thick mud plug is deposited 

(Viseras & Fernandez, 2010; Viseras et al., 2018). 

In the studied section, high-sinuosity channel geobodies have a ribbon-shape in plan 

view and lenticular geometry in 2D cross section, characterized by a fining-upward sequence 

comprising Lithofacies Gm-St-Sr-Fl (Fig. 7.2). Laminated fine-grained deposits (Lithofacies Fl) 

occur toward the top of the succession and are interpreted as mud plugs (Viseras et al., 2018) 

with significant implications for potential flow in any analogous subsurface example. This 

reservoir geobody is associated with dimensions of up to 3 m in thickness and up to 40 m in 

width, perpendicular to the main flow direction. From paleogeographic reconstruction and the 

conceptual model of the M-S Unit (Fig. 4.11 and Fig. 8.6) these ribbon-shaped geobodies show 

an amplitude of up to 200 m and a wavelength of up to 400 m. Within the framework of the 

facies associations described in Chapter 4, these high-sinuosity channel reservoir geobodies 

correspond to Facies Association MSFA 1.  

 
Point bar deposits 

On the accretional, inner margin of the thalweg, the channel deposits grade into point 

bar deposits. These are distinguished by their characteristic epsilon cross-bedding (sensu Allen, 

1963) or lateral accretion packages (LAP; sensu Abreu et al., 2003). These deposits, at bed-scale, 

are characterized most typically, by a fining-upward succession composed of a basal pebble lag, 

attributed to deposition in the pool zone of a laterally migrating channel thalweg, overlying 

cross-stratified sandstones, as well as, plane-bed transport structures, with sand deposition as 

both ripples and small dunes in the uppermost part of the facies succession (Fig. 7.2). 

In the studied section, these point bar deposits, are up to 3.6 m thick and up to 130 m 

in width, characterized by a crescent shape in plan view and an asymmetric-sigmoidal geometry 

in 2D cross section (Fig. 7.2). Within the framework of the facies associations described in 

Chapter 4, these point bar reservoir geobodies correspond to Facies Associations MSFA 2 to 

MSFA 4. Internally, at bed-scale, point bar geobodies are characterized by a fining-upward 

succession composed of Lithofacies Gm-St-Sr. Locally, mud drapes occur between LAPs and 

would be interpreted as baffles or barriers to potential flow in subsurface equivalents. Locally, 

these reservoir geobodies also contain minor channel geobodies toward the top of the 

succession, characterized by a fining-upward sequence, from fine-grained sandstones into 

siltstones, interpreted as chute channels. These minor channels could also be interpreted as 

important barriers to flow (Henares et al., 2016). 
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Fig. 7.2. Descriptive conceptual models for the high-sinuosity channel, point bar and crevasse-splay 

geobodies and the terminology used in this chapter (modified from Bridge, 2003; Ghinassi et al., 2014; 

Ielpi & Ghinassi, 2014; Yeste et al., 2020).  

 

7.1.3. Crevasse-splay deposits 

 
In fluvial sedimentary environments, a splay deposit is defined as a sheet-like 

progradational deposit, which typically is lobe-shaped in plan-view. Crevasse-splay deposits, 

form adjacent to an established channel, on the erosive margin of the main channel (e.g. Nichols 

and Fisher, 2007; Gulliford et al., 2014; Burns et al., 2017; Yeste et al., 2020). Crevasse-splays 

are characterized by high-energy facies towards the axis where upper flow regime horizontal-

laminated sandstones are deposited and which grade laterally into ripple-laminated sandstones 

towards the distal limits of the splay. Locally, a crevasse channel, in the uppermost part of the 

geobody, may also be preserved. These show an erosive base filled with trough cross-bedded 

sandstones (Burns et al., 2017; Yeste et al., 2020). Toward the distal limits of the splay, siltstones 

were deposited, corresponding to settling from suspension immediately after the tractional 

deposition of each phase of lobe development of the lobe, as the flow loses intensity.  
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Commonly, crevasse-splay deposits are formed during continuous flood events leading to 

overlapping lobe geobodies, giving rise to a crevasse-splay complex, by lateral compensation of 

accommodation space (Li et al., 2014; Li & Bristow, 2015; Yeste et al., 2020). 

Crevasse-splay geobodies were identified in the M-S Unit (Chapter 4). These occur as 

lobe-shape bodies, up to 2 m thick (Fig. 7.2). These lobe-shape geobodies have up to 230 m in 

lateral extension, perpendicular to the main flow direction of the channel belt and from their 

insertion point (channel border); and a variable width (Fig. 7.2) ranging from 65 m in proximal 

zones to up to 115 m in distal zones. Internally, four facies associations have been distinguished 

within these geobodies: crevasse channels (MSFA 5), proximal crevasse-splay (MSFA 6), medial 

crevasse-splay (MSFA 7) and distal crevasse-splay (MSFA 8). The Proximal crevasse-splay facies 

association (MSFA 7) is characterized by the stacking of Lithofacies Sh-Sr-Sc. The Medial 

crevasse-splay facies association (MSFA 7) is characterized by the succession of Lithofacies Sd-

Sr whilst, the Distal crevasse-splay facies association (MSFA 8) is represented by Lithofacies Ll 

and Lm. Locally, the Crevasse channel facies association (MSFA 5), characterized by Lithofacies 

St-Sr, is preserved in the uppermost part of these lobate geobodies (Fig. 7.2).  

 

7.1.4. Tidal point bar deposits 

 
Reservoir geobodies comprising tidal point bar deposits have similar geometrical 

characteristics to those associated with the previously described fluvial point bar geobodies. 

Accordingly, these reservoir geobodies have a crescent shape in plan view and asymmetric-

sigmoidal geometry in 2D cross section. These geobodies are typically aligned perpendicular to 

the thalweg of the sinuous fluvio-tidal channels (Dalrymple & Choi, 2007). Other authors have 

labelled these geobodies as sidebars (Dalrymple & Choi, 2007; Leuven et al., 2016). Tidal point 

bar geobodies were identified in the H Unit (Facies Association HFA 2). 

Internally, reservoir geobodies composed of tidal point bar facies deposits (HFA 2) are 

characterized by a higher mud content under sub-tidal conditions (Heterolithic point bar facies 

association - HFA 2.1), in comparison with those deposited under supratidal conditions (sand-

dominated tidal point bar facies association - HFA 2.2). Under sub-tidal conditions, these 

geobodies, with up to 10 m of thickness and up to 100 m of width, are characterized by the 

alternation of sand/mud layers (Predominantly Lithofacies IHb and Wb lithofacies).  Recording 

the frequent oscillations in flow energy associated with tidal currents. In contrast, geobodies 

deposited under supratidal conditions are more sand-prone, although a significant proportion 

of cm-scale mud drapes also typically occur and would act as baffles or barriers to flow in 
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subsurface examples (Feldman & Demko, 2015). Supratidal point bars are up to 5 m thick and 

up to 75 m in width, characterized by, principally, Lithofacies Ht-St-Sr.  

 

7.1.5. Tidal bar deposits 

 
Reservoir geobodies composed of tidal bar deposits have an elongate shape and were 

identified in the H Unit (Chapter 6). On the basis of the dimensions and lithofacies stacking 

patterns, two elongate-shaped geobodies linked to tidal bars were differentiated: (i) elongate 

reservoir geobodies comprising intertidal sandbars (Facies Association HFA 3); and (ii) elongate 

reservoir geobodies composed of subtidal sandbars (Facies Association HFA 4). These geobodies 

are typically aligned parallel to depositional dip (Fig. 7.3; Shanmugam et al., 2000; Wood, 2004; 

Dalrymple & Choi, 2007; Olariu et al., 2012). 

 
Intertidal sandbar deposits 

Intertidal sandbars (HFA 3) are formed by the superposition of several sigmoidal cross-

stratified, fine-grained sandstone sets (Lithofacies St) separated by mm-scale mud drapes. These 

geobodies (HFA 3), are up to 500 m in width, 2 m thick and appear to be restricted to tidal 

channels (Fig. 7.3). They also show mm-scale mud drapes between the cross-bed sets. These are 

not considered to be significant potential barriers to flow as they are both too thin and 

discontinuous in character (Shanmugam et al., 2000). 

 
Subtidal sandbar deposits 

Elongate reservoir geobodies comprising subtidal sandbars (Facies Association HFA 4) 

are principally characterized by fine to very coarse-grained sandstones (Lithofacies Sm, Sp, St 

and Sw) and locally by pebbly, coarse sand lags (Lithofacies Gm). This geobody becomes notably 

more heterolithic in a seaward direction, characterized by cross-stratified sand-mud couplets in 

bundles (Lithofacies Ht). This is reflected in the variation in sand:mud ratio, from proximal to 

distal (land- to seaward) zone from 60:40 to 40:60.  

In addition, mud drapes also show a proximal to distal increase in thickness, varying from 

cm- to dcm-scale, respectively. These elongate geobodies are up to 350 m in width and up to 14 

m thick although they are often amalgamated by lateral and vertical stacking to form sand prone 

packages with high-lateral continuity (Fig. 7.3). However, the shift from centimetric to 

decimetre-scale mud layers, in a proximal-distal direction within these geobodies may generate 
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significant potential baffles and barriers to flow. In addition, the flooding surfaces, characterized 

by laminated to massive mudstones on bar tops, may also form significant barriers to flow 

between stacked bars (Fig. 7.3; Sullivan et al., 1997; Yoshida et al., 2001; Feldman & Demko, 

2015), all of which is likely to contribute to reservoir compartmentalization. 

 

 

Fig. 7.3. Descriptive (geometry and internal heterogeneities) conceptual models for tidal bar reservoir 

geobodies. 

 

7.1.6. Shoreface deposits 

 
Reservoir geobodies composed of shoreface deposits (storm-dominated shoreface 

facies association – HFA 6) are distinguished by a tabular geometry. In the study area, they occur 

only in the H Unit (Chapter 6), forming a sand-prone package, up to 4 m thick, infilling the 

lowermost section of the intraformational incised valley (see Chapter 6). Internally, this tabular 

geobody is characterized by well-sorted, fine to medium sandstones dominated by Lithofacies 

HCS and Sw. Only the localised presence of thin mud-pebble layers, occurring at the base of 

stacked storm beds, could potentially act as minor baffles to flow within this otherwise 

homogeneous, well-connected sand body. 
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7.2. Reservoir architecture and sequence stratigraphy of the Alcaraz area 

 
The purpose of this section is to distinguish and characterized those major stratigraphic 

surfaces representing changes in depositional trends and to interpret the resulting stratigraphic 

units bounded by these surfaces. In addition, a lithostratigraphic zonation, in terms of sand-mud 

ratios, and a hypothetical reservoir zonation, based on geobody geometries, is also presented.  

Although much of the succession is terrestrial in character, which implies the recognition 

of the uncertainties and controversies associated with the application of sequence stratigraphic 

methodologies to continental systems, it was, nevertheless, decided to attempt to establish a 

sequence stratigraphic or genetic stratigraphic framework as this serves to better understand 

the development of the depositional systems through time. This framework is not intended as a 

rigorous, high resolution genetic stratigraphy for the TIBEM, merely as an approximation, for the 

Alcaraz area. For this proposed framework to be corroborated and extended, significant detailed 

work would be required on key sections across the TIBEM outcrop area. 

Taking into consideration the limited area of the studied outcrops and the principal 

focus on fluvial deposits, a practical, material-based sequence stratigraphic methodology, 

essentially as presented by Embry (2009), was used to identify the key bounding surfaces 

delimiting the genetic sedimentary packages comprising the sequence stratigraphic framework 

in this study.  

The following key surfaces were defined by Embry (2009): 

• Sub-aerial Unconformity (SU) is an important sequence stratigraphic surface and was the 

surface first used to empirically define sequences (Sloss et al., 1949). The defining attributes 

of a sub-aerial unconformity are an erosive surface or weathering zone (e.g., paleosol, 

karst) overlain by non-marine/brackish marine strata, associated with evidence that the 

surface represents a significant gap in the stratigraphic record. The occurrence of a 

significant stratigraphic gap across a subaerial unconformity is critical, for its recognition 

because this establishes the unconformable nature of the surface. The occurrence of 

onlapping nonmarine strata above the surface adds further support to such an 

interpretation. A sub-aerial unconformity is interpreted to form by sub-aerial erosional 

processes, especially those connected with fluvial erosion, during a time of base-level fall. 

In the Alcaraz succession, the only exposed example is SU-2.  
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• Regressive surface of marine erosion (RMSE) is characterized by a sharp and scoured 

surface separating offshore marine strata below from shallowing-upward shoreface strata 

above, downlapping onto the RSME. This surface occurs within an overall regressive 

succession but is considered to represent a change in depositional trend from deposition 

to non-deposition and back to deposition. However, the RSME is not a suitable surface for 

correlation because of its highly diachronous nature. Locally, this surface may be of use in 

explaining trend changes in the facies succession. This surface is not recognized at Alcaraz 

succession because the outcropping coastal deposition system is limited and is not ideal for 

identifying a RSME. 

 

• Shoreline Ravinement (SR) is defined by an abrupt, scoured contact overlain by estuarine 

or marine strata which fine and deepen upwards. Underlying strata can vary from non-

marine to fully marine. As a scoured contact, it represents a change in trend from 

deposition to non-deposition and it can vary along its extent from being a minor diastem to 

being a major unconformity. The SR begins to form at the start of transgression which 

occurs when rate of base-level rise exceeds the sedimentation rate at the shoreline. The SR 

stops being generated at the end of transgression which can occur at any time during base-

level rise depending on the interaction of the rate of base-level rise with the rate of 

sediment supply. Because it develops over the entire time of transgression, a shoreline 

ravinement is often considered to be diachronous.  

 

However, over its extent, it can either be a diastem (“disconformity” or minor 

unconformity) or an unconformity. A diastemic shoreline ravinement (SR-D) has the above 

described general characteristics of an SR and is further characterized by the presence of 

non-marine strata underlying the surface and the preservation of the previously developed 

sub-aerial unconformity. This is a highly diachronous surface. In contrast, when a shoreline 

ravinement has removed any non-marine strata that were deposited behind the shoreface 

as it moved landward and the sub-aerial unconformity that had formed during the 

preceding base-level fall and regression, then this is would be a true unconformity. The SR-

U has the defining characteristics of an SR and an additional characteristic is that the 

underlying strata are marine rather than non-marine. In terms of utility, the unconformable 

portion of an SR (SR-U) is very useful for correlation and for bounding sequence 

stratigraphic units because it is a time barrier. However, the diastemic portion of an SR (SR-

D) is not useful for these purposes because of its highly diachronous nature.  
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• Maximum Regressive Surface (MRS) is a conformable horizon which marks a change in 

trend from coarsening and shallowing-upward to fining and deepening-upward. It is 

generated at or close to the start of transgression, when the rate of base-level rise exceeds 

the rate of sediment supply at the shoreline. The MRS is laterally equivalent to the shoreline 

ravinement and this relationship results from the fact that both surfaces begin to be 

generated at the start of transgression. The key criterion for distinguishing the SR-U and 

MRS is that the former is an unconformity with truncation below whereas the MRS is a 

conformable surface which is not associated with truncation or onlap. This surface is not so 

far recognized in the H Unit succession of Alcaraz but it is reasonable to assume that both 

SU and SR surfaces would pass laterally into an MRS, respectively in a landwards and 

offshore direction. 

 

• Maximum flooding surface (MFS) is represented by a conformable horizon marking a 

change from fining and deepening- upward- to coarsening- and shallowing-upwards and is 

normally represented by the most mud-prone horizon in the succession, often associated 

with high organic matter contents and/or heavy mineral concentrations both suggesting 

condensation and low rates of sedimentation. 

 

• Slope Onlap Surface (SOS) is a prominent, unconformable surface which is developed in 

slope environments and is effectively characterized by the onlap of strata onto the surface. 

The strata below this surface can be concordant with the SOS, without any evidence of 

scour or erosion; or clearly scoured and/or truncated, formed in part by erosion followed 

by onlap. This surface is not recognized in this coastal depositional system. 

Several low-order, and numerous high-order sequences, which do not always coincide 

with lithostratigraphic units, can also be recognized in the stratigraphic record of the TIBEM 

Formation of the Alcaraz area. After analysing the stacking of the facies associations (Chapters 

4, 5 and 6), a simplified scheme with three major depositional sequences (Sequence 1 to 

Sequence 3) and five reservoir zones (RZ 1 – RZ 5) was defined (Fig. 7.4).  

Sequence 1 corresponds to the M-S Unit in its entirety, characterized by a low net-to-

gross (sand:mud ratio of 10.90). The base of this sequence was not observed in either the 

outcrop or subsurface data of the immediate Alcaraz study area, although it is seen as to onlap 

the basement along a major erosional surface; thereby defining a sub-aerial unconformity 

defined as SU1. A high GR response, characterized by a serrated profile and by both bell and 

funnel shapes, characterize this sequence which can be considered as Reservoir Zone 1 (RZ 1) in 
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the Alcaraz succession. This RZ is characterized by the stacking of high-sinuosity fluvial channel 

and crevasse-splay reservoir geobodies (MSFA 1 to 10). Sequence 1 is broadly regressive in 

character (RST), comprising progradational fluvial deposits within a context in which high 

accumulation rates, exceeded the rate of accommodation space generation.  

The boundary between Sequences 1 and 2 is marked by a distinctive erosive surface and 

an abrupt change in lithology, in the depositional environment and in the GR response. This 

surface is interpreted as a sub-aerial unconformity (SU2) and would most probably be an 

excellent and consistent correlatable surface across the rest of the TIBEM Formation outcrop, 

most likely reflecting a regional base-level fall and/or major climate change generating a major 

increase in sand supply. Regional evidence suggests that this is probably linked to the Carnian 

Pluvial Event according to Arche & López, (2014). This surface is characterized by a sharp 

decrease in GR response reflecting the abrupt shift from the essentially heterolithic M-S unit to 

the clean, sheet-like sands of the S-Unit. 

Sequence 2 comprises the deposits of the Sand Unit (S Unit) and Subunit 1 of the 

overlying Heterolithic Unit (H Unit) and it is broadly transgressive in character (TST). The lower 

part of the sequence, is characterized by the lowest GR values in the entire Alcaraz succession, 

and a cylindrical gamma-ray profile interpreted as a low-sinuosity fluvial depositional system 

(Facies Associations SFA 1 to 2), which shows the highest sand:mud ratio values (95:5) in the 

studied area. It records both a significant drop in relative sea level and significantly increased 

sedimentation probably linked to a major climatic change in the hinterland (“Carnian pluvial 

event” of Arche & López; 2014). This part of the sequence corresponds to Reservoir Zone 2 (RZ 

2).  

A scoured surface truncates the fluvial deposits of the Sandstone Unit which are overlain 

by supratidal flat deposits. This surface is interpreted as a diastemic shoreline ravinement 

surface (SR-D2). This surface is represented in the subsurface by a sharp rise in the GR and by a 

lag of burrowed, very fine sandstones containing scattered intraclasts, topped by a well-

cemented bored surface; effectively a condensed horizon marking the rapid marine flooding of 

the braidplain. This condensed horizon is represented by the highest GR Peak in the Alcaraz 

succession, associated with an excess of Uranium (see Fig. 6.2), most probably reflecting a high 

heavy mineral concentration, supporting the interpretation of flooding and condensation at the 

top of Sandstone Unit. 
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Above the SR-D2 surface, tidally-dominated coastal systems were developed in response 

to increasing accommodation space linked to the retrogradational, transgressive shoreline stage 

(TST), characterized by supratidal flat (Facies Association HFA 1) and subtidal sandbar (Facies 

Association HFA 4) deposits. Together these deposits correspond to Reservoir Zone 3 (RZ 3), 

largely characterized by elongate reservoir geobodies, composed of subtidal bars. 

The vertical transition between the assemblage of subtidal sandbars and supratidal flat 

deposits in the upper part of Sequence 2 is marked by a high GR peak, associated with an excess 

of Uranium, characterized by a thin, laminated to massive green mudstone layer (Well HU 1, Fig. 

6.2). This most probably corresponds to a maximum flooding surface (MFS2), although, in the 

Alcaraz area, it is more probable that there is no clear surface that determines a classical 

maximum flooding surface. Rather, one could speak of a transition zone ("Zone of MFS"). This is 

overlain by the deposits of river-influenced density pulses or hyperpycnites (Facies Association 

HFA 5) generated in response to increased sediment supply at the beginning of the regressional 

prograding stage (RST).   

The RST of Sequence 2 is thin, due to significant truncation along a major erosion 

surface. This surface defines an incised valley, confining the lower part of Sequence 3. It is 

interpreted as a shoreline ravinement surface (SR-U3) characterized by a maximum GR Peak, 

linked to an excess of Uranium (see Fig. 6.2). This excess of Uranium is most probably associated 

with a high concentration of heavy minerals such as Zircon, Tourmaline or Rutile, indicating a 

fall in sea level, erosion, rapid forced regression (for which there is no evidence preserved at the 

Alcaraz area), and, finally flooding and condensation.    

Sequence 3 is equivalent to the lithostratigraphic Sub-unit 2 of the Heterolithic Unit (H 

Unit) and also the Mudstone-Evaporitic unit (M-E Unit). This sequence, which consists of 

shoreline systems, characterized by both fluvial to coastal processes (river/wave and tidal), 

developed in response to decreasing accommodation/sediment supply (a/s) ratios during a 

series of high order Transgressive-Regressive cycles (T-R cycle II and III) all grouped into a major 

regressive progradational shoreline package (RST).  

The SR-U3 surface is overlain by an asymmetrical T-R cycle (T-R cycle II). SR-U3 is initially 

overlain by a progradational package, characterized by storm-dominated shoreface deposits 

(Facies association HFA 6). The top of this initial package is eroded by high-sinuosity tidal 

channels (Facies association HFA 2). The progradation continues with supratidal flat deposits 

(Facies association HFA 1). These two packages, together with supratidal flat deposits, recording 

the regressive phase of T-R cycle II. The deposits linked to transgressive phase in T-R cycle II were 
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not preserved, or partially preserved by the very thin mud pebble lag overlying SR-U3. In 

addition, T-R cycle II could also be divided into two very asymmetrical, high order T-R cycles (T-

R cycles II.1 and II.2), recording only the regressive phases of the two T-R cycles. The regressive 

phase of T-R cycle II.1 is represented by storm-dominated shoreface deposits, while T-R cycle 

II.2 is represented by high-sinuosity tidal channels. The surface eroding the top of shoreface 

deposits, and thus bounding T-R cycle II.1 and II.2, is interpreted as a diastemic shoreline 

ravinement (SR-D3.2). T-R cycle II (or two high-order half cycles, T-R cycles II.1 and II.2) 

corresponds to Reservoir Zone 4, characterized by a tabular reservoir geobody, composed of 

storm-dominated shoreface deposits (Facies Association HFA 6); and sigmoidal or crescent-

shaped reservoir geobodies, composed of tidal point bar deposits (Facies Association HFA 2). 

Both reservoir geobodies are confined, infilling the incised valley defined by SR-U3 (see Fig. 

6.15). 

The last transgressive phase of the higher order T-R cycles is represented by a high order 

shoreline ravinement surface (SR-D3.3), which scoured the underlying supratidal flat deposits 

before being overlain by intertidal sandbar deposits (Facies associations HFA 3). This 

corresponds to Reservoir Zone 5, characterized by elongate reservoir geobodies. Sequence 3 

culminates with the progradation of silt-rich coastal plain facies and intertidal sabkha evaporites 

(M-E Unit). 

This simplified stratigraphic scheme is an approximation based only on outcrop and 

subsurface data from the Alcaraz area. Its purpose is to identify and characterize the 

stratigraphic units, reservoir zones and the bounding surfaces between them; as a basis for the 

next step of the workflow, the construction of a 3D reservoir model framework. Additional 

studies are necessary, in other locations of the TIBEM, in order to corroborate, perfect and adapt 

the proposed scheme. 

 

7.3. Conclusions 

 
Through the integrated outcrop/behind outcrop approach presented in this study, the 

TIBEM succession of the Alcaraz area can be divided into three main depositional sequences 

(Sequence 1 to 3), each with characteristic systems tracts bounded by key surfaces: subaerial 

unconformity surface, maximum flooding surface, and unconformable shoreline ravinement 

surface. Based upon this systems tract architecture, a genetic zonation composed of five 

reservoir zones has been proposed (RZ 1 to RZ 5) for the TIBEM succession of the Alcaraz area.  
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This proposed stratigraphic zonation should serve as valuable hard data in the construction of 

the 3D reservoir model framework for the TIBEM succession of the Alcaraz area. 

On the basis of geometry, orientation and distributions of reservoir geobodies, as well 

as the potential mesoscale heterogeneities that compose these reservoir geobodies, each 

reservoir zone is characterized by specific types of reservoir geobodies:  

- Reservoir zone 1 (RZ 1) comprises three types of reservoir geobody associated with 

a high-sinuosity fluvial system: (1) channel geobodies, with up to 3 m of thickness 

and up to 40 m width, characterized by sinuous-channel deposits; (2) crescent-

shaped geobodies, with up to 3.6 m of thickness and up to 130 m in width, 

characterized by point bar deposits; and (3) lobe-shaped geobodies, up to 2 m thick 

and with up to 230 m of lateral extension, characterized by crevasse-splay deposits.  

 

- In reservoir zone 2 (RZ 2) two types of reservoir geobody were identified, linked to 

a low-sinuosity fluvial system: (1) channel geobodies, up to 20 m thick and 300 m in 

width; and (2) elongate geobodies, up to 20 m thick and 500 m in width.   

 

- Reservoir zone 3 (RZ 3) comprises elongate geobodies, up to 350 m in width and up 

to 14 m thick, characterized by subtidal sandbar deposits.  These elongate geobodies 

are often amalgamated by lateral and vertical stacking to form sand prone packages 

with high-lateral continuity. 

 

- Reservoir zone 4 (RZ 4) comprises two stacked reservoir geobody types: (1) tabular 

geobodies, up to 4 m thick, characterized by shoreface deposits; and (2) crescent-

shaped geobodies, up to 10 m of thick and up to 100 m in width, comprising tidal 

point bar deposits. Both geobodies are laterally constrained by the margins of an 

incised valley.   

 

- Reservoir zone 5 (RZ 5) comprises elongate geobodies, up to 500 m in width and 2 

m thick, characterized by intertidal sandbar deposits.  

These characteristics of the reservoir geobodies presented here, and the associated 

internal heterogeneities, should serve to populate the heterogeneity distribution into the 3D 

reservoir model framework of the TIBEM succession of the Alcaraz area. 
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CHAPTER 8: 

Reservoir Modelling of M-S Unit: Case Study of a Channel - 

Crevasse-splay Complex  
 
 
 
 
 
Abstract Fluvial sandstones deposited by meandering river systems are one of the most complex 
reservoirs to predict and model with confidence, a reflection of both the geometries and complex 
distribution of the component geobodies. This is especially so when the input data for the model are 
limited, which is typically the case in the subsurface. By integrating both analogue outcrop data and 
associated subsurface data (Outcrop/Behind Outcrop characterization), as well as new technical advances 
in the reconstruction of the outcrop in 3D (Digital Outcrop Models, DOM), the geostatistical parameters, 
which condition the modelling of these reservoirs, can be better determined. In addition, digital outcrop 
models also allow us to easily extract the necessary georeferenced input data (digitized outcrop 
interpretations, geometrical parameters, as well as, key surfaces) and so create geocellular outcrop 
models. These are a useful tool with which to contrast the results obtained from geostatistical simulations, 
as well as to quantify the uncertainty associated with the results.   

In this chapter, classical field data, digital data derived from outcrop models (DOM) and 
subsurface data were combined in order to carry out a geostatistical modelling of the M-S Unit (Chapter 
4), which includes both a meandering channel system and overbank sandstone deposits. In this unit, three 
sand-dominated geobodies: (1) channel geobodies, (2) point bar geobodies and (3) crevasse-splay 
geobodies, embedded into mud-dominated geobodies (floodplain geobodies) were recognized. 
Geostatistical modelling results were obtained by combining Object-based (OBM) and MultiPoint 
Statistics-based (MPS) modelling techniques. 

A critical element in this study was the design of appropriate modelling workflows with PetrelTM 
which would best reproduce the distribution of heterogeneities, both at the scale of geobodies and at the 
finer scale of lithofacies by using both OBM techniques and logical statement calculations. The workflow 
at geobody scale was used to construct a 3D training image (TI) of a fluvial reservoir comprising both a 
meandering channel system and its associated overbank sandstone deposits. The resulting TI represents 
all geobodies described in the studied outcrop example and is exportable to similar fluvial reservoirs. This 
TI was then used in MPS simulations, in order to establish how it was able to assist in the prediction of the 
reservoir geobodies, as well as confirming to what extent this prediction matched the outcrop. MPS 
simulations generated good predictions for geobodies throughout the model framework with mean 
match values ranging from 15% to 44%, when compared with the geocellular outcrop model. The 
workflow at the scale of lithofacies was used to estimate the static connectivity of the reservoir in the M-
S Unit. The results of this exercise reveal the importance of considering both point bar and, especially, 
crevasse-splay geobodies, besides channel geobody, in enhancing static reservoir connectivity at all well 
spacings.  
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8.1. Introduction 

 
In fluvial reservoirs, heterogeneity and connectivity of hydraulic properties are related 

to the geometry of geobodies and facies distributions (e.g. Anderson, 1989; Koltermann & 

Gorelick, 1996; Davis et al., 1997; Klingbeil et al., 1999; Weissmann et al., 1999; Gaud et al., 

2004, Pranter & Sommer, 2011; Cabello et al., 2018; Viseras et al., 2018; Yeste et al., 2019, 2020). 

Specifically, the sedimentary dynamics of high-sinuosity fluvial systems give rise to highly 

complex and heterogeneous reservoirs. These systems are therefore very difficult to model 

given their inherent high degree of uncertainty reflecting the great variety of geometries and 

the wide range of possibilities in the distribution of geobodies. This problem is amplified when 

the input data in the model are scarce, which is typically the case in subsurface-based studies. 

The study of outcrop analogues is therefore essential if we are to cover these gaps (Chapter 1).  

High-sinuosity fluvial depositional systems are composed principally of three 

sedimentary geobodies: (1) main channels, (2) point bars and (3) crevasse-splays; embedded in 

floodplain deposits. These geobodies generate the sedimentary heterogeneity at the macro- and 

mesoscale in equivalent subsurface reservoirs. The degree of juxtaposition and amalgamation 

of these geobodies determines the degree of connectivity in the reservoir, whereas mud plugs 

play a part in increasing the lateral and vertical reservoir compartmentalisation. Typically, main 

channel and point bar geobodies are considered as main reservoir geobodies in these fluvial 

depositional systems, but the consideration of crevasse-splay geobodies can be important in the 

evaluation of this reservoir type and play an important role in reservoir connectivity (Van 

Toorenenburg et al., 2016; Pranter & Sommer, 2011; Pranter et al., 2014, Fenn & Pranter, 2014; 

Yeste et al., 2020). 

There are two major conventional geostatistical techniques currently used in the 

modelling of fluvial reservoir: Object-Based Modelling (OBM) and Multi-point statistics-based 

modelling (MPS) (see Chapter 3). Object-Based modeling (OBM) involves the population of a 

volume by objects with different geometries and dimensions replacing a background. By 

incorporating the outcrop/behind outcrop characterization together with the object-based 

modeling it is possible to reproduce the different geobody types, including their dimensions, 

distribution, as well as the facies and the relationship between them. This method can be used 

to generate a mathematical pattern, called the training image (TI). When the TI is used as input 

in the Multi-point Statistics (MPS)-based modeling process it combines the strengths of both 

OBM and cell-based models. This produces facies models that are geologically realistic, allows 

for flexibility and are able to honour the geostatistics conditioned by the input data. 
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The connectivity of fluvial sandstones, whose dimensions are below the resolution of 

seismic data, is difficult to assess from one-dimensional well data. Two-dimensional 

connectivity, estimated from 2D maps and cross sections, is generally lower than 3D connectivity 

based on outcrop (Pringle et al., 2004) and theoretical models (King, 1990; Hovadik & Larue, 

2007). Therefore, it is appropriate to model fluvial sandstones in 3D to investigate static 

connectivity. Measures of static connectivity have been defined differently by different workers. 

Larue & Hovadik (2006) describe sandstone body and geobody connectivity as measures of the 

connectivity of reservoir architectural elements to each other. These measures of connectivity 

are reported as a percentage, defined by the volume of the largest reservoir rock divided by the 

total reservoir rock volume. According to Ainsworth (2005), a geobody is one or more connected 

reservoir rock bodies. Sandstone body and geobody connectivity are measures of the 

“depositional connectivity” (Ainsworth, 2005). Reservoir connectivity has also been described 

as the part of a reservoir that is connected to wells and is also measured as a percentage (Larue 

& Hovadik, 2006; Pranter & Sommer, 2011). Other definitions of connectivity involve 

characterization of permeability heterogeneity and evaluation of subsurface fluid flow. The 3D 

static reservoir connectivity results provide insight into expected connected reservoir volumes 

for different net-to-gross ratios and well spacings. In addition, representative models of static 

reservoir connectivity and reservoir geometries are useful for reserve estimation, infill-drilling 

program design, and the selection of intervals for completion (Pranter & Sommer, 2011). 

This chapter focuses on the reproduction of geobodies and facies distribution within a 

high-sinuosity fluvial system characterized by meandering channels and their associated 

overbank deposits (crevasse-splay deposits). The high-resolution sedimentological study of the 

M-S Unit, integrating both outcrop and subsurface data, previously described in Chapter 4, will 

be the basis for this study.  

The aims of this chapter are to: (1) design appropriate modelling workflows with PetrelTM 

to best reproduce the distribution of heterogeneities, both at the scale of geobodies and at the 

scale of lithofacies, and which are exportable to other examples of high-sinuosity fluvial systems; 

(2) to construct a 3D training image, based on both outcrop and subsurface data, for a high-

sinuosity system characterized by meandering channels and crevasse-splay deposits and, also, 

exportable to other reservoirs of the same type. (3) to create MPS simulations using the 

constructed 3D TI, in order to establish how this can help in the prediction of the reservoir 

geobodies, as well as evaluating how this prediction matches to the studied outcrop. In addition, 

several scenarios will be created in order to establish how input data influence the improvement 

of reservoir prediction using MPS-based modelling; and finally; (4) to evaluate the static 
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reservoir connectivity in the M-S Unit and to evaluate how this may vary with well spacing and 

geobody type.   

 

8.2. Data and methodology 

 
The OBO characterization workflow, including detailed sedimentological description 

from both surface (“classical” outcrop-derived and digital outcrop-derived observations plus 

measurements) and subsurface (cores and well logging) data, was applied in this study (see 

Chapter 3 for details).  Similar data to that used in Chapter 4 was employed in this study; 

specifically, data from a 0.813 km2, a total of 21 sedimentological logs (CP0, CPMR1 to CPMR8, 

CPML1 to CPML9 and PNV1) and 6 wells (MB1 to MB4, S2P3 and K2P1; Fig. 8.1). In addition, a 

Digital Outcrop Model (DOM) has been created to complete the outcrop-derived measurement 

dataset and digitize outcrop interpretations. Subsequently, a Geocellular Outcrop Model was 

created from the digitized interpretations within the digital outcrop model, using the 

methodology described in Chapter 3. 

In the geostatistical modelling process, two facies modelling techniques were used: 

object-based modelling and multi-point statistics-based modelling (see Chapter 3 for full details 

of these modelling techniques). In addition, it is important to add that during the process of 

designing and computing modelling workflows, logical statement calculations were used.  

 

8.3. Sedimentological framework: Geobody characterization and facies 

distribution 

 
In Chapter 4, a high-resolution sedimentological study for the M-S Unit, integrating both 

outcrop and subsurface data, was presented. In this chapter, a total of eighteen Lithofacies 

(Table 4.1, Chapter 4) were introduced, grouped into ten facies associations (main channel, point 

bar, scroll bar, chute channel, crevasse channel, proximal crevasse-splay, medial crevasse-splay, 

distal crevasse-splay, distal floodplain and swamp; MSFA 1 to MSFA 10, respectively).  
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Fig. 8.1. Location of the study area (Alcaraz village, Albacete Province, Spain) showing the location of the 
studied outcrops for this chapter. Yellow points and yellow rectangles represent the location of 
sedimentological logs constructed to enable the characterization of lateral and vertical variability, 
respectively. Green points are well locations.  

 

For the purposes of the present chapter, modelling the distribution of heterogeneities; 

and considering the limitations of the algorithms, it is not possible to support an excessive 

number of variables (fewer than eight; Ma, 2019). As such, these 10 facies associations are 

grouped in four geobody types (see Chapters 1 and 7; Table 8.1): CH (meandering channel fill), 

PB (point bar deposits), CS (crevasse-splay deposits) and FP (floodplain deposits).  

In order to establish, and also to quantify, the lateral variability of facies and their 

relationship with the described geobodies, one stratigraphic interval was selected, as 

highlighted in Figure 8.2. This interval was selected on the basis of: (1) exceptional 3D outcrop 

features and significant lateral continuity, (2) the presence of the CH geobody, outcropping in 

two different locations at the selected stratigraphic interval, (3) well-established relationships 

between the four different geobodies, and (4) the selected interval has also been drilled by 5 

wells (MB1-MB4 and S2P3). 
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Table 8.1. Summary of geobodies identified in the M-S Unit for this chapter. Geometry, thickness, width 
(lateral extension measured perpendicular to the main flow direction of the channel belt) and Lithofacies 
is showed for each geobody. The relationships of each geobody with facies associations described in 
Chapter 4 is also shown.  

Geobody Geometry Thickness Width 

Facies 
Associations 

(from Yeste et 
al., 2020) 

Lithofacies 

Channel 

(CH) 
Lenticular Up to 3 m Up to 40 m MSFA 1 Gm, St, Sr, Fl 

Point bar 

(PB) 
Sigmoidal Up to 3.6 m Up to 130 m 

MSFA 2, MSFA 

3, MSFA 4 
Gm, St, Sr 

Crevasse-splay 

(CS) 
Lobular Up to 2 m Up to 230 m 

MSFA 5, MSFA 

6, MSFA 7, 

MSFA 8 

Sh, Sr, Sc, 

Sd, Ll, Lm 

Floodplain 

(FP) 
Tabular Up to 10 m 100-1000 m 

MSFA 9, MSFA 

10 
Fm, Fl, Cm 

 

 

8.3.1. Geobody CH: meandering channel fill 

 
Geobody CH, composed only of MSFA 1, occurs as lenticular-shaped bodies up to 3 m 

thick with a lateral extension of up to 40 m perpendicular to the main paleoflow direction (Fig. 

8.3 and Fig. 8.4, Table 8.1). They are characterised by a concave-up erosive base, whilst the top 

surface of the geobody is horizontal and sharp (Fig. 8.3c). CH geobodies are sandstone-

dominated, and are also characterized by fining-upwards grain-size trend often with pebbly 

mudstones (Gm) as basal lags. Overlying the basal lags are medium to fine-grained sandstones 

with trough cross-bedding (St) and very fine-grained sandstone with current ripples (Sr) towards 

the top. Locally, these geobodies also show a final interval of laminated fine-grained deposits 

(Fl).  

The fining-upward succession, together with the lenticular geometries and erosive lower 

surfaces suggest that CH geobodies should be interpreted as the deposits of meandering 

channels (Viseras et al., 2018; Yeste et al., 2020). The basal pebble lag (Gm Lithofacies) 

represents thalweg lag deposits (Bridge, 1993, 2003; Ghinassi et al., 2014; Viseras et al., 2018; 

Yeste et al., 2020). The stacking of Lithofacies St and Sr reflect a gradual channel abandonment. 

The occasional presence of laminated fine-grained deposits (Lithofacies Fl) is interpreted as a 
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mud plug due to neck cut-off of a meandering channel, suggesting a high sinuosity meandering 

channel (Viseras et al., 2018). 

8.3.2. Geobody PB: point bar deposits 

 
PB geobodies occur as asymmetrical, sigmoidal-shaped bodies, up to 3.6 m thick and 

with lateral extensions of up to 130 m (Table 8.1). These bodies are typically bounded by 

horizontal and erosive bases, whilst the tops are horizontal and sharp (Fig. 8. and Fig. 8.4). As 

shown in Chapter 4, both point bar (MSFA 2) and scroll bar (MSFA 3) facies associations are 

genetically related. In addition, the chute channel (MSFA 4) facies association is a small-scale 

element gradational into the scroll bar facies associations. For this reason, these three facies 

associations (MSFA 2 to MFSA 4) were merged into PB geobody.  

PB geobodies are sand-dominated characterized by a fining-upward facies sequence 

passing from mudstone rip-up clast conglomerate (Lithofacies Gm) to very fine-grained 

sandstones (Lithofacies St and Sr). These geobodies typically display several inclined master 

bedding surfaces perpendicular to the paleocurrent direction (epsilon cross-bedding sensu 

Allen, 1963), which extends from base to top of the geobody, and delineates bedsets (sensu 

Ghinassi et al., 2014). Internally, these bedsets are characterized by trough cross-bedding 

(Lithofacies St) and current ripples (Lithofacies Sr) towards the top of the facies sequence. 

Occasionally, conglomerate, with pebbly mudstone (Lithofacies Gm), occurs at the base. Locally, 

mud drapes occur between the inclined master surfaces, both as layers within the packages and 

as drapes over the inclined master surfaces. 

The asymmetrical sigmoidal geometries together with the characteristic occurrence of 

several inclined surfaces perpendicular to the palaeocurrent and the fining-upward succession 

suggest that PB geobodies should be interpreted as point bar deposits. The low angle inclined 

surfaces are thus interpreted as lateral accretion surfaces. Basal pebble lags (Lithofacies Gm) are 

accordingly attributed to deposition in the pool zone of a laterally migrating channel thalweg. 

The occurrence of mud drapes between the lateral accretion surfaces represents deposition 

during a waning flood stage (Thomas et al., 1987; Viseras et al., 2018).  
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8.3.3. Geobody CS: crevasse-splay deposits 

 
CS geobodies occur as lobe-shape bodies, up to 2m thick and up to 230 m in lateral 

extension, perpendicular to the main paleoflow direction (Table 8.1).  These lobate bodies are 

characterized by a horizontal, sharp base, whilst the tops are convex-up and sharp (Fig. 8.5). In 

Chapter 4 four component facies associations were distinguished: crevasse channels (MSFA5), 

proximal crevasse-splay (MSFA6), medial crevasse-splay (MSFA7) and distal crevasse-splay 

(MSFA8). With the aim of better modelling the distribution of heterogeneities, but also 

considering the practical limits of the algorithms, these four facies associations were grouped 

first into a single lower order geobody (CS) and then into two finer-scale geobodies: proximal 

crevasse-splay geobodies (CSp), characterized by high-energy facies associations (MSFA 5 and 

MSFA 6); and distal crevasse-splay geobodies (CSd), characterized by low-energy facies 

associations (MSFA 7 and MSFA 8). 

CSp geobodies, with up to 2 m of thickness and 130 m of lateral extension, perpendicular 

to the main flow direction of the channel belt and from their insertion point (channel margin), 

are characterized by horizontal laminated (Lithofacies Sh) to trough cross-bedded (Lithofacies 

St) and/or current rippled sandstones (Lithofacies Sr). Towards the top of these geobodies, 

climbing ripple cross-laminated sandstones (Lithofacies Sc) are also recognized. Commonly, 

small lenticular bodies, up to 1.1 m thick and up to 6 m width, appear within these geobodies. 

These display concave-up, erosive bases and horizontal, sharp tops, and are characterized by 

thin mudstone rip-up clast conglomerates as basal lags overlain by fine to very fine-grained 

sandstone with trough cross-bedding (Lithofacies St) and very fine-grained sandstone with 

current ripples (Lithofacies Sr).  

CSd geobodies, with up to 1.5m of thickness and 100 m of lateral extension, are 

characterized by climbing ripples (Lithofacies Sc) and/or current rippled sandstones (Lithofacies 

Sr) at the base alternating with syn-sedimentary deformed sandstones (Lithofacies Sd). In 

addition, planar laminated siltstones (Lithofacies Ll) overlain by massive, diffuse laminated 

siltstones and mudstones with pedogenic features (rhizoliths, mottles and cutans) plus 

desiccation cracks (Lithofacies Lm), occur at the distal limits of these geobodies.   
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CSp geobodies are interpreted as proximal crevasse-splay deposits. Lenticular bodies 

located within these geobodies, are interpreted as crevasse channel deposits. In contrast, CSd 

geobodies are interpreted as medial and distal crevasse-splay facies associations as described in 

Chapter 4. Also as highlighted in Chapter 4, CS geobodies rarely occur as a single crevasse-splay 

lobe. Rather they are formed during continuous flood events leading to overlapping CS 

geobodies, forming crevasse-splay complexes. 

 

8.3.4. Geobody FP: floodplain deposits 

 
FP geobodies are tabular in aspect, up to 10 m thick and may be up to 1000 m in lateral 

extent, with horizontal and sharp bounding surfaces (Table 8.1). These tabular bodies are 

characterized by massive mudstones (Lithofacies Fm) with abundant pedo-features (rhizoliths, 

mottles, nodules, cutans and slickensides). Locally, intervals, up to 2 m thick and with up to 100 

m of lateral extension, characterized by thin-laminated mudstones (Lithofacies Fl), coal laminas 

and massive micritic limestones (Cm), also occur.  

FP geobodies include distal floodplain (MSFA9) and swamp (MSFA10) facies associations 

as described in Chapter 4. Massive mudstones with abundant pedo-features correspond to 

deposits of a distal floodplain. Intervals with laminated mudstones, coal laminae and massive 

micritic limestones are interpreted as deposits associated with swamp environments on the 

floodplain (Yeste et al., 2020).  

 

8.3.5. Spatial relationship between geobodies and facies distribution 

 
The full integration of both, outcrop and subsurface datasets, has enabled a significantly 

better understanding of the spatial relationships between described geobodies as well as, the 

development of conceptual models which include both descriptive and quantitative data related 

to the distribution of heterogeneities within the M-S Unit, as previously shown in Chapter 4 and 

7. Key elements are summarised as follows (Fig. 8.6). 

Geobody CH is 40 m wide and up to 3 m thick (Fig. 8.6).  

Geobodies PB and CS are genetically related with Geobody CH. On the accretional, inner 

margin of the channel thalweg, the CH geobody grades into the PB geobody. These are up to 3.6 

m thick, and extend for up to 130 m, perpendicular to the main flow direction of the channel 
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belt. The PB geobody extends from the main channel and grades laterally into the floodplain 

geobody (FP).  

On the erosive margin of the channel (CH), the CS geobodies comprise proximal 

crevasse-splay deposits (CSp), up to 2 m thick and with up to 130 m of lateral extension, 

perpendicular to the main flow direction of the channel belt, stretching from their insertion 

point on the channel margin. Geobody CSp passes from the channel into distal crevasse-splay 

deposits (CSd). These are similar in dimensions to CSp; up to 1.5m thick, and with 100 m of lateral 

extension. The latter is located between 130m and 230 m away from the main channel geobody 

(Fig. 8.6) and grades laterally into the FP geobody.  

 

 

Fig. 8.6. Conceptual model of lateral variability for geobodies and facies including sedimentary features, 
lateral extent or width of the associated depositional area and thickness of each geobody (modified from 
Figure 4.5 in Chapter 4 and Yeste et al., 2020). 

 
In addition to the foregoing key observations, integrating both outcrop and subsurface 

data, and applying the quantitative conceptual model, a paleogeographic reconstruction was 

developed showing the distribution of the different geobodies for the selected interval (Fig. 8.7). 

This paleogeographic reconstruction will be used as a tool to test the results of geostatistical 

modelling in the following sections. 

The complete M-S Unit stratigraphic succession is characterized both by the vertical 

stacking of the previously described geobodies, as well as the spatial relationships between 

these geobodies and lithofacies distributions, which are similar throughout the studied 

succession.  
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Considering each channel geobody as a stratigraphic level (a time equivalent interval or 

isochron) and its avulsion as another, younger, stratigraphic interval, a total of 16 such 

stratigraphic intervals (zones) were identified in the M-S Unit of the study area (Table 8.2). Zones 

were numbered from base to top of the M-S Unit. Zone 5 corresponds to the selected interval, 

previously described (section 8.3; Fig. 8.2). In each stratigraphic interval, the channel geobody 

was located in outcrop and/or in wells, except for the two deepest intervals, where the outcrop 

conditions did not permit location of the geobody.  

 

 

Fig. 8.7. Paleogeographic distribution of geobodies for the selected interval (Zone 5). This shows the 
location of both sedimentological sections and wells plus paleocurrent data.  

 

In addition to the above and in order to determine the channel-belt orientation in each 

stratigraphic interval, channel paleocurrents were measured on outcrop and/or from well logs. 

In the cases where it was not possible to carry out the measurements directly on the channel 
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geobody, these were inferred from the point bar and/or crevasse-splay geobodies (Fig. 8.8, 

Table 8.2).  

 

 

Fig. 8.8. West-East oriented panoramic view showing the stacking of channel geobodies in the M-S Unit. 
Orientation of each channel geobody is also highlighted.   

 

Table 8.2. Stratigraphic intervals (zones) identified from the M-S Unit in the study area. Assigned number 
and orientation for CH geobodies in each zone are also shown. Zone 5 corresponds to the selected 
stratigraphic interval. 

Zone Channel Geobody 
Channel-belt 
Orientation 

16 16 N354 

15 15 N319 

14 14 N021 

13 13 N318 

12 12 N360 

11 11 N333 

10 10 N310 

9 9 N360 

8 8 N325 

7 7 N332 

6 6 N321 

5 5 N310 

4 4 N020 

3 3 N309 

2 2 N340 

1 1 N020 
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8.4. 3D Reservoir modelling 

 
This section is focused on the second key element of the methodological workflow 

designed for this thesis, the reservoir modelling process (Fig. 8.9), covering the research goal of 

planning reservoir modelling strategies from OBO characterization datasets (see Chapter 1).  As 

previously described, a 3D reservoir model is a digital representation of the subsurface, 

discretized into 3D cells, for modelling rock and petrophysical properties (Ma, 2019). This digital 

representation requires input data to geometrically define the reservoir and condition the 

property modelling. Thus, data and results presented in the previous section (and also in Chapter 

4) were used as input data to create the 3D model framework and reproduce the distribution of 

heterogeneities in the facies modelling process (Fig. 8.9).  

In this section, the 3D reservoir framework and the facies modelling workflow designed 

for this study, as well a 3D training image (TI) which reproduces a meandering channel system 

and its associated overbank sandstone deposits, are presented (Fig. 8.9). In addition, modelling 

results focused on the prediction of the reservoir geobodies, using MPS-based modelling 

techniques, and on the evaluation of the static reservoir connectivity in the M-S Unit, using OBM 

techniques, are also presented (Fig. 8.9). 

  

8.4.1. 3D model framework 

 
The dimensions selected for the 3D reservoir models are 1400 m x 1200 m x 77m, and 

include the entire studied section of the M-S Unit in the study area (Table 8.3). Seventeen 

stratigraphic horizons, digitized from a Digital Outcrop Model, are used to construct the 3D 

model framework. Stratigraphic horizons subdivide the 3D model into 16 zones (Fig. 8.10). Zones 

were numbered from base to top of M-S Unit. Zone 5 corresponds to the selected interval, 

previously described (Fig.8.2; Table 8.2).  

The 3D reservoir model contains 160 proportional layers that are each approximately 

0.5 m thick. The 3D cell dimensions of 5 m x 5 m x 0.5 m result in a total for the model of 10.8 

million cells (Fig. 8.10, Table 8.3). The cell dimensions are designed to be small enough to capture 

the geometry of the smallest geobodies and facies distribution in the model.  
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Fig. 8.9. Detailed workflow diagram applied in this study to geostatistical reservoir modelling of M-S Unit.  

OBO (Outcrop/Behind Outcrop); MPS (Multi-Point Statistics); OBM (Object-based modelling); DOM 

(Digital Outcrop Model); NTG (net-to-gross).   
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The following data were used as input data in both object-based and MPS-based 

simulations: (1) facies associations data from six wells (MB1-MB4, S2P3 and K2P1), (2) facies 

associations data from twenty sedimentological logs (CP0, CPMR1-CPMR8, CPML1-CPML9 and 

CBML1-CBML2), and (3) outcrop dimensional data (eg. width and thickness of geobodies). In 

addition, the digitized data from the ten facies associations in the Digital Outcrop Model were 

used in the construction of the geocellular outcrop model (Fig. 8.10, see Chapter 3, section 3.2.3 

for an outline of the detailed methodology applied in this study for the construction of a 

geocellular outcrop model). 

The geocellular outcrop model corresponds to Zone 5 (Table 8.10) of the 3D reservoir 

model. This has a total of 306 upscaled cells and comprises outcrop sections studied in the 

previously described selected interval, (Fig. 8.10). This geocellular outcrop model only includes 

data for the CH, PB and CS geobodies. The FP geobody was not included in the geocellular 

outcrop model as this non-reservoir element is used as the background in the modelling process. 

In addition, this geocellular outcrop model, with a total of 306 upscaled cells, will be used to 

compare the facies modelling results with the outcrop.  

 
Table 8.3. Grid properties of reservoir model framework. Min and Max columns show the minimum and 

maximum coordinates values (in metres) for X and Y axis, and elevation values (Z row). Delta column 

shows the total extent, in metres, along the X and Y axis; whilst the Z row shows the difference in elevation 

between the highest point and the lowest point in the 3D model framework. The Grid cells row shows the 

total number of cells in the X, Y and Z axis respectively; whilst the Total number of grid cells row shows 

the total number of cells that comprise the 3D model framework. The Average X, Y and Z rows show the 

cell dimensions in X, Y and Z, respectively. The Number of zones and layers rows show the total number 

of zones and layers, respectively, that comprise the 3D model framework.  

Axis Min Max Delta 
X 544100 545800 1400 
Y 4279600 4280800 1200 
Z 894.25 1016 121.75 

Grid cells 280x240x161 
Total number of grid cells 10819200 
Average X 5 
Average Y 5 
Average Z 0.5 
Number of zones 16 
Number of layers 160 
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Fig. 8.10. Three-dimensional reservoir model framework, input data and geocellular outcrop model. (a) 

Zone model showing the 16 zones differentiated in the reservoir model. (b) Layering for the reservoir 

model framework. (c) Cell dimensions established for the reservoir model framework. (d) geolocated 

input data used in the modelling processes in this work from wells and sedimentological logs. (e) 

geocellular outcrop model of Zone 5 created from the digitizing of geobodies in the digital outcrop model.  
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8.4.2. Facies modelling workflows 

 
As previously described in Chapter 3 (Section 3.2.4), the modelling workflow tool allows 

the design of modelling routines including a large number of steps which can be executed 

without interruption. Using a modelling workflow, each process and/or calculation made in the 

steps is documented and it is possible to rerun these steps for the generation of multiple models 

in order to test the uncertainty associated with specific parameters, as well as rerun the steps 

when data or parameters change. In addition, a designed modelling workflow can be exported 

and applied to other 3D reservoir model frameworks.  

In this study, two modelling workflows were computed using both Object-based 

modelling and logical statement calculations.  Logical statement calculations allow the creation 

of new properties, as well as perform operations between pre-existing properties. Combining 

Object-based modelling results and logical statements, the relationship between the geobodies, 

as well as the internal distribution of a specific property (eg. facies distribution) within each 

modelled geobody, can be reproduced. 

The first modelling workflow was created to populate the model framework with the 

previously described geobodies (CH, PB and CS, both CSp and CSd). Geometrical data obtained 

from outcrop and subsurface data, such as shape, width, thickness, amplitude and wavelength 

(Table 8.4); as well as the spatial relationship between geobodies, was used in the workflow 

computation. This workflow was then used to build a 3D Training Image (see Section 4.3 and 

4.4). The second modelling workflow is an extension of the first. This workflow was created to 

reproduce the facies distribution previously interpreted in both outcrop and subsurface data. It 

was subsequently used to estimate the static reservoir connectivity in the M-S Unit (see Section 

4.5). 

In Facies modelling processes, a numerical value needs to be assigned to each geobody 

and lithofacies. In addition, for the correct visualization of results, it is necessary to assign a 

colour to each numerical value. Table 8.5 shows both the numerical values and colour codes 

used in this study. These codes were used in the calculations shown in the following sections as 

well as in the graphic representation of results. 
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Table 8.4. Geometrical parameters of geobodies obtained from outcrop and subsurface data. LAP: Lateral 

Accretion Package.  

Geobody 
Minor 
Width 

(m) 

Maj/Min  
Ratio 

Min 
Thickness 

(m) 

Med 
Thickness 

(m) 

Max 
Thickness 

(m) 

Amplitude 
(m) 

Wavelength 
(m) 

        CH 40 - - 3 - 200 400 

PB 

LAP 1 40 - - 3.6 - 60 330 

LAP 2 40 - - 3.6 - 80 340 

LAP 3 40 - - 3.6 - 100 350 

LAP 4 40 - - 3.6 - 120 360 

LAP 5 40 - - 3.6 - 140 370 

LAP 6 40 - - 3.6 - 160 380 

LAP 7 40 - - 3.6 - 180 390 

CS 
CSp 70 2 -   -  - - - 

CSd 115 2 0.8 1.5 2 - - 

 

 

Table 8.5. Colour and number codes used in the modelling workflows. 

Geobodies Lithofacies 

Colour 
Code 

Number 
Code 

Name 
Colour 
Code 

Number 
Code 

Name 

 
1 CH geobody 

 
13 Lithofacies Ll 

 
2 PB geobody 

 
14 Lithofacies Lm 

 
3 CSp geobody 

 
15 Lithofacies Sh 

 
4 CSd geobody 

 
16 Lithofacies Sr 

 
5 FP geobody 

 
17 Lithofacies Sc 

 
6 LAP 7 

 
18 Lithofacies Sd 

 
7 LAP 6 

 
19 Lihofacies Gm 

 
8 LAP 5 

 
20 Lithofacies St 

 
9 LAP 4 

 
21 Lithofacies Fl 

 
10 LAP 3 

   

 
11 LAP 2 

   

 
12 LAP 1 
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8.4.2.1. Modelling workflow at geobody scale 
 

This workflow was design to populate the 3D reservoir model at geobody scale. Four 

different geobodies were interpreted in the M-S Unit. As previously described, these were (1) 

Ch geobody, (2) PB geobody, (3) CS geobody, comprising finer scale CSp and CSd geobodies; and 

(4) FP geobody. The modelling workflow at geobody scale combines four different properties 

(bodies property, object-curvature property, directional trend property and insertion-zone 

property; Table 8.6) and two logical statements (logical statements 1 and 2; Table 8.7) to create 

the resultant geobodies model. The following sections detail the steps and calculations used for 

the representation of each geobody. The FP geobody was modelled as background. 

 

Modelling of the CH geobody 

 
The Channel geobody (CH), as previously described, is a channelized object, with up to 3 m of 

thickness and up to 40 m in width. In addition, from a paleogeographic reconstruction (Fig. 8.7) 

of the selected interval (Zone 5), it is apparent that channel amplitude (up to 200m) and 

wavelength (up to 400m) can also be inferred. (Fig. 8.11). 

 

Fig. 8.11. Example of a modelled Channel geobody.  
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Table 8.6. Summary of the calculated properties in the modelling workflows.   

Acronym Property name Description 

 

GM 

 

Geobodies model 

 

Object-based modelling results representing geobody 

distribution. 

FM Lithofacies model Object-based modelling results representing the lithofacies 

distribution. 

𝐵𝐶  Bodies property Property with indexed numbers for each of the objects 

inserted from the object-based modelling result. The 

background facies are assigned to index number zero. 

CP Object-curvature 

property 

Property whose values show the curvature of the edge of the 

nearest object. The curvature of the object's edge is calculated 

as the inverse of the radius of curvature of the edge, and made 

negative when the object is concave. The smallest radius of 

curvature is limited to one cell to avoid infinite curvature 

values when taking the inverse. The curvature away from the 

edge is calculated by using several nearby object-edge points, 

extrapolating the curvature, and then weighting by the inverse 

distance to the points. This causes the curvature values to 

asymptotically approach 0 away from objects. 

DP Depth trend property Property which varies with the relative distance of each cell in 

the body from the body's base. 

DTP Object-distance 

property 

Property whose values show the distance to the edge of the 

nearest object. 

DAP Directional trend 

property 

Property with the azimuth of the inserted bodies in each cell. 

For standard objects, the azimuth for each cell of the body is 

the same. However, for channel objects, the azimuth varies 

with the channel direction.  

IZ Insertion-zone 

property 

Property calculated from object-curvature property of the 

channel object, and whose index numbers are 1, for the zone 

of highest curvature of the channel object, or 0 for the rest of 

object-curvature property of channel object. The value 1 

representing the insertion zone of the CS geobodies. 

𝐸𝑍𝐶  Energy-zones property 

from object-curvature 

property 

Property, calculated from the object-curvature property, 

whose indexed numbers divide the object in two or more 

zones in function of the curvature of the object. 

𝐸𝑍𝐷 Energy-zones property 

from depth trend 

property 

Property, calculated from the depth trend property of the 

object, whose index numbers divide the object in two or more 

zones as a function of object depth. 

𝐸𝑍𝐷𝑇 Energy-zones property 

from object-distance 

property 

Property, calculated from the object-distance property of the 

channel object, whose index numbers divide the object into 

two or more zones as a function of the distance to the channel 

object. 
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Modelling of PB geobodies 

 
Point bar geobodies (PB), as previously described, are sigmoidal in shape, up to 3.6 m 

thick and with lateral extensions of up to 130 m. In addition, these geobodies always occur on 

the inner margin of the thalweg so that the channel geobody grades into the point bar geobody.  

Internally, the PB geobody is characterized by lateral accretion packages (LAPs) formed by 

migration, typically by expansion and rotation, of the channel thalweg (Ghinassi et al., 2014; 

Ielpi & Ghinassi, 2014).  

Considering this, PB geobodies have been modelled as successive channel objects to 

reproduce LAPs. Each channel object corresponds to a LAP. Each channel object also erodes the 

previous object and will be eroded by the next object (Fig. 8.12). To reproduce the migration by 

expansion and rotation, each LAP increases its amplitude (to reproduce the expansion) and 

wavelength (to reproduce the rotation; Fig. 8.12). 

Finally, all LAPs are assigned to a PB geobody following the logical statement (Fig. 8.12j; 

Table 8.7):  

𝐺𝑀 = 𝐼𝑓(𝐺𝑀 > 5 𝐴𝑛𝑑 𝐺𝑀 ≤ 12, 2, 𝐺𝑀) (1) 

where, 𝐺𝑀 is the Geobodies model and values 5, 12 and 2 correspond to the number code for 
geobodies (Table 8.5).  

 

Fig. 8.12. Point bar modelling results. (a) – (g) modelling of successive channel objects representing the 

lateral accretion packages (LAPs). Note each channel object erodes the previous object and is itself eroded 

by the next object. (h) Final modelled channel-object which represents the CH geobody (this is the same 

CH object shown in Fig. 8.10). (i) LAP modelling results after channel object modelling. Note the final result 

is a series of sigmoidal-shaped geobodies corresponding to each LAP. (j) Final modelling result for the PB 

geobodies applying logical statement 1 which transforms the modelled LAPs into a single geobody. Note 

PB geobodies are represented by crescent-shaped objects  
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Modelling of CS geobodies 

 
CS geobodies appear on the erosive margin of the channel. These geobodies have a lobe-

like shape in plan view and can be sub-divided into Proximal crevasse-splay geobodies (CSp), up 

to 130 m in width and 2 m thick; and Distal crevasse-splay geobodies (CSd), up to 100 m in width 

and 1.5 m thick.  

To model CS geobodies it is necessary to first obtain the curvature (CP) and directional 

trend properties of the channel geobody (Fig. 8.13a; Table 8.6). From the curvature property of 

the channel (Fig. 8.13b), and as CS geobodies occur on the erosive margin of the main channel, 

a property known as the “insertion-zone” (IZ) can be generated (Fig. 8.13c; Table 8.6). The 

highest positive values for the object-curvature property for a CH geobody correspond to the 

convex part of the channel object. Thus, the insertion-zone property is determined by the zone 

of highest curvature of the channel object. The object-curvature property for the CH geobody is 

associated with values higher than 0.14 for the insertion zone of CS geobodies. Within this 

framework, CS geobodies are generated when the insertion-zone property is characterized by 

values of 1, whereas for values of 0 no CS geobodies are generated. This key value is obtained 

with the following logical statement (Table 8.7): 

𝐼𝑍 = 𝐼𝑓(𝐶𝑃 > 0.14, 1, 0) (2) 

where 𝐼𝑍 is the insertion-zone property and 𝐶𝑃 is the object-curvature property of channel 

object. Value 0 represents the background. 

 

The directional trend property is used to determine the orientation of CS geobodies (Fig. 

8.13d). 

With this established, those objects corresponding to the CSd geobodies were first 

modelled. Subsequently, within these (CSd objects), the objects representing the CSp geobodies 

were then modelled. CSd objects have a width of up to 230 m and a thickness that varies 

between 0.8 and 2 m. CSp objects have a width of 130 m and a thickness of up to 2 m.  
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Fig. 8.13. (a) Channel object property. (b) Object-curvature property from channel object (a). (c) Insertion-

zone property calculated from object-curvature property (b). (d) Directional trend property of channel 

object (a). (e) CS geobodies modelling result. 
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8.4.2.2. Modelling workflow at Lithofacies scale 
 

This workflow was designed as an extension to the first workflow, in order to populate 

the 3D reservoir model at lithofacies scale. In other words, it uses the geobodies (CH, PB and CS 

geobodies) modelled with the previous workflow and populates them on the basis of the 

lithofacies variability, interpreted in both outcrop and subsurface data. The modelling workflow 

at lithofacies scale combines a total of seven properties (bodies property, object-curvature 

property, depth trend property, object-distance property, energy-zones property from object-

curvature property, energy-zones property form depth trend property and energy-zones 

property from object-distance property; Table 8.6) and forty logical statements (Logical 

Statements 3 to 42; Table 8.7) to create the resultant lithofacies model. The following sections 

detail the steps and calculations used for the lithofacies representation of each geobody. As 

before, the FP geobody was modelled as background. 

 

Lithofacies modelling into the CH geobody 

 
To reproduce the facies variability across the CH geobody, the Curvature and Depth 

properties of the object were used (Table 8.6). 

Curvature and the Energy Zones Model: 

From the object-curvature property (CP), the thalweg pool zone (TP) and thalweg riffle 

zone (TR) were determined (Fig. 8.14a). Grain size is coarsest (Lithofacies Gm) in the thalweg 

pool zone, along the outer bank near the bend apex, and finer-grained (Lithofacies St and Sr) as 

flows shoal onto the bar along the inner bank. On the other hand, mean grain-size is uniform 

(Lithofacies St) across the thalweg riffle zone as expanding flows move coarser bed load from a 

TP through the bend crossover area.  

Considering this, three zones can be established within the channel depending on the 

curvature: (1) high-energy zone, (2) middle-energy zone and (3) low-energy zone (Fig. 8.14b). 

The high-energy zone corresponds to the thalweg pool, where grain size is coarsest. The middle-

energy zone corresponds to the transition from the outer and inner bank and with the thalweg 

riffle zone, where the grain size is uniform. Finally, the lower-energy zone corresponds to the 

inner bank, where the grain size is finest. Based on this concept, a property which defines the 

energy zones of a channel object and is derived from the curvature of the channel, was created 

(Fig. 8.14b); following the logical statements outlined below (Table 8.7):  
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𝐸𝑍𝐶 = 𝐼𝑓(𝐶𝑃 < −0.1, 1, 0) (3) 

𝐸𝑍𝐶 = 𝐼𝑓(𝐶𝑃 > −0.1 𝐴𝑛𝑑 𝐶𝑃 < 0.05, 2, 0) (4) 

𝐸𝑍𝐶 =  𝐼𝑓(𝐶𝑃 ≥ 0.05, 3, 0) (5) 

where 𝐸𝑍𝐶  is the energy-zone property derived from the object-curvature property, 𝐶𝑃 is the 

object-curvature property. Values -0.1 and 0.05 are obtained from the object-curvature property. 

Values 1, 2 and 3 are the code numbers assigned for the energy-zone model and represent, 

respectively, lower energy, middle energy and higher energy zones. Value 0 represents the 

background. 

 

 

Fig. 8.14. (a) Object-curvature property derived from a channel object. Note the red colours correspond 

to the thalweg pool zones (TP) and green colours correspond to thalweg riffle zones (TR). (b) Energy-zones 

model calculated, using Logical Statement 3, from the object-curvature property of channel object 

highlighting zones of finest, medium and coarsest grain size. 

 

Depth Trend and Energy Zones Model: 

The gradual abandonment of channel fill has been reproduced by means of the depth 

trend property (DP). Channel abandonment, commonly observed in outcrop and subsurface 

data, is characterized by a fining-upward succession (stacking of Lithofacies Gm-St-Sr-Fl). Based 

on the relative depth of the channel object (Fig. 8.15a), 5 zones were determined: zone 1, the 

deepest, corresponds to the thalweg; zones 2 to 4, represent the gradual decreasing energy 

during channel abandonment fill; and zone 5, is the shallowest, corresponding to the last stage 

of channel fill in response to channel bend cut-off or avulsion. Based on this, a property that 

defines the energy zones of a channel object was created for the purposes of this study. This 

property was derived from the depth trend of the channel (Fig. 8.15b), following the logical 

statements outlined below (Table 8.7):  
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𝐸𝑍𝐷 = 𝐼𝑓(𝐷𝑃 ≤ 0.1, 1, 0) (6) 

𝐸𝑍𝐷 = 𝐼𝑓(𝐷𝑃 > 0.1 𝐴𝑛𝑑 𝐷𝑃 ≤ 0.4, 2, 0) (7) 

𝐸𝑍𝐷 = 𝐼𝑓(𝐷𝑃 > 0.4 𝐴𝑛𝑑 𝐷𝑃 ≤ 0.8, 3, 0) (8) 

𝐸𝑍𝐷 = 𝐼𝑓(𝐷𝑃 > 0.8 𝐴𝑛𝑑 𝐷𝑃 ≤ 0.9, 4, 0) (9) 

𝐸𝑍𝐷 =  𝐼𝑓(𝐷𝑃 > 0.9, 5, 0) (10) 

where 𝐸𝑍𝐷 is the energy zone property derived from the depth trend property, 𝐷𝑃 is the depth 

trend property. Values 0.1, 0.4, 0.8 and 0.9 represent the relative depth obtained from 𝐷𝑃. 

Values 1 to 5 are the code numbers assigned for the energy-zone model from the depth trend 

property and represent zone 1 to zone 5, respectively. Value 0 represents the background. 

 

 

Fig. 8.15. (a) Depth trend property from a channel object. Note the red and green colours respectively 

represents the deepest and the shallowest parts of the channel object. (b) Energy-zones model calculated 

from the depth trend property of a channel object using Logical Statements 4 to 8. 

 

Populating Lithofacies into CH geobody: 

Combining both energy-zonation properties (energy-zones from object-curvature and 

energy zones from object-depth models), it is possible to reproduce the previously described 

lateral and vertical stacking of facies, (Fig. 8.16). This was done by means of the following logical 

statements which were used to populate the abandoned channel fill (Table 8.7): 

𝐹𝑀 = 𝐼𝑓(𝐸𝑍𝐷 = 1, 19, 𝐹𝑀) (11) 

𝐹𝑀 =  𝐼𝑓(𝐸𝑍𝐷 = 2 𝐴𝑛𝑑 𝐸𝑍𝐶 = 3, 19, 𝐹𝑀) (12) 

𝐹𝑀 = 𝐼𝑓(𝐸𝑍𝐷 = 2 𝐴𝑛𝑑 𝐸𝑍𝐶 ≤ 2, 20, 𝐹𝑀) (13) 

𝐹𝑀 = 𝐼𝑓(𝐸𝑍𝐷 = 3 𝐴𝑛𝑑 𝐸𝑍𝐶 = 3, 19, 𝐹𝑀) (14) 

𝐹𝑀 = 𝐼𝑓(𝐸𝑍𝐷 = 3 𝐴𝑛𝑑 𝐸𝑍𝐶 = 2, 20, 𝐹𝑀) (15) 

𝐹𝑀 = 𝐼𝑓(𝐸𝑍𝐷 = 3 𝐴𝑛𝑑 𝐸𝑍𝐶 = 1, 16, 𝐹𝑀) (16) 

𝐹𝑀 = 𝐼𝑓(𝐸𝑍𝐷 = 4 𝐴𝑛𝑑 𝐸𝑍𝐶 = 3, 20, 𝐹𝑀) (17) 
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𝐹𝑀 =  𝐼𝑓(𝐸𝑍𝐷 = 4 𝐴𝑛𝑑 𝐸𝑍𝐶 ≤ 2, 16, 𝐹𝑀) (18) 

𝐹𝑀 = 𝐼𝑓(𝐸𝑍𝐷 = 5 𝐴𝑛𝑑 𝐸𝑍𝐶 ≤ 2, 21, 𝐼𝑓(𝐸𝑍𝐷 = 5, 16, 𝐹𝑀)) (19) 

where 𝐹𝑀 is the resulting lithofacies model, values 1, 2 and 3 correspond to number codes 

assigned to 𝐸𝑍𝐷 and 𝐸𝑍𝐶; and values 16, 19, 20 and 21 correspond to Lithofacies Gm, St, Sr and 

Fl, as established in Table 8.5.  

 

 

Fig. 8.16. Result of lithofacies modelling within a channel geobody. (a) 3D lithofacies model. Rectangles 

show the location of vertical cross-sections (b) and (c). (b) Cross-section through a thalweg riffle zone. (c) 

Cross-section through a thalweg pool zone. 

 

Lithofacies modelling into PB geobodies 

 
As previously described for the modelling workflow at geobody scale, (Section 8.4.2.1) 

the point bar object has been modelled as successive channel objects in order to successfully 

reproduce LAPs. As each channel object, corresponding to a LAP, erodes the previous object it 

will be eroded by the next object. As such, it is only by using the object-depth trend property 

that it is possible to reproduce the lateral and vertical stacking of facies (fining-upward 

succession; stacking of Lithofacies Gm-St-Sr) within a PB geobody. 

Depth Trend and Energy Zones Model: 

LAP objects have been divided into 3 zones based on relative depth (Fig. 8.17). Zone 1, 

the deepest, corresponds to the basal pebble lag attributed to deposition in the pool zone of a 

laterally migrating channel thalweg (Lithofacies Gm). Zones 2 and 3, represent, respectively, the 

middle and upper parts of the LAP. Thus, zone 2 has been populated with Lithofacies St and zone 

3 has been populated with Lithofacies Sr. 
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The following logical statement was used to divide the object into the 3 zones, described 

above, based on the relative depth property of the object (Fig. 8.17; Table 8.7):  

𝐸𝑍𝐷 = 𝐼𝑓(𝐷𝑃 ≤ 0.3, 1, 0) (20) 

𝐸𝑍𝐷 = 𝐼𝑓(𝐷𝑃 > 0.3 𝐴𝑛𝑑 𝐷𝑃 ≤ 0.8, 2, 0) (21) 

𝐸𝑍𝐷 =  𝐼𝑓(𝐷𝑃 > 0.8, 3, 0) (22) 

where 𝐸𝑍𝐷 is the energy zone property derived from the depth trend property, 𝐷𝑃, of the objects 

which represent the LAPs. Values 0.3 and 0.8 represent the relative depth obtained from the 𝐷𝑃. 

Values 1 to 3 are the code numbers assigned for the energy-zone model derived from the depth 

trend property and represent zone 1 to zone 3, respectively. Value 0 represents the background. 

 

 

Fig. 8.17. (a) Depth trend property from a channel object. Note the red and green colours respectively 

represent the deepest and shallowest parts of channel object. (b) Energy-zones model calculated from 

the depth trend property of the channel object.  

 

Populating Lithofacies into PB geobodies:  

The population of Lithofacies was calculated with the following logical statements (Fig. 

18; Table 8.7): 

𝐹𝑀 = 𝐼𝑓(𝐸𝑍𝐷 = 1, 19, 𝐹𝑀) (23) 

𝐹𝑀 = 𝐼𝑓(𝐸𝑍𝐷 = 2, 20, 𝐹𝑀) (24) 

𝐹𝑀 = 𝐼𝑓(𝐸𝑍𝐷 = 3, 16, 𝐹𝑀) (25) 

where 𝐹𝑀 is the resulting lithofacies model; values 1, 2 and 3 correspond to the number code 

assigned to 𝐸𝑍𝐷; and values 16, 19 and 20 correspond to Lithofacies Gm, St and Sr, as established 

in Table 8.5. 
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Fig. 8.18. Results of lithofacies modelling within a point bar geobody. (a) 3D lithofacies model. Rectangles 

show the location of the cross-sections of figure (b). (b) cross-section through a PB object showing 

successive stacking of each lateral accretion packages (LAP). 

 

Lithofacies modelling into CS geobodies 

 
To model the lithofacies distribution into the CS geobodies, 3 object properties were 

combined: (1) the object-curvature property of the CS object, (2) object distance property 

derived from distance to the channel object, and (3) the depth trend property (Fig. 8.19; Table 

8.6). 

Curvature and the Energy Zones Model: 

Crevasse-splays are characterized by high-energy facies towards the central or axial 

zones where upper flow regime horizontal-laminated sandstones (Lithofacies Sh) are deposited. 

These evolve laterally into ripple-laminated sandstones (Lithofacies Sr) towards the margins of 

the geobody; On the basis of this concept and using the object-curvature property the object 

was divided into 3 zones: zone 1, corresponding to the central part of the object,  and defined 

as a high energy zone; zones 2 and 3, toward the axis of the object, defined respectively as 

medium and low energy zones, (Fig. 8.19c-d). The following logical statements were used to 

determinate this zonal differentiation (Table 8.7): 

𝐸𝑍𝐶 = 𝐼𝑓(𝐶𝑃 ≥ 2.9 𝐴𝑛𝑑 𝐵𝐶 > 0, 1, 0) (26) 

𝐸𝑍𝐶 = 𝐼𝑓(𝐶𝑃 < 2.9 𝐴𝑛𝑑 𝐶𝑃 ≥ 0.3 𝐴𝑛𝑑 𝐵𝐶 > 0, 2, 0) (27) 

𝐸𝑍𝐶 = 𝐼𝑓(𝐶𝑃 ≤ 0.3 𝐴𝑛𝑑 𝐵𝐶 > 0, 3, 0) (28) 

where 𝐸𝑍𝐶  is the energy-zones property derived from the object-curvature property, 𝐶𝑃 is the 

object-curvature property, and 𝐵𝐶  is the crevasse-splay bodies property. Values 2.9 and 0.3 are 

obtained from the object-curvature property of the crevasse-splay geobodies. Values 1, 2 and 3 
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are the code numbers assigned for the energy-zone model and represent higher energy, medium 

energy and lower energy zones, respectively. Value 0 represents the background. 

 

Distance from CH geobody and the Energy Zones Model: 

In crevasse-splays, the flow energy decreases from the apex towards the margin of the 

lobe. Therefore, crevasse-splay lobes show a lateral gradation in lithofacies from Sh-Sr-Sc, in the 

proximal part of the crevasse-lobe, to Lithofacies Sd-Sr, in the medial part of the crevasse-lobe. 

Toward the margins, crevasse-splay lobes comprise siltstone deposits (Ll and Lm Lithofacies) 

corresponding to settling from suspension.  Thus, from the object distance from CH property, 3 

zones (proximal, medial and distal) were differentiated (Fig. 8.19e-f). The following logical 

statements were used to determine this zonal differentiation (Table 8.7): 

𝐸𝑍𝐷𝑇 = 𝐼𝑓(𝐷𝑇𝑃 ≤ 130 𝐴𝑛𝑑 𝐵𝐶 > 0, 1,0) (29) 

𝐸𝑍𝐷𝑇 = 𝐼𝑓(𝐷𝑇𝑃 > 130 𝐴𝑛𝑑 𝐷𝑇𝑃 ≤ 200 𝐴𝑛𝑑 𝐵𝐶 > 0, 2, 0) (30) 

𝐸𝑍𝐷𝑇 = 𝐼𝑓(𝐷𝑇𝑃 > 200 𝐴𝑛𝑑 𝐵𝐶 > 0, 3, 0) (31) 

where 𝐸𝑍𝐷𝑇  is the energy-zones property derived from the object distance property of the 

channel object, 𝐷𝑇𝑃  is the object-distance property of the channel object and 𝐵𝐶  is the crevasse-

splay bodies property. Values 130 and 200 (metres) are obtained from the conceptual model of 

lateral variability for geobodies and facies (Fig. 8.6). Values 1, 2 and 3 are the code numbers 

assigned for the energy-zone model and represent higher energy, medium energy and lower 

energy zones, respectively. Value 0 represents the background.  

 

Depth Trend and Energy Zones Model: 

In order to represent the vertical stacking of lithofacies in CS geobodies, a zonation 

conditioned by the depth trend property has also been differentiated (Fig. 8.19g-h). Thus, the 

object has been divided into 3 zones based on its relative depth. The following logical statements 

were used to determinate this zonation (Table 8.7): 

𝐸𝑍𝐷 = 𝐼𝑓(𝐷𝑃 ≤ 0.33, 1,0) (32) 

𝐸𝑍𝐷 =  𝐼𝑓(𝐷𝑃 > 0.33 𝐴𝑛𝑑 𝐷𝑃 ≤ 0.66, 2, 0) (33) 

𝐸𝑍𝐷 = 𝐼𝑓(𝐷𝑃 > 0.66, 3,0) (34) 

where, 𝐸𝑍𝐷 is the energy zone property derived from the depth trend property, 𝐷𝑃 is the depth 

trend property. Values 0.33 and 0.66 represent the relative depth obtained from 𝐷𝑃. Values 1 to 

3 are the code numbers assigned for the energy-zone model as derived from the depth trend 

property. Value 0 represents the background. 
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Fig. 8.19. Geometrical properties of crevasse-splay objects (CS) and energy-zones properties. (a) CS body 

model. (b) Geobody model of a CS geobody. Note the differentiation between proximal crevasse-splay 

geobody (CSp) and distal crevasse-splay geobody (CSd); (c) Object-curvature property of the CS object; (d) 

Energy-zones property calculated from the object-curvature property; (e) Distance from CH object 

property. (f) Energy-zones property from object-distance property; (g) Depth trend property of the CS 

object and (h) Energy-zones property calculated from the depth trend property. 

 

Populating Lithofacies into CS geobodies: 

Combining the 3 energy-zone models (𝐸𝑍𝐶 , 𝐸𝑍𝐷𝑇 and 𝐸𝑍𝐷), shown above, the observed 

lateral and vertical stacking of lithofacies has been reproduced using the following logical 

statements (Fig. 8.20; Table 8.7): 

𝐹𝑀 = 𝐼𝑓(𝐺𝑀 = 3 𝐴𝑛𝑑 𝐸𝑍𝐷 ≥ 2 𝐴𝑛𝑑 𝐸𝑍𝐶 = 1, 20, 𝐹𝑀) (35) 

𝐹𝑀 = 𝐼𝑓(𝐺𝑀 = 3 𝐴𝑛𝑑 𝐸𝑍𝐷 = 3 𝐴𝑛𝑑 𝐸𝑍𝐶 ≥ 2, 17, 𝐹𝑀) (36) 
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𝐹𝑀 = 𝐼𝑓(𝐺𝑀 = 3 𝐴𝑛𝑑 𝐸𝑍𝐷 = 2 𝐴𝑛𝑑 𝐸𝑍𝐶 ≥ 2, 16, 𝐹𝑀) (37) 

𝐹𝑀 = 𝐼𝑓(𝐺𝑀 = 3 𝐴𝑛𝑑 𝐸𝑍𝐷 = 1 𝐴𝑛𝑑 𝐸𝑍𝐷𝑇 = 1, 15, 𝐹𝑀) (38) 

𝐹𝑀 = 𝐼𝑓(𝐺𝑀 = 4 𝐴𝑛𝑑 𝐸𝑍𝐷 = 1 𝐴𝑛𝑑 𝐸𝑍𝐷𝑇 ≤ 2, 18, 𝐹𝑀) (39) 

𝐹𝑀 = 𝐼𝑓(𝐺𝑀 = 4 𝐴𝑛𝑑 𝐸𝑍𝐷 ≥ 2 𝐴𝑛𝑑 𝐸𝑍𝐷𝑇 ≤ 2, 16, 𝐹𝑀) (40) 

𝐹𝑀 = 𝐼𝑓(𝐺𝑀 = 4 𝐴𝑛𝑑 𝐸𝑍𝐷 = 1 𝐴𝑛𝑑 𝐸𝑍𝐷𝑇 ≥ 2, 13, 𝐹𝑀) (41) 

𝐹𝑀 = 𝐼𝑓(𝐺𝑀 = 4 𝐴𝑛𝑑 𝐸𝑍𝐷 ≥ 2 𝐴𝑛𝑑 𝐸𝑍𝐷𝑇 = 3, 14, 𝐹𝑀) (42) 

where 𝐹𝑀 is the resulting lithofacies model; 𝐺𝑀 is the geobodies model, previously created; 

values 1, 2 and 3 correspond to the number codes assigned to 𝐸𝑍𝐶 , 𝐸𝑍𝐷𝑇, and 𝐸𝑍𝐷; and values 

13 - 20 correspond to the number codes established for lithofacies and summarised in Table 8.5. 

 

 

 

Fig. 8.20. Result of lithofacies modelling into a crevasse-splay geobody. See Figure 7.2 in Chapter 7 and 

Figure 8.5 for a comparison of the lithofacies model presented in this figure with the conceptual models 

obtained from outcrop and subsurface data. 
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8.4.3. Building a 3D Training Image 

 
The 3D Training Image (TI), used in this study was produced in a simple three-

dimensional grid using horizontal surfaces as base and top. The dimensions of this simple grid 

are 1395 m x 1195 m x 5 m. It also comprises a single zone and 10 proportional layers. The 3D 

cell dimensions for this simple grid are 5 m x 5 m x 0.5 m. Thus, the TI has a similar cell size to 

the 3D model framework. 

The first modelling workflow, at geobodies scale, was used to populate the simple grid 

and create the 3D Training Image (Fig. 8.21a). This 3D training image will be the basis for the 

MPS simulations presented in the next section. 

Significantly, comparison of a similar vertical section from the TI with the DOM, in order 

to perform a qualitative analysis of the resulting TI, reproduced the distribution, geometry, 

dimension and proportions of the interpreted sedimentary architecture. PB geobodies, for 

example, were always located on the, accretional margin adjacent to the CH geobody. In 

addition, the TI also captured the asymmetrical-sigmoidal shape of the PB geobodies. CS 

geobodies were, in contrast, always modelled on the erosive margin of the CH geobody and the 

lobate shape of these geobodies was successfully reproduced. Furthermore, the overlapping 

lobe geobodies, giving rise to crevasse-splay complexes were also reproduced by the TI as well 

as the differentiation between Proximal and Distal CS geobodies (Fig. 8.21). 

In a plan view, the 3D TI also reproduced the distribution, geometry, dimensions and 

proportions of the conceptual model for the interpreted geobodies (Fig. 8.22). The CH object 

replicated the interpreted ribbon-like plan view geometry, as well as, the crescent-shaped 

planform of PB geobodies and fan-shaped planform of CS geobodies. 
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Fig. 8.21. (a) 3D training image used in this study, created from the modelling workflow at geobody scale; 

(b) – (d) Comparison of interpreted digital outcrop models with similar vertical sections in the 3D TI. See 

(a) for location of vertical sections in the TI. 
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Fig. 8.22. Comparison of the 2D conceptual model interpreted for the M-S Unit (a) with a plan view 

extracted from the TI created in this study (b). 

 

8.4.4. Prediction of reservoir geobodies and uncertainty analysis from MPS-Based 

modelling 

 
In order to establish how the TI can help in the prediction of the reservoir geobodies, as 

well as adapting this prediction to the outcrop, MPS models were created. MPS-based modelling 

was carried-out only for Zone 5 of the 3D reservoir model as this corresponds to the selected 

interval (see Section 8.3 for details of why this interval was selected). In addition, Zone 5 contains 

more available input data and also the geocellular outcrop model, which will be used to compare 

the MPS-based modelling results with the outcrop.  

In addition, to establishing the influence of the input data on the predictions of the 

reservoir geobodies, five scenarios were generated based on the number of input data sources 

(wells and/or sedimentological logs). In each scenario, new input data was successively added, 

reducing the spacing between the hard data points. 

Thus, in Scenario 1, the CP0 well, comprising a CH geobody, was used as the input data. 

Wells CP0 and MB4 were used in Scenario 2. Both wells also penetrated a CH geobody. In 

Scenario 3, the CPML7 and CPMR7 wells, comprising CSp and FP geobodies, were added in 

addition to Wells CP0 and MB4. In Scenario 4, the MB3 and CPML 4 wells, characterized by PB 

geobodies, were added as compared to Scenario 3. Finally, Scenario 5 used Wells CP0, CPMR5, 

CPMR7, CPMR8, CPML4, CPML7, CPML9, MB3, MB4, and CBML2. CPMR5 and CPML9 drilled CSd 

and FP geobodies, whereas Wells CPMR8 and CBML2 are composed only of FP geobodies. For 

each scenario, 250 realizations were generated.  
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The paleogeographic reconstruction developed for Zone 5 (Fig. 8.23) shows that the 

orientation of the geobodies is not stationary. In other words, the orientation of the geobodies 

changes throughout the selected interval. In marked contrast, the TI generated for this study 

was built with a N-S orientation. To solve this contradiction, an additional property was 

generated. This property shows the variation of azimuth trend throughout Zone 5. This azimuth 

trend property was used as an additional soft data input data parameter, or mask, in order to 

obtain results which better match the conceptual model in the Zone 5 (Fig. 8.23). 

 

 

Fig. 8.23. (a) Paleogeographic reconstruction interpreted for Zone 5 showing the azimuth trend line of the 

channel-belt interpreted in Zone 5. (b) Azimuth trend property created from the azimuth trend line used 

as a mask in the MPS-based modelling process.  

 

Prediction of reservoir geobodies  

 
As interpreted, from the outcrop data, PB and CS geobodies are both linked to the CH 

geobody and thus provide information facilitating prediction of the location of the CH geobody. 

As such it would clearly be sufficient to obtain a reliable prediction for the CH geobody in order 

to establish the distribution of PB and CS geobodies. In addition, in order to establish the 

influence of input data containing PB and CS geobodies on the prediction of the CH geobody, 

only the calculation of CH probability, as outlined below, can help generate a better prediction. 

For this reason, the results shown in this section are focused on the prediction of the CH 

geobody. 

After 250 MPS simulations for each scenario, a 3D probability volume for the CH 

geobody was built. This probability is defined, for a given cell, as the sum of the CH geobody 

population divided by the total number of realizations. In other words, a cell with a probability 
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value of 50 means that from 250 realizations, the CH geobody populated the same cell in 50 

realizations. 

A qualitative analysis of the probability results for CH geobody, for each scenario, is 

presented below: 

Scenario 1: 

Probability results in Scenario 1 showed the highest values (>10 probability values) around the 

channel-belt thalweg predicted in the paleogeographic reconstruction. Probability values higher 

than 50 were estimated near the wells and towards the southeast. However, MPS simulations 

overestimated probability values for the CH geobody in both the north-northeast and the south-

west of the model (Fig. 8.24). 

Scenario 2: 

In scenario 2, results from the MPS simulations also show the highest probability values (>10 

probability values) around the predicted channel-belt thalweg. Probability values higher than 50 

were estimated only near the wells, in this case. MPS simulations also overestimated probability 

values for the CH geobody in the north-northeast and in the south-west of the model (Fig. 8.24). 

Scenario 3: 

In contrast to Scenarios 1 and 2, probability results in this scenario do not show the highest 

values (>10 probability values) around the complete predicted channel-belt thalweg. In addition, 

MPS simulations overestimated probability values for the CH geobody over a more extended 

area towards the northeast when compared with the previous scenarios. However, probability 

values >50 were obtained only near Wells CP0 and MB4. Wells CPML7 and CPMR7 are, in 

contrast, characterized by CS geobodies. Consequently, the addition of these wells helps to 

better constrain the highest probability values for the CH geobody location in outcrop (Wells 

CP0 and MB4), although, in contrast, the addition of Well CPMR7 does seem to have produced 

an increase of overestimated probability values for the CH geobody toward the northeast of the 

model grid, when compared with the previous scenarios (Fig. 8.24). 

Scenario 4: 

This scenario generated a similar distribution of highest probability values compared to Scenario 

3. MPS simulations decreased the overestimated probability values for the CH geobody towards 

the east compared to Scenario 3. Probability values higher than 50 were also obtained near 
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Wells CP0 and MB4, although the area for these probability values increased compared to 

Scenario 3 (Fig. 8.24). 

Scenario 5: 

MPS simulations of Scenario 5 decreased the overestimated model area for CH geobody 

probability values towards the east, compared to Scenarios 3 and 4. Probability values higher 

than 50 were also obtained near Wells CP0 and MB4, and with a similar area, when compared 

to Scenario 4 (Fig. 8.24). 

In summary, all scenarios showed an overestimation of CH geobody prediction, both in 

the northeast and southwest of the model. However, it is also worthy of note that the highest 

probability values are associated with the area suggested by the paleogeographic 

reconstruction. On the other hand, an increase in input data, even though these additional wells 

do not contain a CH geobody, clearly serves to constrain the highest probability values for the 

location of the CH geobody, although this appears to have been at the expense of generating an 

increase of overestimated probability values in other zones of the model. These overestimated 

probability values are produced because input data are not available in this part of the model 

and, thus, the algorithm has a high degree of freedom resulting in the repetition of the 

mathematical pattern.  
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Fig. 8.24. Probability results for CH geobody prediction in each scenario. The left-hand column shows the 

paleogeographic reconstruction for Zone 5 (Fig. 8.7). The middle column shows the 3D probability volume 

for the CH geobody. Right hand column shows the 3D probability volume for the CH geobody with 

probability values of <10 filtered. 
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Uncertainty analysis 

 
To establish the accuracy of the modelling results compared with outcrop data, each 

realization was compared with the geocellular outcrop model. To do this, the total number of 

cells in each realization which have the same value of CH, PB and CS geobodies, in comparison 

with the geocellular outcrop model cells, was calculated. For this study this value has been 

termed as “Match”. The “Match" values are represented as a percentage: 

𝑀𝑎𝑡𝑐ℎ (%) =  
𝑁𝑅

𝑁𝑇
∙ 100 

(27) 

where 𝑁𝑅 is the number of cells in each realization with the same values of CH, PB and CS 

geobodies in the geocellular outcrop model and 𝑁𝑇 is the total number of cells in the outcrop 

geocellular model (306 upscaled cells).  

Match results show that, in Scenario 1, with data input only from Well CP0, match values 

range from 3% to 41%, with a mean value of 15% (Fig. 8.25a and Table 8.8). Adding one new 

source of input data, Well MB4, increased mean match values by 11%, according to results 

obtained in Scenario 2. This showed match values ranging from 5% to 46%, with a mean value 

of 26% (Fig. 8.25b and Table 8.8). Both scenarios are characterized by the presence of the CH 

geobody.  

In Scenario 3, two new wells, CPML7 and CPMR7, were added. These wells are 

characterized by CSp, CSd and FP geobodies. Scenario 3 showed match values ranging from 12% 

to 51%, with a mean value of 29% (Fig. 8.25c and Table 8.8). However, despite adding two new 

data points, this scenario only increased mean match values by 3% compared to Scenario 2. 

Scenario 4 showed match values ranging from 24% to 56%, with a mean value of 40% 

(Fig. 8.25d and Table 8.8). In this scenario Wells MB3 and CPML4 were added to the model, both 

of which are characterized by PB geobodies. Scenario 4, in contrast to Scenario 3 showed a 

notably more significant increase in the mean match values of 11%.  

Finally, adding four new wells in Scenario 5, characterized by both CSd and FP geobodies, 

resulted in the mean match value increasing by 4% compared to Scenario 4. Match values range 

from 31% to 62%, with a mean value of 44% (Fig. 8.25e and Table 8.8).  
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Fig. 8.25. Cumulative frequency, histogram and distribution of match values for each scenario. 
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Table 8.8. Number of input wells, input upscaled cells and match values for each scenario. Upscaled cells 

from Input wells column represents the total number of upscaled cells used as input data for each 

scenario. Minimum (Min), maximum (Max) and mean match values are shown. The standard deviation 

(Std), P10 and P90 match values also are presented, based on 250 realizations.  

   Match (%) 

Scenario Input wells 
upscaled cells 

from wells 
Min Max Mean Std P10 P90 

1 1 10 3 41 15 6.0 8 23 

2 2 20 5 46 26 8.4 15 38 

3 4 40 12 51 29 6.9 19 37 

4 6 60 24 56 40 5.5 33 47 

5 10 90 31 62 44 5.7 37 52 

 

The results of the match process for the five scenarios, described above, show a linear 

relationship between the number of upscaled cells (input data), used to create the simulation, 

and the match (Fig. 8.26). However, the highest increases in match values were observed in 

Scenarios 2 and 4, where the match increased by 11% in both cases, compared to Scenarios 1 

and 3, respectively. Scenario 2 added as new input data, one well (MB4) characterized by a CH 

geobody, whilst Scenario 4 added two wells characterized by PB geobodies. Scenarios 3 and 5 

also increased match values but these match increases were only of 3%, in Scenario 3, and 4%, 

in Scenario 5, compared to Scenarios 2 and 4, respectively. Both scenarios 3 and 5, added, as 

new input data, wells characterized by CS and FP geobodies.  

 

 

Fig. 8.26. Plot of upscaled cells from wells versus match for each scenario. P10, P50 and P90 match values, 

based on 250 realizations, are plotted.  
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In summary, match results showed an increase in match values for all scenarios, but this 

increase was more substantial when the input data were characterized by CH and PB geobodies 

in comparison to cases in which input data are characterized by CS and FP geobodies (Fig. 8.27). 

Furthermore, standard deviation (Std) generally decreases as upscaled cells from wells 

increases, indicating that an increase in input wells reduces uncertainty.  

 

 

Fig. 8.27. Plot showing the cumulative match frequency for the five scenarios. Note how the cumulative 

frequency curve shifts to higher match values with increasing input data. The highest shift of the 

cumulative frequency curve towards higher match values occurs in Scenarios 2 and 4. The curve with the 

steepest slope occurs in Scenario 4, indicating a lower dispersion in match values in this scenario 

compared to the others.  

 

8.4.5. Static Reservoir Connectivity in M-S Unit 

 
The modelling of static reservoir connectivity provides information into expected 

connected reservoir volumes for different net-to-gross ratios and well spacings. These results 

are useful for reserve estimation, infill-drilling program design and the selection of intervals for 

completion (Pranter & Sommer, 2011).  

Measures of static connectivity have been defined differently by different workers. 

Larue & Hovadik (2006) differentiated two types of connectivity: (1) geobody or sandbody 

connectivity where the term refers to the connectivity of individual elements in a reservoir, such 
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as amalgamated channel deposits; and (2) reservoir-to-well connectivity, where connectivity is 

defined as the proportion of the reservoir connected to wells. Reservoir connectivity has been 

described by Pranter & Sommer (2011) as the part of a reservoir that is connected to wells and 

is the volume of reservoir rock that is connected to wells divided by the total volume of reservoir 

rock, measured as a percentage. Other definitions of connectivity involve characterization of 

permeability heterogeneity and evaluation of subsurface fluid flow. 

Static reservoir connectivity as used here, is a percentage calculated as the volume of 

sandstone bodies connected to a particular pattern of wells, directly or indirectly, divided by the 

total sandstone volume (Pranter & Sommer, 2011). This measure of connectivity does not 

account for the dynamic flow of fluids through the reservoir. For this study, the static reservoir 

connectivity is considered in terms of connected reservoir. 

Throughout this section, in order to quantitatively evaluate the static reservoir 

connectivity of the M-S Unit (or Reservoir Zone 1 of the TIBEM succession in Alcaraz area), the 

3D reservoir model framework, previously presented, has been populated using the Object-

based modelling technique. Following the interpretation of the stratigraphic succession 

(Chapter 4 and Section 8.3) for the M-S Unit in the study area, 16 channel geobodies were 

modelled (Fig. 8.28a). Based on 200 realizations, the best realization for each zone, representing 

the interpretation from outcrop and subsurface data, was selected. Subsequently, workflows for 

geobodies and lithofacies modelling, as outlined above, were applied in order to establish the 

heterogeneity distribution within the M-S Unit. (Fig. 8.28b-c). 

As described in Chapter 7, some lithofacies which comprise the geobodies can be 

considered as potential flow baffles, eg. Lithofacies Fl toward the top of the channel fill (mud 

plug), not all the lithofacies which comprise the reservoir geobodies described in the M-S Unit 

can be considered as net. In addition, recent studies focused on the petrophysical and diagenetic 

characteristics of the M-S Unit (Henares et al., 2014, 2016a, b) have established a good match 

between reservoir properties and lithofacies distribution. This relationship is a direct 

consequence of the primary control exerted by depositional features, notably detrital clay 

abundance and distribution, on diagenetic evolution and thus on reservoir quality. As such, 

permeability will most probably be higher in those facies associations where grain coating clays 

are well-developed and significant primary porosity preserved. Conversely, those lithofacies 

characterized by pervasive gypsum cement will show the poorest reservoir quality. This suggests 

that even the sandstone facies linked with distal crevasse-splay geobodies (medial crevasses-
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splay facies association (MSFA 7) as described by Yeste et al., 2020) may have favourable 

petrophysical characteristics, and thus be considered a potential hydrocarbon reservoir.  

In this sense, Lithofacies Gm, Sh, St, Sr and Sc can be considered as reservoir facies (net) 

whereas Lithofacies Sd, Ll, Lm and Fl can be considered as non-reservoir facies (gross). Through 

the resultant lithofacies model, a reservoir facies model was created (Fig. 8.28d), which is 

effectively a 3D model of net-to-gross distribution in the M-S Unit. This reservoir facies model 

will be used to estimate the static reservoir connectivity of the M-S Unit. 

As described above, the static reservoir connectivity is calculated from the volume of 

connected sandstone bodies (or connected reservoir facies). The estimated vertical proportions 

from the reservoir facies model (Fig. 8.28e) and the connected volumes model (Fig. 8.28f), which 

represents the total of reservoir volumes from the 3D reservoir model framework (calculated 

from laterally and vertically connected reservoir facies), show a total of 13 volumes. In other 

words, of the 16 modelled channels, and their associated geobodies, only 3 are connected three-

dimensionally in the reservoir facies model. 

In addition, the static reservoir connectivity differs as a function of the net-to-gross 

ratios and well spacings. To address this issue five well-pattern-based static connectivity 

analyses were initially carried-out, for the reservoir facies model, each with a grid-based design 

(Fig. 8.29): 1 well in the centre of the model, 5 wells with 1000 m spacing, 9 wells with 500 m 

spacing, 25 wells with 250 m spacing and 81 wells with 125 m spacing, were used. All well 

distribution patterns follow a symmetrical grid (Fig. 8.29). Subsequently, and in order to 

estimate how static connectivity varies in relation to different net-to-gross values and, so 

establish the role of point bar (PB) and crevasse-splay (CS) geobodies in the static reservoir 

connectivity, three scenarios, combined with the five well-patterns described above (Fig 8.29) 

were considered. The first scenario considered only the connectivity between the reservoir 

facies of the CH geobodies (net-to-gross of 2.1%). The second scenario considered the reservoir 

facies of both CH and PB geobodies (net-to-gross of 5.8%), whilst in the third scenario all 

reservoir facies (CH, PB and CS geobodies; net-to-gross of 9%) were considered (Fig. 8.30). 
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The results of the 3D static reservoir connectivity analyses show an increase in 

connectivity correlated with increases in well density, and also with the net-to-gross ratio. This 

increase is not always linear as the ‘S-curve’ trend is observed for low well density. However, as 

well density increases, the relationship between static reservoir connectivity and the net-to-

gross ratio becomes more linear (Fig. 8.31). 

The cross-plot of well design scenarios versus connected reservoir (Fig. 8.31) shows, for 

the first scenario (considering only the reservoir facies of CH geobodies), how the static reservoir 

connectivity increases most steeply between the design with only a single well and the design 

with 5 wells, increasing the connected reservoir from 12.7% to 46.8%; whilst a strong positive 

correlation is observed between designs with 9, 25 and 81 wells (increasing the connected 

reservoir from 46.8% to 65.1%, 84.1% and 100%, respectively).   

In the case of Scenario 2 (considering the reservoir facies of both CH and PB geobodies), 

the increase in static reservoir connectivity between the designs with 1 and 5 wells is less steep 

(from 39.3 to 52% of connected reservoir) when compared with Scenario 1. Similar linear 

relationships are also observed between designs with 5, 9 and 25 wells (from 52% to 79.9% and 

100% of connected reservoir, respectively). In this scenario, with 25 wells (250 m well spacing), 

100% of reservoir is connected (Fig. 8.31). 

Scenario 3 (considering all reservoir facies) shows a similar linear trend between 

increasing well numbers and connectedness to Scenario 1. Significantly, in this scenario, with 

only 9 wells and a spacing of 500 m, 100% of the reservoir is connected (Fig. 8.31). 

In summary, comparison of the three scenarios shows an enhancement of static 

reservoir connectivity when considering the reservoir facies of both PB and CS geobodies. Even 

with only a single well, static reservoir connectivity increases from 12.7%, considering only 

reservoir facies of CH geobody, to 39.3%, considering the reservoir facies of PB geobodies; and 

from 39.3% to 51% if reservoir facies of CS geobodies are also considered. In contrast if 5 wells 

are used, the enhancement to static reservoir connectivity is minimal when comparing Scenarios 

1 and 2 (only 5.2% more of the reservoir is connected). In all other configurations, however, the 

impact on static reservoir connectivity, of considering both PB and CS geobodies is substantial. 
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Fig. 8.31. Plot of well designs (number of wells) versus static reservoir connectivity for the three scenarios 

considered in this study. Static reservoir connectivity is lowest at a low well density. As might be expected, 

as well density increases, the static reservoir connectivity also increases with the notable exception of 

Scenario 3 in which case there is no increase in static reservoir connectivity after 9 wells, because 100% 

of reservoir facies are connected. Note static reservoir connectivity is enhanced when considering 

reservoir facies from PB and CS geobodies in all well designs. For example, considering only CH geobodies, 

for well design 1 (1 well), the static reservoir connectivity is 12.7% and can be as high as 39.3%, considering 

reservoir facies of PB geobodies, or 51%, considering reservoir facies of CS geobodies.  

 

As previously demonstrated, the consideration of reservoir facies associated with CS 

geobodies clearly enhances the static reservoir connectivity. But how does the relative 

abundance of CS geobodies influence this enhancement in static reservoir connectivity? 

The previous scenario (third scenario) considered a CS reservoir facies proportion (% of 

total net-to-gross corresponding to the CS reservoir facies) of 3.3% (5 crevasse-splays per 

channel storey). To establish the impact of CS geobodies on the static reservoir connectivity, 

four new scenarios have been considered, depending on the CS geobody proportions (Fig. 8.32):  

(1) 1.1% of CS reservoir facies (1 CS geobody per channel storey), 6.8% of net-to-gross; 

(2) 2.4% of CS reservoir facies (3 CS geobodies per channel storey), 8.2% of net-to-gross; 

(3) Same proportions as the third scenario in the previous section (3.3% of CS reservoir 

facies – 5 CS geobodies per channel storey), 9% of net-to-gross; 
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(4) 4.5% of CS reservoir facies (10 CS geobodies per channel storey), 10.3% of net-to-gross; 

and 

(5) 5.8% of CS reservoir facies (20 CS geobodies per channel storey), 11.5% of net-to-gross;  

 

 

Fig. 8.32. 3D models of connected reservoir sandstones for five scenarios each reflecting differing 

proportions of CS geobodies (considering 1, 3, 5, 10 and 20 CS geobodies, respectively) and five well-

patterns. Non-reservoir facies have been rendered transparent. Column A shows the modelled reservoir 

facies for each scenario, considering CH, PB and CS reservoir facies, with varying proportions of CS 

geobodies. Columns B to F show connected reservoir facies for well designs 1 to 5 (1, 5, 9, 25 and 81 wells 

respectively). The percentages posted below each model in Column A are the net-to-gross ratios. The 

percentages posted below each model in columns B-F are the static reservoir connectivity values 

(percentages of contacted net reservoirs by wells). Vertical exaggeration is two times.  
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 Comparing the five scenarios, a similar trend in Scenario 1 (which considers 1 CS 

geobody per channel storey – 6.8% of net-to-gross) is observed compared to Scenario 2 of the 

previous section (which considers reservoir facies of both CH and PB geobodies – 5.8% of net-

to-gross). The impact of crevasse splays, in this scenario, on reservoir connectivity appears to be 

minimal (only 5.3% more of the reservoir is connected compared to the impact of reservoir 

facies associated with PB geobodies; Fig. 8.33). 

The remaining scenarios show a similar linear trend when compared to each other. In 

these scenarios, the impact of the CS reservoir facies is substantial, even in Scenario 2 (with 3 

CS geobodies per channel). In other words, with proportions of as little as 2.4% of CS reservoir 

facies, the static reservoir connectivity is enhanced by 38.9%, compared to a scenario that 

considers only CH reservoir facies; and by 12.3%, compared to a scenario that considers 

reservoir facies of CH and PB geobodies, with a single well (Fig. 8.33).  

 

Fig. 8.33. Plot of well designs (number of wells) versus static reservoir connectivity for the five scenarios 

considered, depending on the proportion of CS geobodies. These are also compared with one scenario 

that considered only CH reservoir facies and another which considered both CH and PB reservoir facies. 

Note that the impact of CS reservoir facies is substantial, even in a scenario that considered only 1 CS 

geobody per channel step.  

10

20

30

40

50

60

70

80

90

100

1 5 9 25 81

C
O

N
TA

C
TE

D
 R

ES
ER

V
O

IR
 (

%
)

WELLS
CH+PB+CS (20 CS - 11.5% NTG) CH+PB+CS (10 CS - 10.3% NTG) CH+PB+CS (5 CS - 9% NTG)
CH+PB+CS (3 CS - 8.2% NTG) CH+PB+CS (1 CS - 6.8% NTG) CH+PB (5.8% NTG)
CH (2.1% NTG)



Chapter 8 

282 

8.5. Discussion 

 
The present study highlights the use of outcrop analogues in reservoir modelling (Pringle 

et al., 2006; Enge et al., 2007; Hodgetts, 2013; Howell et al., 2014; Colombera et al., 2016; 

Cabello et al., 2018). This integrated study of outcrop and subsurface data has allowed the 

generation of quantitative conceptual models which have proven extremely useful in 

geostatistical modelling. This is especially so when it comes to planning modelling strategies as 

well as producing training images. In addition, recent technical advances in digital outcrop 

characterization and data capture have proven to be a valuable tool, allowing precise 

uncertainty analysis of the modelling results. 

Recent studies clearly indicate the usefulness of digital outcrop models in reservoir 

modelling, as well as, in the generation of training images by integrating spatial information 

obtained directly from outcrop measurements (Dimitrakopoulos et al., 2010; Boucher, 2011; 

Renard & Allard, 2013; Pickel et al., 2015; Cabello et al., 2018; Puig et al., 2019; Mitten et al., 

2020). Current common techniques used in the construction of reservoir models are OBM 

(Object-Based Modelling) or SIS (Sequencial-Indicator Simulation) methods, a reflection of the 

inherent complexities typically associated with generating the appropriate training images 

required for MPS modelling techniques.  

In attempts to resolve this issue, several authors have used DOM data to generate 2D 

TIs (eg., Comunian et al., 2012; Pickel et al., 2015). These TIs demonstrated a clear vertical facies 

trend but did not well represent the 3D facies pattern. An alternative approach to constructing 

TI is the OBM method as proposed by other authors (e.g., Pyrcz et al., 2008; Bezrukov & 

Davletova, 2010; Gottschalk et al., 2017; Tahmasebi, 2018). Mitten et al. (2020) to combine 

information from DOMs, to represent vertical facies patterns (Z dimension), and satellite images 

to represent the other two dimensions (X and Y).  However, this manual development of training 

images is laborious, as it requires multiple iterations and manual checks of intersectional planes 

throughout the training image volume and target fractions to ensure that input statistics are 

honoured. 

The current study combines the information obtained from both outcrop and subsurface 

data with the OBM methodology to create a 3D TI from the designed modelling workflow. The 

resulting 3D TI represents all heterogeneities, at geobody scale, described in the studied outcrop 

and, also, the spatial relationships between geobodies. Both 3D TI and modelling workflows are 

directly exportable to any similar reservoir.   
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Using the TI, subsequent MPS simulations generated reliable predictions for the CH 

geobody, although all scenarios showed an overestimation both in the northeast and southwest 

sectors of the model. This overestimation was, however, expected as a response to: (a) the 

spatial relationships between the geobodies generated in the TI and; (b) the dimensions of the 

TI. However, despite these issues, the highest probability values still occur in the area suggested 

by the paleogeographic reconstruction (Fig. 8.7).  

Increasing the amount of input data in the model, located close to the target (CH 

geobody), showed a match increase (Fig. 8.27). On the other hand, although the additional wells 

did not penetrate the CH geobody but rather, PB or CS geobodies; they still play an important 

role in the MPS simulations, increasing the match and delimiting the probability zones with 

greater confidence (Fig. 8.25 and Fig. 8.27).  

Depending on the aim, and on the basis of the results obtained in this study, a 

hypothetical initial field design, characterised by a low density of evenly spaced wells located 

across the model area, would improve the prediction of geobody location. In contrast, if the 

objective is a late development infill-drilling program, widely-spaced wells located along the 

azimuth trend of the target (CH Geobody) would also improve the prediction of reservoir 

geobodies.  

The results for the 3D static reservoir connectivity presented in this study for the M-S 

Unit, reveal an increase directly correlated with increasing net-to-gross ratio for all well designs. 

Furthermore, the results also highlight the importance of considering the reservoir facies of both 

PB and CS geobodies in estimations of reservoir connectivity in this type of fluvial reservoir. 

Donselaar & Overeem (2008) suggested that if channel-floor sandstone ribbons connect point-

bar deposits (forming a “string-of-beads” sandstone body, specifically in low-gradient, mixed 

load fluvial systems), this could shift the ‘S-curve’ trend in the plots which show the static 

reservoir connectivity increase as a function of the number of wells and/or net-to-gross, such 

that static sandstone body connectivity increases more steeply at lower net-to-gross ratios.  

In this study, it has been demonstrated that if PB geobodies are included in the model, 

static reservoir connectivity is enhanced, showing a steep increase in connectivity compared 

with the scenario that considered only CH geobodies (static reservoir connectivity increased up 

to 26.6%, for a single well; Fig. 8.31). A similar study for static reservoir connectivity of fluvial 

sandstones was presented by Pranter & Sommer (2011) in the lower Williams Fork Formation 

(Piceance Basin, Colorado). These authors demonstrated how static connectivity is sensitive to 

sandstone body width and varies with net-to-gross ratio and well spacing. The authors 
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considered a minimum net-to-gross of 10% for their study. The results of this study thus 

complement the contributions of Pranter & Summer (2011) with respect to fluvial reservoirs 

with lower net-to-gross ratios (less than 10%; Fig. 8.30 and Fig. 8.32).  

In addition, Pranter et al. (2014), and also Fenn & Pranter (2014), concluded that is 

necessary to evaluate the impact that crevasse-splays may have on static reservoir connectivity. 

This study has addressed this issue in some considerable detail and has shown how the 

consideration of crevasse-splay geobodies can substantially improve the static reservoir 

connectivity, although it is important to emphasize that a preliminary estimation of the 

proportion of CS geobodies is necessary. If these geobodies represent an increase in net-to-gross 

of approximately 1%, their impact on reservoir connectivity will be minimal (reservoir 

connectivity will be enhanced by approximately only 5%). Conversely, if CS geobodies represent 

a net-to-gross increase of approximately 2.5% or more, the impact will be substantial. An 

increase, for example, of 2.4% in net-to-gross, considering 3 CS geobodies per channel step, 

enhanced reservoir connectivity by 12.3% compared to a scenario that considers only the 

reservoir facies of CH and PB geobodies (Fig. 8.33). This confirms the importance of crevasse 

splay deposits in high sinuosity fluvial reservoirs, not necessarily in terms of absolute volumes, 

but in terms of their significant impact on improving overall connectivity within the reservoir. 

 

8.6. Conclusions 

 
The current study, integrating both outcrop and subsurface data, has successfully 

demonstrated the application of outcrop analogues as a basis for informing, designing and 

testing predictive tools for forecasting the reservoir architecture of high-sinuosity fluvial 

successions in the subsurface. 

The outcrop/behind outcrop methodology has allowed the generation of quantitative 

conceptual models useful in geostatistical modelling. This is especially so, when it comes to 

planning modelling strategies as well as producing training images. High-Resolution Digital 

Outcrop Models (DOMs) have proven to be a useful tool in geostatistical modelling. The DOMs 

help to incorporate more geological data (Digitized facies, geometric data, the relationships 

between facies distributions, virtual sedimentological logs, etc.) into the modelling process 

allowing us to generate more robust geostatistical models. These then provide the necessary 

data to obtain a geocellular outcrop model and thereby have a greater control over the results 

obtained. 
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Modelling workflows designed for this study have successfully reproduced the 

distribution of heterogeneities interpreted within the M-S Unit at both geobody and lithofacies 

scales. These modelling workflows are potentially exportable to other examples of this type of 

reservoir, for the development of training images and/or directly for use in the reservoir facies 

modelling. 

Probability models obtained from MPS simulations, and using the 3D training image 

created for this study, generated a good prediction of the channel geobody throughout the 

model framework, in agreement with the paleogeographic reconstruction, even when 

considering a scenario in which only one well drilled the channel. MPS simulation results also 

showed mean match values ranging from 15% to 44%, depending on the scenario considered. 

An additional key conclusion is that a low density well-spacing design oriented along the 

predicted azimuth trend of the channel geobody improves the prediction of the distribution of 

reservoir geobodies.  

Well-pattern-based static reservoir connectivity analyses for the M-S Unit also 

demonstrated how static reservoir connectivity is sensitive to geobody type and varies with the 

net-to-gross ratio and well spacing. Static reservoir connectivity analyses reveal the importance 

of including both point bar and crevasse-splay geobodies as they produce a significant increase 

in static reservoir connectivity at all well spacings. Crevasse-splay geobodies enhance static 

connectivity at all well spacings; understanding their volumetric significance and spatial 

distribution is therefore of critical importance in the modelling of low gradient, high sinuosity 

fluvial systems in the subsurface. 



 

 



 

287 

 

 

 

CHAPTER 9: 

General Conclusions 
 
 
 
 
 
 

9.1. General Conclusions 

 
The principle aim of this Thesis was to generate datasets from outcrop analogues in 

order to significantly improve understanding of the sedimentological variables which condition 

the optimal exploration and development of highly heterogeneous reservoirs. These datasets 

include key identifying characteristics, both in outcrop and subsurface data (core and well logs), 

as well as quantitative conceptual models and paleogeographic reconstructions, including 

geometric data and the distribution of internal heterogeneities, at lithofacies scale, of the 

sedimentary geobodies identified in the studied outcrops. For this purpose, a Triassic succession, 

exposed in Central SE Spain (Triassic Red Beds of Iberian Meseta - TIBEM), was selected for 

study. This succession can be considered as a reservoir-analogue outcrop for similar reservoirs 

composed of fluvial deposits, from both high-sinuosity and low-sinuosity systems, and the 

deposits of mixed tidal and wave-influenced shoreline systems. The results obtained in this study 

lead us to the conclusions that are detailed below. 

Through the OBO characterization of the high-sinuosity fluvial system example  (M-S 

Unit), a total of ten facies associations were identified and characterized, both from core and 

wireline logs; namely main channel (MSFA 1), point bar (MSFA 2), scroll bar (MSFA 3), chute 

channel (MSFA 4), crevasse channel (MSFA 5), proximal to distal crevasse-splay complex (MSFA 

6 to MSFA 8), distal floodplain (MSFA 9) and swamp (MSFA 10) facies association. These facies 

associations form four different geobodies: 

- (i) Channelized geobodies consist only of Facies Association MSFA 1. These geobodies 

are up to 3 m thick and up to 40 m in width, with a ribbon-shape in plan view and 

lenticular geometry in 2D cross section, characterized by a fining-upward sequence 
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comprising Lithofacies Gm-St-Sr-Fl. These ribbon-shaped geobodies show an amplitude 

of up to 200 m and a wavelength of up to 400 m. The presence of mud plugs toward the 

top of these geobodies are considered as potential flow barriers. Channelized geobodies 

are also distinguished in the Gamma Ray by the stacking of several bell-shape and fining-

upward trend. Dip tadpole analysis highlights several low angle (dip angles of <15°) 

internal surfaces which correspond to the channel base erosional surfaces. Between 

these erosional surfaces, a set of dips with both random azimuth and dip angles 

between 5° and 25° are recorded, interpreted as trough cross-bed foresets.  

 

- (ii) Asymmetric sigmoidal-shaped geobodies are formed by Facies Associations MSFA 2 

to MSFA 4, up to 3.6 m thick and up to 130 m in width. These geobodies, distinguished 

by a series of stacked packages bounded by inclined master bedding surfaces (Lateral 

Accretion Packages – LAPs), are associated with the inner margin of channelized 

geobodies. Internally, at bed-scale, these geobodies are characterized by a fining-

upward succession composed of Lithofacies Gm-St-Sr. Locally, mud drapes occur 

between LAPs and would be interpreted as baffles or barriers to potential flow in 

subsurface equivalents. Locally, these sedimentary geobodies also contain minor 

channel geobodies toward the top of the succession, characterized by a fining-upward 

sequence, from fine-grained sandstones into siltstones, interpreted as chute channels. 

These minor channels could also be interpreted as important barriers to flow. In the 

Gamma Ray, asymmetric sigmoidal-shaped geobodies are characterized by a funnel 

shape and coarsening-upward trend, at the base, and a bell shape and fining-upward 

trend toward the top, of GR response. Two dip tadpole groups are characteristic of these 

geobodies: (a) shallow-to-steep-to-shallow dip angles towards the top, correspond to 

lateral accretion surfaces; and (b) tadpole sets with random azimuth and dip angles 

between 5° and 25°, which represent trough cross-bed foresets. 

 

- (iii) Lobe-shaped geobodies are up to 2 m thick with up to 230 m of lateral extension, 

perpendicular to the main flow direction of the channel belt and from their insertion 

point (erosive margin of a channelized geobody); and a variable width ranging from 65 

m in proximal zones to up to 115 m in distal zones. Internally, four facies associations 

have been distinguished within these geobodies: crevasse channels (MSFA 5) 

characterized by Lithofacies St-Sr-Sw, and preserved locally in the uppermost part of 

these geobodies, proximal crevasse-splay complex (MSFA 6) characterized by the 

stacking of Lithofacies Sh-Sr-Sc, medial crevasse-splay complex (MSFA 7) characterized 
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by the succession of Lithofacies Sd-Sr and distal crevasse-splay complex (MSFA 8) 

represented by Lithofacies Ll and Lm. Commonly, lobe-shape geobodies appear to be 

amalgamated, forming crevasse-splay complexes ranging from 1.1 m to 4 m in thickness. 

The high-resolution analysis of GR log trends within these lobate geobodies showed a 

predominant funnel-shaped GR response for proximal, medial and distal crevasse-splay 

deposits, reflecting the progradation of the overbank facies in successive flood events. 

Crevasse channel deposits, in contrast, show a bell-shaped GR trend. The high-

resolution analysis of dip tadpoles revealed patterns associated with the different 

segments of the crevasse-splay lobe: (i) tadpoles with randomly distributed azimuth and 

dip angles between 5° and 25° are associated with trough cross-bedding in MSFA 5; (ii) 

tadpoles with unidirectional azimuths and low-dip angles are associated with horizontal 

and ripple-laminated sandstones in MSFA 6; (iii) randomly distributed dip angles and 

azimuths and unidirectional azimuths associated with low dip angles corresponding 

respectively to syn-sedimentary deformation structures and ripple-laminated 

sandstones, are associated with MSFA7; and (iv) unidirectional azimuths and low dip 

angles between mud rock laminae are associated with MSFA 8. 

 

- (iv) Tabular geobodies are characterized by distal floodplain (MSFA 9) and swamp 

deposits (MSFA 10). Distal floodplain deposits (MSFA 9), characterized by Lithofacies 

Fm, vary between 100 m and 1000 m in width, forming packages only 0.6 m thick. 

Locally, within the distal floodplain, swamp deposits (MSFA 10), characterized by 

Lithofacies Fl, occur and which are up to 100 m wide and 0.5 m thick. These tabular 

geobodies are characterized by a typically serrated shape and aggrading GR response 

with high API values. Dip tadpole analysis revealed very low dip angles (<10°) and 

unidirectional azimuths for these tabular geobodies. In addition, tadpoles with very high 

dip angles (30° to 75°) and a bi-directional azimuth, are associated with pedogenic 

slickensides structures. 

This outcrop analogue dataset for high-sinuosity, low gradient fluvial systems, including key 

geometric and sediment geobody dimension data, is especially valuable for the crevasse-

splay/floodplain elements which, otherwise, are not so well-known and may often act as a 

secondary reservoir. The predictive conceptual model generated from outcrop and subsurface 

data allows us to estimate, with some confidence, how far a well drilled through crevasse-

splay/floodplain deposits might be from a main channel and potential primary reservoir, a 

prediction of significant value in exploration and appraisal. In addition, the identification of 
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amalgamated crevasse-splay complexes is of considerable importance; because they are also 

potential reservoirs as both proximal crevasse-splay and crevasse channel deposits comprise 

similar lithofacies, in addition to being directly connected to the main channel. Amalgamated 

crevasse-splay complexes can also be used to estimate the dimensions of the main channels in 

intervals where the channel body itself is not directly penetrated by a well. The thickness of the 

main channel will be similar to that of the amalgamated crevasse-splay complexes. Thus, a 

detailed study of the proposed facies associations in core, and a high-resolution study of both 

GR log response and dip tadpole patterns would lead to a correct identification of depositional 

sub-environments, geobody geometries, dimensions, orientations and thus a better estimate of 

net reservoir volume. 

In the case of the low-sinuosity fluvial example (S Unit), two geobodies, comprising two 

facies associations (SFA 1 and SFA 2), were identified: 

- (i) Channel geobodies; up to 20 m thick and 300 m in width, have a lenticular geometry 

in 2D cross section and low sinuosity in plan view. This reservoir geobody is 

characterized by Facies Association SFA 1, composed of fining- and thinning-upwards 

packages comprising Lithofacies Sh/Sm-St-Sr. Locally, Lithofacies Gm appears toward 

the base of these geobodies. Thin (cm-scale) mud drapes between the different 

packages could be potential baffles or even barriers to vertical fluid flow and would tend 

to compartmentalize these otherwise laterally extensive geobodies. 

  

- (ii) Elongate geobodies, comprising compound bar deposits (Facies Association SFA 2), 

are up to 20 m thick and 500 m in width. Internally, these are principally characterized 

by a stacking of Lithofacies Sh-Sp-St. Finer grained deposits and mm-scale mud drapes 

are also observed, associated with the gently dipping bounding surfaces between 

individual downstream accretionary macroforms, although these are unlikely to form 

significant baffles to permeability within the barform. Locally, at the top of these 

geobodies, an erosive surface is observed, overlain by very fine-grained sandstone 

(Lithofacies Sr) and mudstone deposits (Lithofacies Fl). These deposits represent cross-

bar channels cutting across the top of the compound bars and, locally, could be 

considered as potential flow baffles.  

This example is the best potential reservoir in the studied succession, showing the highest 

sand:mud ratio values (95:5) and only very localized baffles or flow barriers to flow, which are 

more relevant in the channel geobodies than in the elongate geobodies. Given the apparent 



General Conclusions 

291 

homogeneity that this example presents, this integrated high-resolution study, allows us to 

identify subtle key differences which permit the differentiation of the two interpreted geobodies 

in subsurface. By means of a detailed analysis of the Gamma Ray log, several differences, 

superimposed on a general cylindrical shape and aggradational trend through the S Unit, have 

been established between the channel and the compound bar geobodies. Several minor 

sequences with funnel shape and coarsening-upward trends can be observed in the channel 

geobody. In contrast, within the compound bar geobody, the bar head shows a more 

homogeneous smooth-cylindrical trend in the GR, whereas the bar tail is characterized by the 

stacking of several bell shape and fining-upward trend intervals. Detailed analysis of the dip 

tadpoles was of paramount importance for the high-resolution characterization of the two 

geobodies. The channel geobody shows, predominantly, randomly distributed dip angles and 

azimuths. In contrast, the tadpoles in the bar head display several characteristic patterns with 

similar dip angles and azimuths, limited at the base and the top by tadpoles with lower dip angles 

and slightly different azimuth directions. The tadpoles in the bar tail have a predominant 

azimuth with a dip angle varying cyclically from sub-horizontal to high angle to sub-horizontal 

again. 

Through the OBO characterization of the Heterolithic Unit (H Unit), six facies 

associations were identified, namely supratidal flat (HFA 1), tidal point bar (HFA 2), intertidal 

sandbars (HFA 3), subtidal sandbars (HFA 4), hyperpycnite (HFA 5) and storm-dominated 

shoreface (HFA 6). Based on geometry and sand:mud ratios, the facies associations can be 

grouped into three types of reservoir geobody:  

- (i) Elongate geobodies comprise intertidal sandbars (HFA 3) and subtidal sandbars (HFA 

4), divided into proximal (HFA 4a) to distal assemblages (HFA 4b). Intertidal sandbars 

(HFA3) are up to 500 m in width and up to 2 m thick, characterized by the superposition 

of several sigmoidal cross-stratified, fine-grained sandstone sets (Lithofacies St) 

separated by mm-scale mud drapes. These reservoir geobodies show mm-scale mud 

drapes between the cross-bed sets, but these are not considered to be significant 

potential barriers to flow. Elongate reservoir geobodies comprising subtidal sandbars 

(HFA 4) are up to 350 m in width and up to 14 m thick although they are often 

amalgamated by lateral and vertical stacking to form sand prone packages with high-

lateral continuity. These reservoir geobodies are characterized by fine to very coarse-

grained sandstones (Lithofacies Sm, Sp, St and Sw) and locally by pebbly, coarse sand 

lags (Lithofacies Gm). In addition, this geobody becomes notably more heterolithic in a 

seaward direction (HFA4b), characterized by cross-stratified sand-mud couplets in tidal 



Chapter 9 

292 

bundles (Lithofacies Ht). This is reflected in the variation in sand:mud ratio, from 

proximal to distal (land- to seaward) zone of subtidal sandbar geobodies, from 60:40 to 

40:60. Mud drapes in elongate geobodies characterized by HFA 4  also show a proximal 

to distal increase in thickness, varying from cm to dcm-scale respectively, generating 

potential flow baffles and barriers which become more significant in a seaward 

direction. In addition, the flooding surfaces, characterized by laminated to massive 

mudstones on bar tops, may also form significant barriers to flow between stacked bars, 

all of which is likely to contribute to reservoir compartmentalization. These geobodies 

show a similar shape and trend in the GR response, characterized by a smooth-egg shape 

and coarsening- to finning upward trend, in both intertidal (HFA 3) and subtidal (HFA 4) 

sandbar geobodies with the difference that the distal subtidal sandbar showed a 

smooth-cylindrical shape and aggradational GR response. Paleocurrents observed in dip 

tadpole logs showed bidirectional azimuths and low to high dip angles, although these 

are more common in distal subtidal sandbars (HFA 4b) and intertidal sandbars (HFA 3). 

In marked contrast, proximal subtidal sandbars (HFA 4a) predominantly show 

unidirectional, seaward-directed paleocurrents.  

 

- (ii) Asymmetric-sigmoidal geobodies; composed of the deposits of tidal-dominated point 

bars (HFA 2), have a crescent shape in plan view and asymmetric-sigmoidal geometry in 

2D cross section. Internally, these reservoir geobodies are characterized by a higher mud 

content under subtidal conditions, in comparison with those deposited under supratidal 

conditions. Under subtidal conditions, these geobodies, up to 10 m thick and up to 100 

m in width, are characterized by the alternation of sand/mud layers (predominantly 

Lithofacies IHb and Wb). In contrast, geobodies deposited under supratidal conditions, 

up to 5 m thick and up to 75 m in width, are more sand-prone, characterized, principally 

by, Lithofacies Ht-St-Sr; although a significant proportion of cm-scale mud drapes also 

typically occur and would act as baffles or barriers to flow in subsurface examples. These 

asymmetric-sigmoidal geobodies are characterized in the GR by a smooth-egg shape and 

a coarsening- to fining upward trend, where these geobodies were deposited under 

supratidal conditions, and a smooth-cylindrical shape and aggradational GR response 

under subtidal conditions. Asymmetric-sigmoidal geobodies (HFA 2) are characterized 

by unidirectional azimuths and shallow-to-steep-to-shallow dip patterns. 

 

- (iii) Tabular geobodies comprise hyperpycnite (HFA 5), storm-dominated shoreface 

deposits (HFA 6) or supratidal flat deposits (HFA 1). The tabular geobody, composed of 
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hyperpycnite deposits (HFA 5), forms an areally restricted body up to 0.5 m thick and 50 

m in width, perpendicular to depositional dip, characterized by a sand:mud ratio of 

90:10 and very fine, rippled sandstones (Lithofacies Swr-Sbcr-Spcr-Sicr). The tabular 

geobody, composed of storm-dominated shoreface deposits (HFA 6), is characterized by 

a sand:mud ratio of 80:20, and stacked storm beds comprising fine-grained sandstones 

dominated by Lithofacies HCS and Sw. Only the localised presence of thin mud-pebble 

layers, occurring at the base of stacked storm beds, could potentially act as minor baffles 

to flow within this otherwise homogeneous, well-connected sand geobody. In the 

subsurface, this geobody is characterized by smooth-cylindrical GR profile and an 

aggradational trend. Tabular geobodies, composed of facies association HFA 6, are 

characterized by poly-directional azimuths and planar to low-angle dip angles. In 

addition, supratidal flat deposits (HFA 1) also form a tabular geobody. In this case, they 

are mud prone packages, with sand:mud ratios between 10:90 and 0:100, up to 10 m 

thick and with more than 1 km of lateral continuity. This geobody is characterized, in 

GR, by high API values, a serrated-cylindrical shape and an aggradational trend. 

A mixed tidally-dominated and wave-influenced delta system is proposed as a depositional 

model for the H Unit. However, processes related to relative sea-level change were also 

important in sequence evolution and in the development of coastal paleogeographies 

throughout deposition of the H Unit. In this case, by considering changes in relative sea level, 

most notably a significant intraformational fall in sea level (dividing Subunits 1 and 2 of H Unit) 

we are able to explain the development of a second coastal system within the H Unit; specifically 

a tide-dominated estuarine system characterized initially by storm-dominated shoreface and 

tidal-dominated point bar facies associations, infilling an incised valley. 

It has also been a key aim of this Thesis to develop hypothetical reservoir modelling 

strategies based on the OBO characterization datasets, thereby reproducing, as far as possible, 

the observed distribution of heterogeneities in the interpreted geobodies. For this purpose, 

results obtained from the OBO characterization of the M-S Unit, characterized by high-sinuosity 

fluvial system, were selected for the reservoir modelling process. The integrated study of both 

outcrop and subsurface data, has successfully demonstrated the application of outcrop 

analogues as a basis for informing, designing and testing predictive tools for forecasting the 

reservoir architecture of high-sinuosity fluvial successions in the subsurface. A practical and 

repeatable modelling workflow, designed for this study, has successfully reproduced the 

distribution of heterogeneities interpreted within the M-S Unit at both geobody and lithofacies 

scales. Proof of this are the results obtained from MPS simulations, using as a mathematical 
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guide the patterns generated in a 3D training image, by applying the modelling workflows. The 

results of these MPS simulation show a good prediction of the channel geobody throughout the 

model framework, in agreement with the outcrop-derived paleogeographic reconstruction, 

even when considering a scenario in which only one well drilled the channel. MPS simulation 

results also showed mean match values ranging from 15% to 44%, depending on the scenario 

considered. In addition, these designed modelling workflows are potentially exportable to other 

examples of this type of reservoir, for the development of training images and/or directly for 

use in the reservoir facies modelling. In addition, an evaluation of the static reservoir 

connectivity in the M-S Unit was also undertaken with the aim of estimating how this may vary 

with well spacing, net-to-gross ratio and geobody type. Static reservoir connectivity results 

reveal the importance of including both point bar and crevasse-splay geobodies as they produce 

a significant increase in static reservoir connectivity at all well spacings. Crevasse-splay 

geobodies enhance static connectivity at all well spacings; understanding their volumetric 

significance and spatial distribution is therefore of critical importance in the modelling of low 

gradient, high sinuosity fluvial systems in the subsurface. 

In conclusion, the multidisciplinary workflow developed in this Thesis highlights the 

importance of studies focused on the sedimentological characterization of outcrop analogues, 

as an effective approach to significantly improving our knowledge of sedimentary reservoirs. 

The integrated study of outcrop-derived and subsurface data, has allowed the generation of 

quantitative conceptual models useful in geostatistical modelling. This is especially so when 

planning modelling strategies as well as producing exportable 3D training images that can be 

used as input in the facies modelling process in real reservoirs using the MPS technique. In 

addition, recent technical advances in digital outcrop model characterization and data capture 

have proven to be effective tools, that not only allow us to extract valuable information from 

outcrops, but also leads to accurate uncertainty analysis of reservoir modelling results. 
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9.2. Recommendations for Future Work. 

 

The methodological workflow designed for this Thesis (Outcrop/Behind Outcrop 

methodology) has proven to be effective for the characterization of outcrop analogs and their 

application in reservoir modelling; laying the foundations for future research in other outcrop 

analogs, both in other areas of the TIBEM and in other geological formations.  

Upon completion of this research, it would also be of significant interest to apply the 

knowledge acquired to carry out a systematic study focused on the distribution of heterogeneity 

at micro-scale. Conceptual models generated through this research, as well as the detailed study 

of facies associations, would form the basis for a systematic and high-resolution sampling 

focused on petrology and petrophysics for studied examples. A study of this type would 

contribute to the determination of the relationships between depositional facies and both the 

nature and distribution of both micro-scale depositional and diagenetically-induced 

heterogeneities. Quantitative porosity and permeability data would be obtained, and the 

reservoir quality of each geobody would be established. A study of this type, published by 

Henares et al. (2016), focused on the channel and point bar geobodies from the M-S Unit, 

presented in this study. Extending this type of study to the crevasse-splay deposits would 

generate valuable data and insight into the importance of considering these geobodies as 

reservoirs and, consequently, the implications for Net to Gross estimations and reservoir 

connectivity. In addition, this study would provide the quantitative porosity and permeability 

data necessary to continue with the next phase of reservoir modelling process, the petrophysical 

and dynamic modelling of the M-S Unit.  

Furthermore, such a detailed petrographic study, supported by chemostratigraphic 

data, would also provide mineralogical and geochemical data which should resolve the currently 

open question of the anomalously high GR responses been observed in wireline logs. Objectives 

for such an analysis would include the transition between the S Unit and H Unit, as well the 

intraformational incision surface (incised valley surface) located within the H Unit. 

In addition to the extensive fieldwork and subsurface data characterizing the 

Heterolithic Unit (H Unit); a high-resolution study of the ichnology is also necessary in order to 

complete our understanding of the H Unit. This is especially so for the transition zone between 

S and H Units and in Facies Associations HFA 1 and HFA 2, locally characterised by a high 

bioturbation index. Such a study would provide highly relevant, additional data on 

paleoenvironmental conditions improving our understanding of the sub-environments 
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comprising the depositional system and/or provide a major input into the decision as to whether 

a delta, estuarine or combined system model is applicable, as a whole, or only partly to the H 

Unit in the studied area 

Furthermore it is also of key importance that the issue of sequence stratigraphy be 

addressed for the H Unit, especially focussing on the transition between the S and H Units, as 

well as the intraformational incision surface (is this incision surface observed in other sections 

of the TIBEM? or, is it confined to the Alcaraz section?). Extending the knowledge gained during 

the high-resolution study presented in this Thesis, integrating outcrop and subsurface data, to 

selected areas of the TIBEM would answer these questions and allow us to establish a regional-

scale high-order sequence stratigraphic framework for the H Unit.  

It is also important to note that for this Thesis, reservoir modelling process was only 

carried-out for the M-S Unit. Extending the presented workflow, as well as designing specific 

modelling workflows that represent the distribution of geobodies and heterogeneities in both 

the S Unit and H Unit, would complete the reservoir model and establish modelling strategies 

for each lithostratigraphic unit of the studied succession. In addition, a library of modelling 

workflows and training images, for the interpreted depositional systems would be generated. 

This would be potentially exportable to the facies modelling process in real reservoirs, not just 

of high sinuosity, low Net to Gross fluvial systems, as demonstrated in this Thesis, but also high 

Net to Gross, low sinuosity, braided fluvial systems and complex, highly heterogenous coastal 

depositional systems dominated by both tides and wave action. 
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