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ABSTRACT 

Tidally-influenced reservoirs (TIRs) are common in prominent hydrocarbon fields 

throughout the world. Tidal influence commonly contributes to an increased distribution of fine-

grained interbeds and thin mudstones. These low-permeability layers increase the architectural 

complexity of the reservoir by acting as baffles and barriers to flow. The complex internal 

architecture of these systems commonly contributes to low recovery factors and the 

underestimation of the potential recoverable resource. 

Despite the potential productive nature of TIRs, there are few published examples of 3D 

reservoir models attempting to illustrate the connectivity of productive and nonproductive 

reservoir facies. The few published 3D reservoir models are predicated on the progradational 

units, and ignore the aggradational to retrogradational units of the TIR system. This study 

focuses on the aggradational and retrogradational cycles of the Pennsylvanian middle Atoka 

Formation, aided by 3D quarry exposures. The target exposures, located within the Webco 

Quarry of White County, Arkansas, encompass unbroken vertical quarry walls, which provide a 

3D dataset critical for accurately characterizing the connectivity of the reservoir. The middle 

Atoka Formation was deposited in the Arkoma Basin as a series of progradational and 

retrogradational deltas sourced from the northeast.  

To model the middle Atoka Formation, multiple data sources (core, measured sections, 

high-resolution photomosaics, and well logs) were integrated to produce a detailed geologic 

framework. The geologic framework was synthesized into a conceptual geologic model 

illustrating the facies relationships, facies association morphologies, stacking patterns, and the 

evolution of the depositional system. The geologic framework was integrated into 

Schlumberger’s Petrel modeling software to construct a static 3D reservoir model illustrating the 

three-dimensional distribution and connectivity of facies. The following modeling methods were 

used and compared to determine the method that most accurately honors the heterogeneous 

character and the three-dimensional connectivity of facies: sequential indicator simulation (SIS), 

truncated gaussian simulation (TGS), and multi-point simulation (MPS). In addition, varying cell 

sizes were used to illustrate how cell size affects the distribution and connectivity of fine-scale 

heterogeneities, particularly thin mudstones layers.  
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The multi-point simulation (MPS) method produced the static 3D reservoir model that 

best captures the geologic complexity observed in the Webco Quarry. The MPS reservoir model 

was compared and contrasted with previous reservoir models constructed on the progradational 

Sego Sandstone. The aggradational to retrogradational TIR units have smaller facies association 

geobody dimensions, a higher distribution of heterolithic and mud draped facies, and a higher 

distribution of thin and laterally-extensive mudstones. The quantitative and qualitative data from 

this study can be utilized to better constrain the three-dimensional distribution and connectivity 

of productive and nonproductive reservoir facies in TIR systems. This has significant 

ramifications to the petroleum industry because it can be used to guide development plans, 

maximize recovery factors, and enhance performance predictions.   
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CHAPTER 1 

INTRODUCTION AND GEOLOGIC SETTING 

This chapter outlines the motivation for this study, the goals and key questions this study 

hopes to answer, and gives a brief overview of the geologic setting.  

1.1 Introduction  

Tidally-influenced deposits form prominent hydrocarbon reservoirs across the world 

(Ambrose et al., 1995; White et al., 1995; Martinius et al., 2005). Tidal influence commonly 

contributes to the cyclical deposition of sandstones and mudstone laminae (Nio and Yang, 1991). 

The mudstone laminae (or “drapes”) affects the performance of tidally-influenced reservoirs 

because they often act as baffles to flow during hydrocarbon production (Massart et al. 2016a). 

However, there is a lack of knowledge in the geologic community regarding the geometry and 

the spatial distribution of these fine-grained interbeds (Ciammetti et al., 1995; Janssen and 

Bossie-Codranu, 2005; Green and Ennis-King, 2010). The aforementioned uncertainties 

regarding the complex geometries and distribution of fine-grained interbeds greatly inhibits 

geologists and reservoir engineers from accurately predicting subsurface fluid flow. This 

inability results in low hydrocarbon subsurface recovery factors in tidally-influenced reservoirs, 

typically between 15% and 40% (Martinius et al., 2005). 

Tidally-influenced reservoir (TIR) systems form prominent fields in western Venezuela 

(Ambrose et al., 1995), Indonesia (Verdier et al., 1980), India (Sanyal et al., 2012), the North Sea 

(Marjanac and Steel et al., 1997), and in the western U.S. (Burton and Wood, 2011; Wood, 

2004). In fact, nearly all basins worldwide have some proportion of tidally-influenced sands that 

contribute resources to the basin’s production (Wood, 2004). Although not prolific, a few 

reservoir models have been published that attempt to capture the three-dimensional nature of 

these reservoir types and the manner in which fluids flow within them (White et al., 2004; 

Jackson et al., 2005; Ringrose et al., 2008; Massart et al. 2016b). Sanyal et al. (2012) integrated 

well logs, core, and seismic geomorphology to create an object-based reservoir model for the Taj 

Mahal Field in the Gulf of Cambay, India. The reservoirs within the Taj Mahal Field consist of 

tidally-influenced stacked sand bars, interbar, and bayhead delta facies associations. The 

progradational Sego Sandstone (Late Cretaceous, Western Interior Seaway) has been the focus of 
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two modeling attempts, the first using Landmark software (Dunlap et al., 2010) and the second 

using Schlumberger’s Petrel software (Bunn, 2015). Decades of outcrop work provided a well-

constrained dataset for the detailed modeling of the Sego Sandstone. Wood (2004) characterized 

the morphometrics of sandstone bodies in the Sego Sandstone, and concluded bar morphology 

varied in the falling stage, transgressive, and highstand systems tracts. Overall, the bars in the 

Sego Sandstone are on average 3.5 meters in height and 100s of meters wide. In an attempt to 

append the science literature with much needed shale data, Burton and Wood (2011) utilized 

LiDar, field studies, and published data to collect statistics on shale lengths, thicknesses, and 

frequencies in a variety of tidally-influenced deposits. The data was used to derive approaches to 

assess vertical and horizontal permeability. Finally, Bunn (2015) used Petrel’s multi-point 

simulation (MPS) modeling method to investigate how different facies associations within the 

Sego Sandstone impacted fluid flow. Particular attention was paid to fine-scale, heterogeneous 

features such as: swatchways, tidal channels, bioturbated layers, and the distribution of shales 

within different bar morphologies. While similar facies are found in aggradational or 

retrogradational TIR’s, the size of facies associations, and mudstone abundance, thickness, and 

distribution are different from progradational TIR’s (Bunn, 2015). These key differences result in 

different magnitudes and scales of heterogeneity that must be captured to accurately model these 

reservoirs. 

In contrast to progradational tidally-influenced reservoir systems (TIRs), there is a 

relative lack of reservoir modeling studies in aggradational to retrogradational TIRs. This study 

is focused on creating a static 3D reservoir model illustrating the complex distribution of facies 

and the fluid flow connectivity within the aggradational and retrogradational units of the tidally-

influenced middle Atoka Formation. Models are conditioned using core descriptions, measured 

sections, and high resolution photomosaics from the middle Atoka Formation within the Webco 

Quarry of White County, Arkansas. The 3D reservoir model details how mudstone distribution 

and continuity in aggradational to retrogradational systems will create barriers and baffles to 

flow. In addition, channel development and the distribution of its associated unique facies are 

examined to determine their impact on subsurface fluid flow. Sequential indicator simulation 

(SIS), truncated gaussian simulation (TGS), and multi-point simulation (MPS) modelling 

methods are all used to model the internal architecture of the reservoir elements within the 

middle Atoka Formation. The three modeling techniques are compared to determine the best 
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method for honoring the three-dimensional distribution of facies and the connectivity of facies 

associations. Lastly, cell size is examined to determine its role in preserving the heterogeneous 

character of the reservoir system.   

1.2 Geologic Setting 

During the late Precambrian to early Paleozoic, continental rifting created the oceanic 

Ouachita Basin (Figure 1.1A). Throughout the middle Paleozoic, the southern margin of North 

America evolved into a passive continental margin (Figure 1.1B). The Ouachita Basin persisted 

until the Devonian to early Mississippian (Gangopadhyay and Heydari, 1995). During the 

Devonian to early Mississippian, the oceanic plate began to subduct beneath Llanoria towards 

the north (Figure 1.1C). Subduction caused the incipient Ouachita orogenic belt to form a 

northward-migrating accretionary prism and wedge (Houseknecht, 1987).  

By the early Atokan, the migrating accretionary prism began to close the Ouachita Basin 

(Gangopadhyay and Heydari, 1995). During this time, attenuation of the continental crust and 

vertical loading of the overriding accretionary prism resulted in the southern margin of North 

America to be dominated by flexural bending (Figure 1.1D; Houseknecht, 1987). This resulted in 

southward-dipping syndepositional normal faults (Sutherland, 1988). The faulting is thought to 

be contemporaneous with the deposition of the lower and middle Atoka shales and sandstones. 

Due to this relationship, the Atoka Formation deepens stratigraphically and depositionally across 

the basin from the north to south (Sutherland, 1988). Figure 1.2 illustrates the dramatic thickness 

variations observed in the middle Atoka Formation.  

By the middle to late Atokan, thrusting and resultant uplift completed the formation of a 

peripheral foreland basin (Figure 1.1E, Dickinson, 1974). The uplift corresponds with a time of 

increased sedimentation throughout the region. This relationship was observed in the transition 

from deep marine facies in the south to shallow marine and deltaic facies towards the north 

(Houseknecht, 1987). During the late Atokan, sediment supply continued to outpace 

accommodation as shallow marine and fluvial deposits dominated the upper Atoka and overlying 

Hartshorne Formation (Houseknecht, 1987). Figure 1.2 illustrates the filling of the Arkoma 

Basin from the Desmoinesian stratigraphy through the Morrowan Hartshorne Formation 

(Sutherland, 1988).  
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Figure 1.1: Schematic north-south cross-section illustrating the evolution of the Arkoma Basin 
(modified from Houseknecht, 1987). 
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Figure 1.2: North-South cross-section across the Arkoma Basin (modified from Sutherland, 
1988). 

The Atoka Formation is informally subdivided into three units: the lower, middle, and 

upper Atoka (Johnson, 1988). The lower, middle, and upper Atoka Formations are separated by 

gradational contacts (Houseknecht, 1987). The middle Atoka is the focus of this study, and is 

widely believed to have filled the basin from north to south by a series of deltaic progradational 

and retrogradational events (Houseknecht, 1987; Sutherland 1988; Gangopahyay and Heydari, 

1995). Well logs (Figure 1.3) and field work depict the progradational, aggradational, and 

eventual retrogradational nature of the middle Atoka deltas. Accommodation during Atokan time 

(~315 Ma) was extremely high resulting in accumulation of nearly 15,000 feet of Atokan 

sediments in the southern Arkoma Basin (Sutherland, 1988). 

The middle Atoka deltaic sandstones are dominated by quartz grains, with a composition 

of: 82-90% quartz, 3-10% feldspars, and 5-19% lithic rock fragments. The lithic component of 

the middle Atoka is composed of metamorphic and sedimentary fragments (Gangopahyay and 

Heydari, 1995). Agterberg and Briggs (1963) used paleocurrent data to show the main sediment 

dispersal directions in the Atoka were moving towards the south to southwest. Both 
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compositional and paleocurrent data suggest that middle Atoka sediments are derived from 

cratonic provinces from the north of the study area, and the trace metamorphic fragments 

indicate the Appalachians as a secondary sediment source (Gangopahyay and Heydari, 1995). 

 

Figure 1.3: Walker 1-34 log, the type log for the middle Atoka stratigraphy within the Webco 
Quarry. The middle Atoka stratigraphy contained within the Webco Quarry is confined within 
the red outline. From left to right: gamma ray log, density log, porosity calculations, and the 
vertical extent of measured sections and core throughout the study area. The porosity is shaded 
green for values greater than 0.05. Arrows are superimposed upon the gamma ray illustrating the 
progradational (red), aggradational (black), and retrogradational (blue) character of the middle 
Atoka stratigraphy within the Webco Quarry.   
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CHAPTER 2 

METHODS 

This chapter outlines the study area and methodology for the study. This study produced 

a detailed geologic framework for the middle Atoka Formation within the Webco Quarry of 

White County, Arkansas. A diverse dataset (photomosaics, measured sections, core, and well 

logs) was utilized to construct a static 3D reservoir model. 

2.1 Study Area 

The Arkoma Basin spans from southeastern Oklahoma to west-central Arkansas 

(Suneson, 2012). The Arkoma Basin is one of several prolific petroleum-producing foreland 

basins surrounding the craton in the southern midcontinent. Advances in hydraulic fracturing and 

horizontal drilling have produced viable gas, and to a lesser extent, oil reservoirs throughout the 

Arkoma Basin (Suneson, 2012). The study area is located in the farthest east regions of the basin 

within the Webco Quarry, a sand and gravel quarry located in White County, Arkansas (Figure 

2.1). The Webco Quarry provides vertical exposures of four complete quarry walls allowing for 

an unbroken study of the complex architecture and spatial distribution of facies within the middle 

Atoka. The beds within the Webco Quarry have a structural dip of approximately 30 degrees to 

the north. This results in the stratigraphy preserved along the southern exposures of the Webco 

Quarry to represent the lowermost stratigraphy within the study area. Conversely, the 

stratigraphy preserved along the northern exposures of the Webco Quarry represent the 

uppermost stratigraphy within the study area. The quarry provides 58.25 meters of middle Atoka 

stratigraphy (Figure 1.3). The quarry exposures measure 115 meters laterally along the west wall, 

190 meters laterally along the east well, 525 meters laterally along the north wall, and 135 meters 

laterally along the south wall. Wall exposures vary in height from 8 meters to 30 meters. The 

quarry exposures offer an unbroken, three-dimensional dataset that is crucial in understanding 

the connectivity and continuity of productive and nonproductive reservoir facies. This study 

differs from the vast majority of tidally-influenced reservoir models that are constructed using 

only 2D outcrop or subsurface data. These 2D based models can significantly underestimate 

variations in three-dimensions. This can produce a skewed estimation of the overall reservoir 

connectivity (Jackson et al., 2005). 
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Figure 2.1: Map of the study area and how the Webco Quarry relates geographically to the 
surrounding structural provinces. The Walker 1-34 well log (Figure 1.3) is located approximately 
5 kilometers to the northeast of the Webco Quarry (modified from Sutherland, 1988).  

2.2 Data Distribution  

This study utilizes a wide variety of data including: high resolution photomosaics, 

measured sections, core, and nearby well-logs. Figure 2.2 is an aerial photograph displaying the 

distribution of measured sections, core, and the outline of the polygon constraining the  

dimensions of the 3D grid. High-resolution Gigapan images were used to create photomosaics 

for the south, west, and north quarry walls. The photomosaics were annotated with the facies 

association geometries and superimposed with the facies distributions. Six facies were 

differentiated based upon grain size, composition, sedimentary structures, level of bioturbation, 

texture, and fossil content. The facies were then grouped into facies associations based upon their 

described characteristics and their interpreted position within the depositional system. Four 
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measured sections were constructed along the vertical exposures of the quarry walls (Figure 2.2). 

The measured sections illustrate the vertical facies relationships and the interpreted stacking 

patterns observed in the Webco Quarry. Cores were taken by the mine operator throughout the 

study area at 200 foot intervals to evaluate the potential of the mined resource. Cores measuring 

800 feet were examined, and two of the core intervals, DDH-06-01 and DDH-06-02, were 

slabbed for detailed descriptions. The cored intervals sample the middle to lower intervals of the 

quarry exposures (Figure 1.3). The distribution of measured sections and core integrated into the 

reservoir model are illustrated in Figure 2.2. The aforementioned data was then synthesized to 

create a conceptual geologic model illustrating the evolution of the depositional system. The 

dimensions of the 3D reservoir grid was constrained by a user-created polygon. The polygon is 

approximately 180,125 square meters (approximately 45 acres), and contains all the described 

core and measured sections (Figure 2.2).  

 

Figure 2.2: Aerial photograph of the Webco Quarry. The distribution of measured sections, core, 
and the lateral extent of the reservoir grid are illustrated. 
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2.3 Model Construction  

The framework for the reservoir model was constructed using a 3D grid (655m i x 275m j 

x 58.25m k). The 3D grid was separated into three distinct zones. The zones were constructed 

from two stratigraphic surfaces that differentiate units with differing bedding architectures and 

facies distributions. The zones were populated with two differing cell sizes to compare how cell 

size influences the distribution of fine-scale heterogeneities. A fine cell size (5m i x 5m j x 

0.25m k) and a coarse cell size (20m i x 20m j x 0.25m k) were used. Measured sections and core 

descriptions were then imported into Schlumberger’s Petrel software as discrete facies logs. The 

discrete facies logs were sampled as a line and upscaled into the 3D grid using the neighbor cell 

method. Once the grid was populated, vertical proportion curves and histograms were created for 

the facies. The data was analyzed and conditioned to best represent the data. Three modeling 

method were used to determine which method most accurately captures the observed facies 

association geometries and distribution of facies. The three methods used in this study are: 

indicator simulation (SIS), truncated gaussian simulation (TGS), and multi-point simulation 

(MPS). These methods will be described in detail in the reservoir modeling section of the results 

chapter. 
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CHAPTER 3 

RESULTS 

This chapter outlines the results for the study. Six distinct facies were observed and 

grouped into four facies associations. Core descriptions and measured sections detail the vertical 

facies variations and the stacking patterns observed in core and outcrop. Photomosaics were 

superimposed with observed facies association geometries and facies distributions to illustrate 

the spatial variations of the middle Atoka within the Webco Quarry. The quantitative and 

qualitative data from measured sections, core descriptions, photomosaics, and well logs were 

synthesized into a conceptual geologic model illustrating the evolution of the depositional 

system. The aggradational and retrogradational middle Atoka Formation is then compared to the 

progradational Late Cretaceous Sego Sandstone. The following three modeling techniques were 

then described and compared to determine the modeling method most appropriate for this study: 

sequential indicator simulation (SIS), truncated gaussian simulation (TGS), and multi-point 

simulation (MPS).  

3.1 Facies  

In this study, facies are differentiated based upon grain size, composition, sedimentary 

structures, level of bioturbation, texture, and fossil content. The facies are believed to have 

relatively distinct flow properties due to differences in texture, abundance of fine-grained 

interbeds, and the amount of bioturbation. For this study, facies that are relatively well-sorted, 

have a lower percentage of fine-grained interbeds, and have relatively low bioturbation are 

assumed to have higher permeability values and are considered a more productive reservoir 

facies. This assumption is based upon comparing the facies in this study with similar facies in 

analogous TIR systems (Willis and White, 2000; Burton and Wood, 2011; Dunlap et al., 2012; 

Bunn, 2015). The described facies control the distribution of pore throats, the fluid distribution, 

and the fluid flow within the reservoir. The following six facies were described within the 

Webco Quarry: mudstones (F1), bioturbated, very-fine grained sandstones (F2), heterolithic 

sandstones and mudstones (F3), ripple-laminated to cross-stratified sandstones with mud drapes 

(F4), ripple-laminated to cross-stratified sandstones (F5), and coarse grained sandstones and 

conglomerates (F6). The main observations for the six described facies are listed in Table 3.1. 
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Table 3.1: Facies Observations of the Middle Atoka Formation 

Facies Mineralogy and Texture Sedimentary Structures Comments 

Mudstone (F1) 

Predominantly clay and silt sized 
grains. The mudstones are either 
thicker fissile mudstones or thin 
structureless mudstones.  

Predominantly structureless mudstones with 
sweeping to spiraling feeding traces identified 
in the thicker, fissile mudstone beds. 

The feeding traces in the fissile mudstones are 
interpreted as Zoophycos.   

Bioturbated Very 
–Fine Grained 
Sandstone (F2) 

Subangular to subrounded, very-
fine grained sandstones with 
disseminated silts and clays 
dispersed throughout. 

Muddled wave- to combined-flow ripples due 
to bioturbation. The bioturbation is 
characterized by vertical burrows and 
sweeping to spiraling feeding traces.  

The vertical burrows are interpreted as 
Ophiomorpha and the sweeping feeding traces 
are interpreted as Zoophycos. Siderite 
concretions are also observed.  

Heterolithic Fine 
Grained 

Sandstone and 
Mudstone (F3) 

Interbedded thin mudstones and 
thin, fine to very-fine grained 
sandstones.   

Mudstones are predominantly structureless 
with some evidence of soft sediment 
deformation. The sandstones have current and 
wave influenced ripples.  

The bedding ranges from wavy- to lenticular 
bedding. The ripples are more heavily 
influenced by waves up stratigraphic section. 

Ripple Laminated 
to Cross-
Stratified 

Sandstone with 
Mud Drapes (F4) 

Subangular to subrounded, upper-
fine to medium sized quartz grains 
with trace feldspar, biotite, 
carbonaceous plant matter, and 
lithic fragments.  

The sandstones are dominated by 
unidirectional asymmetrical ripples and cross-
stratification with characteristic thin mud 
drapes (~1-5mm). There is evidence of tidal 
bundling with lateral thickness variations.  

The tidal bundling and lateral thickness 
variations are a function of slack water 
deposition and neap and spring cyclicity, 
respectively. These are direct evidence of tidal 
influence.  

Ripple Laminated 
to Cross-
Stratified 

Sandstone (F5) 

Subangular to subrounded, upper-
fine to medium quartz grains with 
trace feldspar, biotite, calcite, 
carbonaceous plant matter, and 
lithic fragments. 

The sandstones are dominated by 
unidirectional ripples and cross-stratification. 
There are some rare instances of bidirectional 
ripples. 

Lacks the mud drapes that are characteristic of 
F4. Rip-up clasts are commonly dispersed 
throughout the facies.  

Coarse-grained  
Sandstone and 
Conglomerate 

(F6) 

Medium- to coarse-grained 
sandstones and conglomerates. 
Many intervals are dominated by 
fossil fragments. 

Sandstones are cross-bedded with individual 
beds typically 0.5 meters thick. 

Not deposited widespread through the study 
area. This facies marks the highest energy within 
the study area.  



13 
 

3.1.1 Mudstone (F1)  

 This facies is dominated by dark gray to black silty mudstones. Mudstones vary in 

thickness from less than 20 centimeters to an excess of a meter. The thinner mudstones are 

predominantly structureless and occur throughout the study area. The thin mudstones can 

commonly be traced out for over 500 meters. The thick mudstones are fissile and have sparse 

laminations. In addition, the thicker fissile mudstones are commonly dominated by feeding traces 

with a sweeping to spiraling morphology (Figure 3.1). This morphology is characteristic of the 

Zoophycos ichnofacies.  

 

Figure 3.1: A hand sample of the thick fissile mudstones (F1) with a sweeping to spiraling 
feeding trace characteristic of Zoophycos. 

3.1.2 Bioturbated Very – Fine Grained Sandstone (F2)  

This facies is composed of subangular to subrounded, very-fine grained sandstones with 

disseminated silts and clays dispersed throughout the facies. The facies has wave- and combined-

flow ripple laminations that can be difficult to observe due to the very-fine grain size and 

bioturbation. The bioturbation creates a faint mottled appearance with discrete burrows scattered 

Zoophycos feeding trace  



14 
 

throughout. The abundance of discrete burrowing increases upwards. The bioturbation is 

characterized by vertical burrows and sweeping to spiraling feeding traces. The vertical burrows 

are tens of centimeters long and millimeters in width. The burrows are filled with very-fine 

grained homogenized sediment. Figure 3.2 illustrates the vertical burrows, which most closely 

resemble Ophiomorpha. Figure 3.3 illustrates the sweeping to spiraling feeding traces produced 

by Zoophycos. The Zoophycos appear to be deposited widespread throughout the facies, but are 

most frequently observed on the surfaces of broken-off bedding planes. Siderite concretions are 

also observed in some intervals.  

 

Figure 3.2: Cross-sectional view of the F2 facies illustrating a vertical burrow filled with 
homogenized sediment. 
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Figure 3.3: Example of the sweeping to spiraling ichnofacies found in F2. This is often 
characteristic of Zoophycos.  

3.1.3 Heterolithic Fine-Grained Sandstones and Mudstones (F3) 

 This facies is composed of interbedded mudstones and fine to very-fine grained 

sandstones. Bedding is best characterized as wavy- to lenticular-bedding. Figure 3.4 is a hand 

sample illustrating the interbedded nature of the facies. The sandstones within this facies are 

characterized by asymmetrical current ripples and wave- to combined-flow ripples. The wave-

influenced ripples are typically observed up-section in muddy sandstones stratigraphically below 

F2. Figure 3.5 illustrates such wave ripples formed within this facies. Mud and silts are 

commonly observed filling the ripple troughs and thinly covering the ripple crests. The 

mudstones are predominantly structureless and in some instances have evidence of soft sediment 

deformation. There is sparse bioturbation observed within this facies.    
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Figure 3.4: Hand sample illustrating the wavy-bedding observed in F3. The alternating 
mudstones and sandstones vary from 1 – 10 mm.  

 

Figure 3.5: Wave ripples within a fine to very-fine grained sandstone (F3). The wave-influenced 
ripples are observed directly stratigraphically below F2.   
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3.1.4 Ripple-Laminated to Cross-Stratified Sandstone with Mud Drapes (F4)  

The ripple-laminated to cross-stratified sandstones with mud drapes (F5) are composed of 

subangular to subrounded, upper-fine to medium sized quartz grains with trace feldspar, biotite, 

and carbonaceous plant matter. The sandstones are dominated by unidirectional ripple 

laminations and cross-stratification with thin (~1-5mm) mud drapes (Figure 3.6). Bidirectional 

ripples are rare, but are observed in some intervals. In addition to the thin mud drapes, thicker 

mudstones (up to 5 centimeters) are also observed throughout the facies. The bioturbation 

intensity in this facies is predominantly low. This facies is commonly observed stratigraphically 

below sandstones without mud drapes (F5) and above heterolithic sandstones and mudstones 

(F3). 

The sedimentary structures formed in tidal settings are produced by the four stages in 

each tidal cycle. The first stage is a dominant current where sand is deposited on the lee face. A 

slack-water stage succeeds the dominant current and results in a thin layer of mud to be 

deposited. A subordinate current stage occurs when the current flows up the lee sides. This can 

result in small-scale rippling in the direction of the subordinate current. Similar to the previous 

slack water stage, a thin mud layer will be deposited after the subordinate current. This is 

followed by another dominant current stage as the cycle continues (Visser, 1980). The slack 

water periods occur at high and low tide when current speeds approach zero; whereas the coarser 

grained sand is deposited between each ebb and flood tide when current speeds increase (James 

and Dalrymple, 2010). A tidal bundle is defined as the sediment preserved between the deposits 

of the slack water after the subordinate current and the deposits of the slack water after the 

dominant current (Visser, 1980).  

Figure 3.7A illustrates the tidal bundling observed in the Webco Quarry. Figure 3.7B 

specifically illustrates the lateral thickness variations of the tidal bundles. The lateral thickness 

variations are a function of neap and spring cyclicity. The highly concentrated mud drapes 

correspond to weak, dominant currents during neap tide, and the thicker tidal bundles occur 

during strong, dominant currents bringing more sand into the system during spring tide (Nio and 

Yang, 1991). The ripples in this facies are dominated by unidirectional current ripples, but there 

are sparse instances of bidirectional rippling. This implies that sediments were predominantly 

deposited and preserved during the dominant current relative to the subordinate current. The low 
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bioturbation intensity indicates deposition in a stressful environment. This is interpreted to be a 

function of high turbidity and physically harsh conditions (Dalrymple and Choi, 2007). This 

facies can be conclusively proven to be influenced by tides due to tidal bundling and the lateral 

tidal bundle thickness variations related to neap and spring tide variations.  

 

Figure 3.6: Core photograph of core DDH-06-01. This interval illustrates the millimeter-scale 
mud drapes seen in F4.  
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Figure 3.7: A) Outcrop photograph illustrating a cross-stratified sandstone with mud drapes (F4). 
B) Line drawing of the mud drapes emphasizing the lateral thickness changes produced by spring 
and neap cyclicity. The spring tide corresponds to thick tidal bundles, and the neap tide 
corresponds to the thin tidal bundles.  

3.1.5 Ripple-Laminated to Cross-Stratified Sandstone (F5)  

The ripple-laminated to cross-stratified sandstones (F5) are composed of subangular to 

subrounded, upper-fine to medium sized quartz grains with trace feldspar, biotite, calcite, 

carbonaceous plant matter, and lithic fragments. The beds range from a few centimeters to over a 

meter in thickness. The sandstones are dominated by unidirectional current ripples and cross-

stratification. Figure 3.8 illustrates a rare occurrence of bidirectional rippling caused by the 

preservation of the subordinate current deposits. Mud rip-up clasts are commonly dispersed 

throughout this facies. Rip-up clasts commonly form thin, densely concentrated layers (Figure 

3.9), or are elongated and imbricated along bedding planes. Sandstones in these facies do not 

have the fine-grained drapes that are characteristic of the ripple-laminated to cross-stratified 

sandstones with mud drapes (F4).  

A) 

B) 
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Figure 3.8: Bidirectional ripples preserved in a medium grained sandstone (F5). Yellow arrows 
are superimposed upon the image illustrating the bidirectional nature of the ripples.  

 

Figure 3.9: Hand sample illustrating silty mud clasts within a medium grained sandstone (F5). 
The hand sample was located at the base of a channel form.  

3.1.6 Coarse-grained Sandstone and Conglomerate (F6) 

This facies is composed of medium to coarse grained sandstones with many intervals 

becoming conglomeratic. The conglomerates commonly have fossil and/or fossil fragments 

dispersed throughout (Figure 3.10). The fossils include, but are not limited to: crinoids, bivalves, 
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brachiopods, bryozoans, and horn corals. In addition, terrigenous wood fragments (Figure 3.11) 

were also found within this facies. This facies was not observed throughout the entire study area, 

but provides a useful marker for correlation when observed. In addition to the core descriptions 

and measured sections described within this study, the facies also appears in additional core 

descriptions produced from the mining operator. However, the mining operator also noted this 

facies did not appear in all of the cores taken from the Webco Quarry.  

 

Figure 3.10: Conglomerate in a medium grained matrix with fossil fragments and lithic 
fragments dispersed throughout (F6). The fossils observed within the fossiliferous conglomerates 
include but are not limited to: crinoids, bivalves, brachiopods, bryozoans, and horn corals. 
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Figure 3.11: Wood fragment within a coarse grained sandstone with fossil fragments dispersed 
throughout (F6).  

3.2 Facies Associations 

The facies were incorporated into facies associations based upon their characteristics and 

their relative position within the depositional setting. The facies associations are the constituent 

architectural elements believed to compose the depositional system. The facies associations 

control the connectivity within the reservoir. The following four facies associations were 

interpreted within the Webco Quarry: marine shales (FA1), wave-reworked sand sheets (FA2), 

distributary mouth bars (FA3), and terminal distributary channels (FA4). Table 3.2 lists the main 

observations and interpretations for the facies associations. 
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Table 3.2: Facies Association Interpretations of the Middle Atoka Formation 

Facies Association 
Bedding Lithology and 

Geometry 
Sedimentary Structures and 

Bioturbation 
Interpretation 

Marine Shales (FA1) 
 

[F1] 

Quarry extensive, tabular mudstone 
bodies with dispersed siltstones and very-
fine grained sandstones. 

Predominantly structureless and 
fissile mudstones with widespread 
occurrences of Zoophycos. 

The presence of Zoophycos and clays/silts 
being the dominant grain size indicate a deep 
marine deposition (100s -1,000s of meters of 
water depth).  

Wave – Reworked Sand 
Sheets (FA2) 

 
[F1, F2] 

Quarry extensive, tabular, very-fine 
grained sands with punctuated thin 
mudstone layers. 

Muddled wave- to combined-flow 
ripples due to bioturbation from 
Ophiomorpha and Zoophycos. 

The presence of Zoophycos and very-fine 
grained sands indicate a distal environment. 

Distributary Mouth 
Bars (FA3) 

 
[F1, F3, F4, F5] 

Beds are predominantly thinly-bedded 
and highly accretionary. In cross-section 
they have a lobate geometry and are 
commonly amalgamated. The bars have 
an average thickness of 2 meters and their 
widths can be up to 800 meters.  

Cross-bedded sandstones dominated 
by asymmetrical current ripples, 
bidirectional current ripples, wave 
ripples, and cross-stratification. 

Laterally and seaward accreting dunes that 
make up elongated distributary mouth bars. 
The mouth bars are tidally modified with 
minor wave influence. 

Terminal 
Distributary 

Channels (FA4) 
 

[F1, F3, F4, F5, F6] 

Lenticular sand bodies that have an 
average thickness of 1-2 meters. 
Associated with erosional surfaces, but 
many times the surfaces are restricted to 
scouring. The fill is composed 
predominantly of F4, F5, and F6 with trace 
amounts of F1 and F3 at the channel base. 

Dominated by scours, current 
ripples, cross-stratification, and rip-
up clasts. Rip-up clasts are densely 
populated at the base of the 
distributary channels. 

Terminal distributary channels are formed at 
the distal-end of a distributive channel 
system. The coarsest sediment within the 
system is deposited within the thalweg of the 
channel. The base the coarse channel fill is 
commonly intermixed with fluid mud 
deposits. 
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3.2.1 Marine Shales (FA1)  

Mudstones (F1) and dispersed siltstones (F2) comprise the fissile and laterally-extensive 

marine shales (FA1). The mudstones are predominantly structureless, but some intervals have 

sparse evidence of planar laminations. Zoophycos are readily observed throughout (Figure 3.1). 

Since the Ordovician, the Zoophycos ichnofacies tends to dominate shelf to slope environments 

(Bottjer et al., 1998). The presence of Zoophycos and clays/silts being the dominant grain size 

are indicators of a deep marine deposition (i.e. 100s – 1,000s of meters of water depth). Figure 

3.12 illustrates marine shales overlying wave-reworked sand sheets (FA2).   

 

Figure 3.12: Marine Shales (FA1) overlying wave-reworked sand sheets (FA2).  

3.2.2 Wave-Reworked Sand Sheets (FA2)  

The wave-reworked sand sheets are composed of laterally-extensive (in excess of a 

kilometer), very-fine grained bioturbated sandstones (F2) interrupted by thin, laterally-extensive 

(100s of meters) mudstones (F1). Figure 3.13 depicts the sand bodies separated by thin, 

predominantly structureless mudstones. The sands have a muddled texture due to vertical 

burrowing and Zoophycos. The bioturbation intensity increases upwards throughout the system. 

In areas not completely reworked by bioturbation, muddled wave- and combined-flow ripples are 

observed. The increased bioturbation is interpreted to be a result of a less turbid and physically 

stressed environment (Carmona et al., 2009). The very-fine grain size, presence of Zoophycos, 

FA1 

FA2 
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and the increased presence of wave-influence are all indicators of deposition on the distal delta 

front near the muddy prodelta (Bottjer et al., 1998; Dalrymple and Choi, 2006). 

 

Figure 3.13: Wave-reworked sand sheets (FA2) separated by thin, continuous mudstones.  

3.2.3 Distributary Mouth Bars (FA3)  

The distributary mouth bars are composed of mudstones (F1), heterolithic sandstones and 

mudstones (F3), sandstones with mud drapes (F4), and sandstones without mud drapes (F5). The 

beds are predominantly thinly-bedded and highly accretionary (in some areas the beds can be 

~1m thick however). The distributary mouth bars have an average thickness of 2 meters and their 

widths can be up to 800 meters (Reynolds, 1999). The sedimentary structures are dominated by 

asymmetrical current ripples (Figure 3.6), bidirectional current ripples (Figure 3.8), wave ripples 

(Figure 3.5), and cross-stratification (Figure 3.7). The paleocurrent measurements on the current 

ripples and cross-stratification are predominantly parallel to slightly oblique with the dip of the 

cross-bedding (47º and 59º respectively). This suggests the bars migrated primarily by seaward 

accretion relative to lateral accretion. 

The cross-bedded sandstones commonly have a systematic transition of facies within 

each bedset. Figure 3.14 illustrates sandy bedsets that become increasingly heterolithic down the 

FA2 
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dip of each bed foreset. The bottomsets are particularly muddy (F1 and F3) and are very 

continuous (100s of meters). In some areas, as seen in Figure 3.15, the mouth bars have mud 

drapes that create distinct tidal bundles with lateral thickness variations (F4). However, not all the 

distributary mouth bars have mud drapes. Some mouth bars are composed predominantly of 

sandstones without mud drapes (F5). These mouth bars are composed of stacked dunes separated 

by gently inclined dune set boundaries (James and Dalrymple, 2010). There are other bars that 

are composed nearly exclusively of heterolithic facies (F3 and F4). These dunes are composed of 

wispy current ripples and wave ripples. These mouth bars that are commonly thinner than the 

mouth bars composed predominantly of clean sandstones (F5).  

Distributary mouth bars are closely associated with terminal distributary channels, and 

the buildup of sediment can cause the distributary channel to bifurcate (Olariu and Bhattacharya, 

2006). Mouth bars form where a distributary channel enters an unconfined setting (i.e. delta 

front) and sediment drops out. Distributary mouth bars characterized by tidal bundles with lateral 

thickness variations (Figure 3.15) can be conclusively proven to be modified by tidal activity 

(Nio and Yang, 1991; James and Dalrymple, 2010). The bars that do not have mud drapes are 

interpreted to be in areas of decreased tidal influence with lower suspended-sediment 

concentrations (James and Dalrymple, 2010). The bars composed nearly exclusively of 

heterolithic facies (F3 and F4) and wave ripples are interpreted as sediment starved bars located at 

the distal delta front (James and Dalrymple, 2010).  

 

Figure 3.14: Facies variations within cross-bed sets. The yellow shading represents sandstones 
(F5), green shading represents mud-draped sandstones (F4), and the purple shading represents 
heterolithic facies (F3). The red line represents an interpreted reactivation surface.  
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Figure 3.15: Photograph illustrating accreting distributary mouth bars that are influenced by tidal 
activity. The stratigraphy preserved within the red outline best illustrates the presence of tidal 
bundles with lateral thickness variations. The tidal bundling observed in the red outline is 
il lustrated in detail in Figure 3.7.  

3.2.4 Terminal Distributary Channels (FA4) 

The terminal distributary channels are composed of mudstones (F1), heterolithic 

mudstones and sandstones (F3), sandstones with mud drapes (F4), sandstones without mud drapes 

(F5), and coarse grained sandstones (F6). The distributary channel geometries are characterized 

by lenticular and wedge-shaped bodies cutting planar to low-angle sandstone and mudstone 

layers. Figure 3.16 illustrates a lenticular channel form incising into sandstone beds and thin 

mudstone layers. The channel form has an erosional incision of approximately 2 meters (Figure 

3.16). The channels within the Webco Quarry are confined to a max erosional incision of 1-2 

meters and are commonly restricted to erosional scouring of the underlying surfaces. The 

channel fill is predominantly made up of the same facies (F4 and F5) that dominate the 

distributary mouth bars. The individual beds within the channels are commonly separated by thin 

silty muds. The sedimentary structures are dominated by scours, asymmetrical current ripples, 

cross-stratification, and rip-up clasts. Paleocurrent measurements from asymmetrical current 

ripples are on average 65 degrees. Rip-up clasts are commonly densely populated at the base of 

the distributary channels (Figure 3.9). The base of distributary channels are commonly composed 

of coarse grained sandstones and conglomerates (F6). This facies is exclusive to the terminal 

distributary channels. The conglomerates are composed of cobbles and pebbles, and they 

commonly have shell debris distributed throughout (Figure 3.10). The conglomerates are 
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commonly observed overlying heterolithic facies (F3, F4). The mudstones within these facies are 

commonly centimeters thick and structureless.  

 

Figure 3.16: Interpreted lenticular geometry representing a channel form with an erosive base. 
This is evidenced by the mudstones and sandstone beds truncating the base of the channel form.   

Terminal distributary channels are formed at the distal-end of a distributive channel 

system. They represent the active distributive network and are closely associated with mouth 

bars (Olariu and Bhattacharya, 2006). Terminal distributary channels are commonly between 100 

– 400 meters wide and 1 – 3 meters thick (Olariu and Bhattacharya, 2006). They can extend 

kilometers offshore as subaqueous chutes. These chutes are composed of channelized to scoured 

facies within the delta front (Olariu and Bhattacharya, 2006). The channel forms seen throughout 

the Webco Quarry are interpreted as terminal distributary channels because they are confined to 

shallow erosional incisions relative to the deeper erosional incisions characteristic of landward 

distributary channels. The coarse grained sandstones and conglomerates (F6) are the highest 

energy deposit within the depositional system. They are interpreted to represent channel lag 

deposits within the preserved thalweg of the distributary channel. The fossiliferous debris 

distributed throughout the facies is indicative of the distributary channel belonging to the more 

seaward part of the system (James and Dalrymple, 2010). The heterolithic mudstones (F3) 

underlying the conglomerates are interpreted to represent fluid mud deposits. Fluid muds are 

dense subaqueous bodies that consist primarily of clay and silt sized particles. Fluid muds are 

deposited by shear stress or gravity relative to suspension. In channel deposits they are 

commonly concentrated at the channel bottom while the rest of the channel deposit becomes less 

muddy upwards (Ichaso and Dalrymple, 2009).  
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3.3 Detailed Core Descriptions 

Eight hundred feet of core were examined, and core intervals DDH-06-01 and DDH-06-

02 were slabbed for detailed core descriptions (Figure 2.2). The DDH-06-01 and DDH-06-02 

core intervals sample the middle to lower intervals of the quarry exposures (Figure 1.3). The core 

descriptions provide hard data points within the three-dimensional framework.  

3.3.1 DDH-06-01 Core Description 

Figure 3.17 and Figure 3.18 depict the following observations and interpreted stacking 

patterns for the DDH-06-01 core description.  

3.3.1.1 DDH-06-01 Observation 

The base of the DDH-06-01 core (Figure 3.18; 0m to 2.2m) has a relatively high 

proportion of ripple-laminated sandstones with mud drapes (F4) and thin (~20 centimeters) 

heterolithic beds (F3) interbedded with sandstones without mud drapes (F5). The heterolithic 

facies transition upwards into cross-stratified sandstones with mud rip-up clasts (Figure 3.18; 

2.2m to 4.4m). Overlying this transition, the core grades into cross-stratified sandstones with 

mud drapes (F4) and thin mudstones (F1). The core then transitions upwards (Figure 3.18; 4.8m 

to 8.3m) into thick, relatively structureless fine-grained sandstones with mud rip-up clasts (F5). 

The fine-grained sandstones are capped by medium- to coarse-grained sands with intermixed 

pebbles (F6) at 8.3m (Figure 3.18). The core then transitions from 8.6m to 13.5m (Figure 3.18) to 

upward coarsening sandstones characterized by wispy ripples and relatively structureless 

sandstones (F5).  

A unique interval occurs in the core from 13.5m to 14m (Figure 3.17). Heterolithic facies 

(F1, F3, F4) are observed lying directly below a cobble conglomerate (F6; Figure 3.17). The core 

then fines upwards from conglomerates to fine-grained sandstones with pebble- to cobble-sized 

mud clasts (F5) from 14m to 15.3m (Figure 3.18). Sands then become finer grained and contain 

ripples with mud drapes (F4) (Figure 3.18; 15.3m to 15.8m). A second conglomeratic event 

occurs at 15.8m (Figure 3.18). This conglomerate has a lower density of lithic cobbles, but has a 

very high concentration of bioclastic material (Figure 3.18, 15.8m to 16.4m). A thin mudstone 

overlies the bioclastic conglomerate. Once again, the sands fine upwards becoming fine-grained 

sandstones with rip-up clasts distributed throughout (F5) from 16.5m to 20.2m (Figure 3.18). The 
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top of the DDH-06-01 core interval is dominated by ripple-laminated fine-grained sandstones 

with mud drapes (F4).  

 

Figure 3.17: DDH-06-01 core photograph from 13.5m – 14m (denoted by red outline in Figure 
3.18). The photograph depicts heterolithic and mud-draped facies (F3, F4) underlying a cobble 
conglomerate (F6).  



31 
 

  

Figure 3.18: Core Description of the DDH-06-01 core with interpreted stacking patterns (red = 
progradation; blue = retrogradation). Red outline represents a core photograph (Figure 3.17). 
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3.3.1.2 DDH-06-01 Interpretation 

The DDH-06-01 core is dominated by two cycles, the first from 0m to 13.4m (Figure 

3.18), and the second from 13.4m to 21.5m (Figure 3.18). The first cycle is characterized by 

upwards coarsening signatures (Figure 3.18; 0m to 8.7m and 8.7m to 13.4m) that are 

characteristic of distributary mouth bars (Willis and Gabel, 2001; James and Dalrymple, 2010). 

The base of the core (Figure 3.18; 0m to 2.1m) is characterized by the transition from 

predominantly heterolithic mudstones and sandstones (F3) and ripple-laminated sandstones with 

mud drapes (F4) to predominantly higher energy, sandstones with mud clasts intermixed (F5) 

from 2.1m 13.4m (Figure 3.18). The sand bodies are interpreted as progradational and 

aggradational sandy distributary mouth bars with heterolithic facies (F3, F4) representing the 

bottomsets and margins of the accreting mouth bars. The medium to coarse grained sandstones 

(Figure 3.18; 8.3m to 8.7m) are interpreted as scour and fill produced from a terminal 

distributary channel. Scour and fill surfaces are commonly produced when terminal distributary 

channels are forced to bifurcate. Channels are forced to bifurcate when they can no longer cut 

directly through the distributary mouth bars (Olariu and Bhattacharya, 2006).  

The second cycle is characterized by heterolithic facies (F3, F4) interbedded with coarse 

grained sandstones and conglomerates (F6) at 13.8m (Figure 3.17 and Figure 3.18). This cycle is 

interpreted to have been deposited as coarse grained lag deposits and fluid mud deposits in the 

thalweg of a distributary channel. Fluid mud deposits are densely concentrated clay and silt sized 

grains that are deposited by shear stress or gravity relative to suspension (Ichaso and Dalrymple, 

2009). This interpretation is based upon the structureless mudstones position at the base of the 

distributary channel. Such interbedding of coarse sands and fluid muds is a phenomenon 

commonly observed in tidally-influenced deltas throughout the world (Ichaso and Dalrymple, 

2009). One particular example, the Fly River Delta in Papua New Guinea, has mud-pebble 

conglomerates interbedded with thick mud layers. This results in channel floor deposits being 

interbedded with the coarsest and finest sediments within the tidal system (Dalrymple et al., 

2003). The coarse grained lag deposits (F6) represent the highest energy deposits within the core 

interval. Thus, they record times of progradation of the depositional system. The channel fills 

fine upwards from the coarse grained lag deposits. This fining upwards character is characteristic 

of distributary channels (Willis and Gabel, 2001; James and Dalrymple, 2010), and records the 

aggradation of the depositional system (Figure 3.18).   
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3.3.2 DDH-06-02 Core Description  

Figure 3.19 depicts the following observations and interpreted stacking patterns of the 

DDH-06-02 core description.  

3.3.2.1 DDH-06-02 Observation 

 The DDH-06-02 core is located approximately 550 meters east of the DDH-06-01 core 

(Figure 2.2). The base of the core (Figure 3.19; 0m to 7.75m) is dominated by small-scale cycles 

of thin, ripple-laminated sandstones with mud drapes (F4) and thick, predominantly structureless 

sandstones without mud drapes (F5). The ripple-laminated sandstones (F4) have millimeter-scale 

mud drapes with silt and clay dispersed throughout; whereas the sandstones without mud drapes 

(F5) are composed of relatively clean sands with elongated rip-up clasts imbricated along 

bedding planes. The core transitions into thinly-bedded, ripple-laminated fine-grained sandstones 

with mud drapes (F4) from 7.75m to 8.8m (Figure 3.19). The mud-draped sandstones (F4) are 

separated by thin mudstones (F1). The bedding thickens upwards and transitions into cross-

stratified sandstones (F5) which are present from 8.8m to 14.5m (Figure 3.19). The cross-

stratified sandstones are overlain (Figure 3.19; at 14.5m) by medium to coarse grained 

sandstones that become conglomeratic (F6). The coarse-grained sandstones and conglomerates 

have bioclastic fragments dispersed throughout the facies. The top of the core is marked by a 

fine-grained sandstone with mud drapes (F4).  

3.3.2.2 DDH-06-02 Interpretation  

DDH-06-02 is predominantly characterized by an overall upward-coarsening cycle 

(Figure 3.19). Small-scale upward coarsening cycles are interpreted as progradational stacking of 

accreting distributary mouth bars. This interpretation is based on an upwards increase in 

depositional energy evidenced by an overall upwards increase in grain size and the transition 

from heterolithic, ripple laminated sandstones (F4) to cross-stratified sandstones without mud 

drapes (F5). The coarse grained sandstones (Figure 3.19; 14.5m to 18.2m) are interpreted to 

represent channel lag deposits within stacked distributary channels deposited during the period of 

highest energy within the delta. Overall, the DDH-06-02 core represents progradation of the 

system. The top of the core (Figure 3.19; 16m to 18.3m) represents the filling of the distributary 

channels. This marks the transition from slight progradation to aggradation of the depositional 

system. 
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Figure 3.19: Core Description of the DDH-06-02 core with interpreted stacking patterns (red = 
progradation; blue = retrogradation).  
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3.4 Detailed Measured Section Descriptions  

The three-dimensional exposures of the middle Atoka stratigraphy from the quarry walls 

of the Webco Quarry were used to make detailed field observations and to construct measured 

sections. Four measured sections were produced in the Webco Quarry (Figure 2.2). The 

measured sections were then imported into Petrel as hard data points within the reservoir model. 

The measured sections illustrate the observed vertical facies relationships and the interpreted 

stacking patterns within the Webco Quarry.  

3.4.1 Northeast Measured Section Description 

Figure 3.21 depicts the following observations and interpreted stacking patterns for the 

northeast measured section. 

3.4.1.1 Northeast Wall Observations  

The base of the northeast measured section (Figure 3.20) is dominated by clay and 

micaceous draped tangential cross-bedding (F4) (Figure 3.21; 0m to 3.5m). The beds are 

relatively higher-angle at the base of the section (Figure 3.21; 0.25m to 2m), and become lower 

angle up-section (Figure 3.21; 2m to 3.5m). Reactivation surfaces are observed separating 

changes in bedding (Figure 3.20). The high angle cross-beds are approximately 50 centimeters in 

thickness, and the low-angle beds are approximately 10 centimeters in thickness. The higher 

angle cross-beds have thin mud drapes; whereas the low-angle beds have a significantly higher 

proportion of fine-grained interbeds. The fine-grained content preserved within the drapes 

decreases in small-scale cycles upwards. Bedding then transitions to wispy rippled sandstones 

with mud drapes. These cycles persist from 3.5m to 6.8m in the section (Figure 3.21). The 

transition from higher-angle tangential cross-bedded sandstones, to low-angle tangential cross-

bedded sandstones, to wispy ripple-laminated sandstones is observed in Figure 3.20.  

The mud drapes within the sandstones decrease upwards resulting in wispy rippled 

sandstones (F5) from 6.8m to 7.8 m (Figure 3.21), low-angle cross-bedded sandstones (F5) from 

7.8m – 9.2m (Figure 3.21), and wispy rippled sandstones (F5) from 9.2m to 10.5m (Figure 3.21). 

The sandstone bodies then become muddier again (Figure 3.21; at 10.5m), particularly in the 

bottomsets of low-angle cross-beds (F4). The muddy bottomsets have small mud rip-up clasts 

intermixed. These facies are broken up by thin mudstones (F1). These cycles continue throughout 

the remainder of the section.  
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Figure 3.20: Photograph illustrating the base of the northeast measured section (Figure 3.21; 0m 
to 6.8m). The photograph depicts the retrogradational stacking of sandstones with mud drapes 
(F4). The beds transition from high-angle cross-bedded sandstones, to low-angle cross-bedded 
sandstones, to wispy ripple-laminated sandstones (F4). The sandstones with mud drapes (F4) are 
overlain by sandstones without mud drapes (F5) at the top of the photograph. The red surfaces 
are observed reactivation surfaces.  

3.4.1.2 Northeast Wall Interpretation  

The northeast measured section illustrates a primarily aggradational to retrogradational 

stacking of distributary mouth bars. This interpretation is based upon an overall upwards 

dissipation of energy and an overall fining upwards of the distributary mouth bars. However, the 

individual distributary mouth bars are composed of upwards coarsening sand bodies. The base of 

the section (Figure 3.21; 0m to 6.8m) is defined by the retrogradational stacking of beds 

evidenced by the dissipation of depositional energy and the transition from high-angle tangential 

cross-beds, to low-angle tangential cross-beds, to wispy ripple-laminated sandstones. There is 

then a period of slight progradation and aggradation (Figure 3.21; 6.8m to 10.5m) within the 

system during the deposition of sandstones without mud drapes (F5). The system then retrogrades 

again, resulting in mudstones (F1) and sandstones with mud drapes (F4) at 10.5m (Figure 3.21). 

These facies are interpreted to represent sediment starved dunes due to the decreased bulk grain 

size. Mud rip-up clasts are preferentially located above reactivation surfaces, and are common in 

tidally-influenced systems due to the greater proportion of mud within the depositional system 

(James and Dalrymple, 2010). 

High-angle, tangential cross-bedded sandstones (F4) 

Low-angle, tangential cross-bedded sandstones (F4) 

Wispy ripple-laminated sandstones (F4) 

(F5) 
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Figure 3.21: Northeast wall measured section with interpreted stacking patterns (red = 
progradation; blue = retrogradation). 



38 
 

3.4.2 North Wall Measured Section Description 

 Figure 3.22 depicts the following observations and interpreted stacking patterns of the 

north wall measured section.  

3.4.2.1 North Wall Observations  

Figure 2.2 illustrates the spatial relationship between the northeast wall and the north wall 

measured sections. The first four meters of the section consists of low-angle, micaceous and mud 

draped cross-beds (F4; Figure 3.22). From 3.8m to 10.6m (Figure 3.22), the section exhibits 

upward coarsening cycles of ripple-laminated sandstones with mud drapes (F4) that transition 

upwards into cross-bedded sandstones without mud drapes (F5). The section then transitions 

(Figure 3.22; 10.6m to 11.6m) into heterolithic lenticular to wavy bedding with some wave- to 

combined-flow ripples (F3). The sand percentages slightly increases up-section from 11.6m to 

14.5m (Figure 3.22) resulting in mud draped sandstones with wave- to combined-flow ripples 

(F4). These beds are broken up by thin mudstones (F1). The section then abruptly transitions 

(Figure 3.22; at 14.5m) to tabular, very-fine grained sands with clay and silt dispersed 

throughout (F2). The sandstones are broken up by thin mudstones (F1). There are muddled wave- 

to combined-flow ripples due to increased bioturbation within the sand bodies. There are some 

discrete traces that can be distinguished representing Zoophycos. These traces are most readably 

seen on broken-off bedding planes (Figure 3.3). The section then abruptly transitions into thick 

mudstones (F1) with widespread occurrences of Zoophycos (Figure 3.22; 23.8m to 30.2m).  

3.4.2.2 North Wall Interpretation  

The north wall measured section illustrates the retrogradation of the depositional system 

evidenced by the upwards decrease in bulk and mean grain size and the dissipation of 

depositional energy. The base of the section (Figure 3.22; 0m to 9.3m) is characterized by 

aggradational to slightly progradational stacking of distributary mouth bars. The mouth bars are 

composed of small-scale coarsening upwards trends in which there is an overall upwards 

increase in the proportion of cross-stratified sandstones without mud drapes (F5). The section 

then experiences a dissipation of energy resulting in lenticular- to wavy-bedded heterolithic 

facies (F1, F3, F4) with wave- and combined-flow ripples from 9.3m to 14.5m (Figure 3.22). The 

system continues to backstep resulting in bioturbated very-fine grained sandstones (F2) from 
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14.5m to 23.8m (Figure 3.22). Finally, the system is completely flooded culminating in the 

deposition of marine shales.   

 

Figure 3.22: North wall measured section with interpreted stacking patterns (red = progradation; 
blue = retrogradation). 



40 
 

3.4.3 West Wall Measured Section Description  

Figure 3.23 depicts the following observations and interpreted stacking patterns of the 

west wall measured section. 

3.4.3.1 West Wall Observations  

Figure 2.2 illustrates the spatial relationship of the west wall measured section relative to 

the north and northeast measured sections. The base of the west wall section (Figure 3.23; 0m to 

10m) is dominated by fine- to medium-grained sandstones (F5), ripple-laminated sandstones with 

mud drapes (F4), and thin mudstones (F1). These facies are observed in low-angle lobate sand 

bodies and lenticular shaped sand bodies. The lenticular shaped sand bodies have an erosional 

surface or scour at their base. The erosional surfaces truncate the underlying, low-angle sand 

bodies (Figure 3.16). The internal architecture of the lenticular sand bodies is predominantly 

cross-bedded. Mud rip-up clasts are commonly densely concentrated at the base of the erosional 

surfaces (Figure 3.9), and the lenticular sand bodies are commonly draped by 10-centimeter thick 

mudstones (F1). Up-section (Figure 3.23; 10m to 17.8m), the fine-grained interbeds begin to 

disappear resulting in cross-bedded sandstones (F5). The cross-bedded sandstones grade up-

section (Figure 3.23; at 17.8m) into thinly-bedded sandstones with mud draped ripples (F4), and 

then transition to cross-bedded sandstones with mud drapes (F4) (Figure 3.23; 17.8m to 26.7m). 

Heterolithic sandstones and mudstones (F3) occur from 26.7m to 27.75m (Figure 3.23), 

and are interbedded with coarse grained sandstones and cobble conglomerates with bioclastic 

fossil fragments dispersed throughout (F6). Following conglomerate deposition, the overlying 

sandstones fine up-section (Figure 3.23; 31m to 35.5m) to medium grained, cross-bedded 

sandstones without mud drapes (F5). The bulk grain size continues to decrease up-section and 

facies become increasingly heterolithic and mud-rich, with muds occurring as mud drapes and 

interbedded pure mudstones (F1) (Figure 3.23; 35.5m to 38m). The proportion of mud continues 

to increase up-section, resulting in wavy- to lenticular-bedded sandstones and mudstones (F3), 

and thinly-bedded sandstones with mud drapes (F4) between 38m to 41m (Figure 3.23). These 

facies are characterized by wave- and combined-flow ripples.  

The section exhibits a relatively dramatic decrease in bulk and mean grain size (Figure 

3.23; 41.5m to 50.5m) resulting in tabular, very-fine grained sandstones (F2). The sandstones are 

on average 40 centimeters in thickness. The sandstones have muddled wave- and combined-flow 
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ripples and a few discrete feeding traces, including Zoophycos and vertical burrows resembling 

Ophiomorpha (Figure 3.2). The bioturbated sandstones are abruptly overlain (Figure 3.23; at 

50.5m) by thick mudstones (F1) with silts and very-fine grained sandstone beds dispersed 

throughout.  

3.4.3.2 West Wall Interpretation  

The west wall measured section transitions from progradation, to aggradation, and is 

finally capped by retrogradational facies and facies associations. The lenticular sand bodies at the 

base of the section are interpreted as terminal distributary channels (Figure 3.23; 8.5m to 10.3m, 

15m to 17.8m); whereas the low-angle cross-stratified sandstones represent accreting distributary 

mouth bars (Figure 3.23; 0m to 8.5m, 10.3m to 15m, 17.8m to 26.6m). The coarse grained 

sandstones and conglomerates (F6) and interbedded muddy facies (F1, F3, F4) are interpreted as 

channel lag deposits and structureless fluid muds deposited within the thalwegs of distributary 

channels. The channel lag deposits represent the highest energy within the section, and reflect 

progradation of the depositional system (Figure 3.23; 25m to 31m). This interval is interpreted to 

represent distributary channels at the interface between the deltaic plain and delta front. The 

vertically stacked cross-bedded sandstones (F5) from 31m through 35.5m (Figure 3.23) are 

interpreted as the aggradational stacking of distributary mouth bars on the delta front.  

The wavy- to lenticular-bedded fine grained sandstones and mudstones with wave- and 

combined-flow ripples (Figure 3.23; 35.5m to 41.45) are interpreted as the retrogradational 

stacking of sediment starved dunes on the more seaward delta front. This interpretation is based 

upon the upwards fining of bulk grain size, the decreased tidal influence, and the increased 

influence of wave energy. At 41.5m (Figure 3.23), the bioturbated, very-fine grained sandstones 

are interpreted to represent the retrogradational stacking of wave-reworked sand sheets (Figure 

3.23; 41.5m to 50.5m). Due to the decreased grain size, presence of Zoophycos, and the overall 

increase in bioturbation the retrogradational sand sheets are interpreted to be deposited on the 

distal delta front.  

 The system continues to retrograde culminating in the deposition of quarry-extensive 

(excess of a kilometer) fissile mudstones with Zoophycos dispersed throughout. These mudstones 

are interpreted as marine shales marking the flooding of the depositional system. This is 

evidenced by the presence of deep marine Zoophycos ichnofacies.  
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Figure 3.23: West wall measured section with interpreted stacking patterns (red = progradation; 
blue = retrogradation). 
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3.4.4 South Wall Measured Section Description 

Figure 3.24 illustrates the south wall exposure used to construct the south wall measured 

section (Figure 3.25).  

3.4.4.1 South Wall Observations  

Figure 2.2 illustrates the spatial relationship of the south wall measured section relative to 

the north, northeast, and west measured sections. The base of the south wall is characterized by 

cross-stratified sandstones that transition (Figure 3.25; at 1m) into thinly-bedded sandstones with 

mud-draped ripples (F4). These beds are commonly interbedded with approximately 10-

centimeter-thick mudstones (F1). The mudstones dissipate up-section (Figure 3.25; at 3.6m), and 

the facies transition to thinly-bedded sandstones with wispy ripples (F5). Between 4.25m to 5.5m 

(Figure 3.25) the sandstones are characterized by cross-bedding, and then the bedding reverts 

back to thin, ripple laminated beds throughout the rest of the section. 

3.4.4.2 South Wall Interpretation   

The south wall stratigraphy represents the slight progradation to aggradation of the 

middle Atoka distributary mouth bars (Figure 3.25). This interpretation is based upon the facies, 

facies associations, and stacking patterns representing a transition from low energy mudstones 

and mud draped sandstones (F1 and F4) to higher energy sandstones without mud drapes (F5). 

Smaller-scale cycles reveal alternating progradational and slightly retrogradational cycles. 

 

Figure 3.24: South wall exposure illustrating the stacking of beds used to construct the measured 
section in Figure 3.25.  

F4 

F5 
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Figure 3.25: South wall measured section with interpreted stacking patterns (red = progradation; 
blue = retrogradation).  
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3.5 Stratigraphic Framework  

The distribution of fine-grained interbeds and the internal architecture of tidally-

influenced systems is poorly understood (Ciammetti et al., 1995; Janssen and Bossie-Codranu, 

2005; Green and Ennis-King, 2010). High-resolution Gigapan images were used to construct 

photomosaics that characterize the facies association geometries and distribution of facies within 

the middle Atoka Formation. This provides quantitative and qualitative data to better understand 

the distribution of productive and nonproductive reservoir facies and to better constrain the 

internal architectures observed within TIRs.  

Figure 3.26 and Figure 3.27 are interpreted photomosaics of the western and eastern 

sections of the north wall respectively. The beds within the Webco Quarry have a structural dip 

of approximately 30 degrees to the north, resulting in the north wall representing the uppermost 

stratigraphy within the study area. The facies associations that characterize the north wall are 

distributary mouth bars, wave-reworked sand sheets, and marine shales (Figure 3.26B and Figure 

3.27B). The distributary mouth bars are composed of thin mudstones (F1), heterolithic mudstones 

and sandstones (F3), mud draped sandstones (F4), and sandstones without mud drapes (F5). The 

wave-reworked sand sheets are composed of thin mudstones (F1) and very-fine grained 

bioturbated sandstones (F2), and the marine shales are composed of mudstones (F1) (Figure 

3.26C and Figure 3.27C). The base of the north wall photomosaics illustrate sandy distributary 

mouth bars composed predominantly of sandstones with mud drapes (F4) and sandstones without 

mud drapes (F5) that transition upwards to distributary mouth bars composed of sandstones with 

mud drapes (F4), heterolithic mudstones and sandstones (F5), and mudstones (F1). The mouth 

bars are then overlain by laterally-extensive wave-reworked sand sheets and marine shales.   

Figure 3.28 is a photomosaic of the western wall of the Webco Quarry. The facies 

associations that characterize the west wall are distributary mouth bars and terminal distributary 

channels (Figure 3.28B). The distributary mouth bars are composed predominantly of sandstones 

with mud drapes (F4) and sandstones without mud drapes (F5). The terminal distributary channels 

are predominantly composed of heterolithic mudstones and sandstones (F3), sandstones with mud 

drapes (F4), sandstones without mud drapes (F5), and coarse grained sandstones and 

conglomerates (F6) (Figure 3.28C). The base of the west wall photomosaic (Figure 3.28) 

illustrates distributary mouth bars composed predominantly of sandstones without mud drapes 
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(F5) that transition upwards into distributary mouth bars composed of sandstones with mud 

drapes (F4). The photomosaic then illustrates distributary channels with heterolithic sandstones 

and mudstones (F3) at the base of the channel and coarse grained sandstones and conglomerates 

(F6) filling the rest of the channel. The heterolithic sandstones and mudstones (F3) represent the 

fluid muds seen in outcrop. The remainder of the photomosaic is characterized by distributary 

mouth bars composed of sandstones without mud drapes (F5).  

Figure 3.29 is a photomosaic constructed on the southern wall of the Webco Quarry, and 

represents the lowermost stratigraphy within the study area. The facies associations that 

characterize the south wall are distributary mouth bars and terminal distributary channels (Figure 

3.29B). The mouth bars are predominantly composed of sandstones with mud drapes (F4) and 

sandstones without mud drapes (F5). The terminal distributary channels are predominantly 

composed of thin mudstones (F1) and sandstones without mud drapes (F5) (Figure 3.29C). The 

base of the south wall photomosaic illustrates an erosional terminal distributary channel incising 

into distributary mouth bars. The terminal distributary channel is composed predominantly of 

sandstones without mud drapes (F5) and the mouth bars are composed predominantly of 

sandstones with mud drapes (F4). The mud drapes begin to drop out up stratigraphic section 

resulting in distributary mouth bars composed of sandstones without mud drapes (F5).  

The photomosaics and detailed field observations were used to differentiate three distinct 

zones. Three intervals with drastically differing facies distributions and bedding architectures 

were differentiated and used to construct the three zones. The lowermost zone is composed of 

distributary channels and accreting distributary mouth bars with the following facies: F1, F3, F4, 

F5, and F6. The middle zone is characterized by wave-reworked sand sheets composed 

predominantly of very-fine grained sandstones (F2) with thin mudstone layers (F1). The 

uppermost zone is characterized by marine shales composed predominantly of mudstones (F1) 

and trace amounts of very-fine grained sandstones (F2).  The facies association geometries 

(Figure 3.26B, Figure 3.27B, Figure 3.28B, and Figure 3.29B) and the spatial distribution of 

facies (Figure 3.26C, Figure 3.27C, Figure 3.28C, and Figure 3.29C) described in the 

photomosaics can be used to directly compare the model realizations produced from the different 

modeling methods. This allows for an objective tool to grade the ability of the models to 

accurately model the observed geometries and distribution of facies.   
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Figure 3.26: Photomosaic taken from the northwest corner of the Webco Quarry: A) uninterpreted photomosaic; B) photomosaic with 
the facies association geometries traced out; C) photomosaic with superimposed spatial facies distribution 
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Figure 3.27: Photomosaic taken from the northeast corner of the Webco Quarry: A) uninterpreted photomosaic; B) photomosaic with 
the facies association geometries traced out; C) photomosaic with superimposed spatial facies distribution 
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Figure 3.28: Photomosaic taken from the west wall of the Webco Quarry: A) uninterpreted photomosaic; B) photomosaic with the 
facies association geometries traced out; C) photomosaic with superimposed spatial facies distribution. 
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Figure 3.29: Photomosaic taken from a portion of the south wall of the Webco Quarry: A) uninterpreted photomosaic; B) photomosaic 
with the facies association geometries traced out; C) photomosaic with superimposed spatial facies distribution. 
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3.6 Conceptual Geologic Model 

A conceptual geologic model is a schematic representation illustrating the spatial 

distribution of facies and facies associations interpreted to comprise the depositional system. 

Having a sound geologic understanding of the depositional system and using that understanding 

to construct a conceptual geologic model is critical for reservoir modeling. Innovative modeling 

techniques allow geologists and reservoir engineers to apply their conceptual geologic models 

explicitly and quantitatively into the reservoir model (Zhang, 2008). Conceptual geologic models 

are implemented into the 3D reservoir model through training images. Training images are user-

created conceptual and numerical geologic models containing the facies relationships and facies 

association geometries interpreted for the reservoir (Zhang, 2008). Training images are a form of 

soft data that allow the modeler to apply their geologic understanding of the reservoir’s internal 

architecture and facies relationships to the 3D reservoir model. Conceptual geologic models can 

be used by geologists and reservoir engineers to enhance the 3D reservoir model’s ability to 

accurately predict the three-dimensional distribution of facies, especially when data is sparse 

(Zhang, 2008). The spatial distribution of facies, stacking patterns, and facies association 

morphologies used to construct the conceptual geologic model for the middle Atoka Formation 

were determined from detailed field observations, measured sections, core descriptions, and 

analogous systems (Dalrymple et al., 2003; Ta et al., 2005). Figure 3.30 is a conceptual geologic 

model illustrating the evolution of the entire tidally-influenced deltaic system. The specific study 

area is represented within the red outline (Figure 3.30). The tidally-influenced deltas that 

deposited the middle Atokan sediments were likely influenced by tectonics, eustatic sea-level 

fluctuations, sediment supply, and autocyclicity (Zachry and Sutherland, 1984). 

Figure 3.30A illustrates the progradational and aggradational stacking of facies and facies 

associations that dominate the base of the study area (Figure 3.26, Figure 3.27, Figure 3.28, 

Figure 3.29). The facies associations that dominate the base of the study area are terminal 

distributary channels and distributary mouth bars (Figure 3.28B, Figure 3.29B). Figure 3.30A 

depicts accreting sandy distributary mouth bars that are muddier towards the seaward position. 

This is consistent with the systematic succession from sandy bedsets that become increasingly 

heterolithic down the dip of each bed foreset, as seen in Figure 3.14. In cross-section, the model 

illustrates coalesced lobate bar forms and lenticular distributary channel fills. In addition, the 

stacking patterns illustrate the base of the system is more progradational, but the system becomes 
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more aggradational upwards. This interpretation is consistent with core descriptions (Figure 3.18, 

Figure 3.19), field observations (Figure 3.21, Figure 3.22, Figure 3.23, Figure 3.25), and the 

gamma ray signature of the Walker 1-34 well (Figure 1.3). This interpretation implies the 

sediment supply to the system initially outpaces the accommodation of the system, but as the 

system becomes more aggradational the accommodation begins to equal the sediment supply.  

Figure 3.30B illustrates the transition from predominantly sandy distributary mouth bars 

to more heterolithic distributary mouth bars (Figure 3.26, Figure 3.27). The distributary mouth 

bars in Figure 3.30B have a decreased proportion of sandstones without mud drapes (F5) and an 

increased proportion of sandstones with mud drapes (F4) and heterolithic sandstones and 

mudstones (F3). These facies are commonly characterized by lenticular- and wavy-bedding with 

wave- and combined-flow ripples. The wave- and combined-flow ripples are indicative of a 

dampened tidal amplitude. This is interpreted as the system transitioning into a more unconfined 

marine setting (Dalrymple and Choi, 2006). The fining of grain size and increased wave 

influence is indicative of a decreased sediment supply to the depositional system resulting in 

sediment starved dunes and bars (Dalrymple and Choi, 2006). The transition to sediment starved 

mouth bars is interpreted to represent the retrogradation of the depositional system due to 

accommodation beginning to outpace the sediment supply. The retrogradation of the system is 

presumably a function of eustatic sea-level rise, tectonic induced subsidence, decreased sediment 

supply rate, and local autogenic factors (Zachry and Sutherland, 1984).  

Figure 3.30C illustrates the continued retrogradation of the depositional system resulting 

in the deposition of laterally-extensive (excess of a kilometer) wave-reworked sand sheets and 

marine shales (Figure 3.26, Figure 3.27). The wave-reworked sand sheets are composed of very-

fine grained sands, Zoophycos, and wave-influenced ripples indicating deposition on the distal 

fringe of the delta front towards the onset of the muddy prodelta (Bottjer et al., 1998; Dalrymple 

and Choi, 2006). The overlying marine shales are composed of mudstones, thin siltstones, and 

Zoophycos indicating a distal deposition (100s – 1,000s of meters of water depth). The 

deposition of the marine shales is indicative of the accommodation further outpacing the 

sediment supplied to the depositional system. This resulted in the complete flooding of the 

depositional system.  
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Figure 3.30: Conceptual Model of the tidally-influenced deltaic system. The study area is 
represented in the red rectangle. A) Progradation and aggradation of distributary channels and 
mouth bars; B) Retrogradation resulting in sediment starved mouth bars; C) Flooding of the 
depositional system resulting in the deposition of wave-reworked sand sheets and marine shales. 
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3.7 Progradational Sego Sandstone  

Despite the potential productive nature of tidally-influenced reservoirs (TIRs), the 

geological community lacks well-documented examples relative to fluvial and other shallow 

marine systems (Martinius et al., 2005; Wood, 2004). One of the better documented examples is 

the progradational Sego Sandstone. Decades of field work in Utah and Colorado produced a 

detailed geological framework from which 3D reservoir models were constructed (Wood and 

Willis, 1999; Willis and Gabel, 2001; Wood, 2004; Dunlap et al., 2010; Burton and Wood, 2011; 

Bunn, 2015). 

The Upper Campanian Sego Sandstone is composed of basinward-stepping cycles of 

sediment deposited by tidally-influenced deltas within the Cretaceous Western Interior Seaway 

(Wood and Willis, 1999; Willis and Gabel, 2001; Wood, 2004). This interpretation is based on 

progradational stacking from wave-influenced offshore strata, to tidally-influenced strata, and 

finally coastal plain deposits (Willis and Gabel, 2001). The dominant facies associations are 

wave-reworked sand sheets, tidally-influenced bars, and tidally-influenced channels. Figure 3.31 

is a schematic diagram illustrating the bedding and respective log signatures within these facies 

associations (Willis and Gabel, 2001). 

The primary reservoir elements of the Sego Sandstone are tidal bars deposited on the 

unconfined delta front and tidal bars confined within estuarine valley fills (Burton and Wood, 

2011). The average bar height is 3.5 meters and can range between 1.4 and 6.8 meters. Their 

widths range from 380 and 1,800 meters (Wood, 2004). The bars are composed of heterolithic 

cross-stratified sandstones, homogeneous cross-stratified sandstones, and bioturbated sandstones. 

The bars commonly have an erosional base overlain by a lag deposit. The basal lag is overlain by 

fine to medium grained cross-stratified sandstones. The cross-stratified sandstones are composed 

of heterolithic cross-stratification in the lower parts of bedsets; whereas the upper parts of 

bedsets are composed of thicker, homogeneous cross-sets. The top and margins of the bars are 

commonly extensively bioturbated. Channel form bedsets are typically 3 – 6 meters thick and 

range between 50 and 100 meters wide. The channels record a fining-upwards trend from coarse-

grained thalweg deposits to adjacent channel point bars (Willis and Gabel, 2001).  
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Figure 3.31: Schematic diagram of the facies associations located in the lower Sego deposits. 
Schematic logs accompany the schematic diagrams illustrating grain size trends and the 
sedimentary structure variations commonly observed in the Sego Sandstone (from Willis and 
Gabel, 2001). 

 Two reservoir models were constructed using the well-constrained geologic framework 

for the progradational Sego. The first used Landmark software (Dunlap et al., 2010) and the 

more recent model used Schlumberger’s Petrel software (Bunn, 2015). Bunn (2015) used Petrel’s 

MPS modeling method to determine how fine-scale features affect subsurface fluid flow.   

 Progradational TIRs have been studied throughout basins worldwide; whereas reservoir 

units dominated by aggradation and retrogradation are commonly overlooked. The primary 

reservoir units in the aggradational and retrogradational middle Atoka are distributary mouth 

bars and terminal distributary channels.  
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The middle Atoka distributary mouth bars are slightly smaller relative to the bars in the 

Sego. The bars in the middle Atoka have an average thickness of 2 meters with widths up to 800 

meters (Reynolds, 1999); whereas the average bar height in the Sego is 3.5 meters and widths 

range from 380 and 1,800 meters (Wood, 2004). The thickest bars in the middle Atoka are 

located in areas that are aggradational to slightly progradational; whereas the thinnest mouth bars 

are located in areas that are strongly retrogradational (Figure 3.26, Figure 3.27, Figure 3.30). The 

aggradational to slightly progradational middle Atoka mouth bars are predominantly composed 

of sandstones without mud drapes (F5), and have just as high proportion of sand content relative 

to the bars that compose the Sego Sandstone. However, the middle Atoka mouth bars in the 

retrogradational units are dominated by sandstones with mud drapes (F4), heterolithic mudstones 

and sandstones (F3), and thin, laterally-extensive (100s of meters) mudstones (F1). The internal 

architecture of the middle Atoka mouth bars commonly have a systematic succession of cleaner 

sandstones (F5) in the foresets that then transition to muddier heterolithic sands (F3) and thin 

mudstones (F1) in the bottomsets (Figure 3.14). Unlike the Sego, the top and margins of the 

Atoka bars are not heavily bioturbated. This is interpreted as a function of high sedimentation 

rates and large volumes of suspended sediment resulting in a stressful environment (Dalrymple 

and Choi, 2007). In addition, the bars are interpreted to never aggrade to the point they become 

subaerial due to the high accommodation occurring during relative sea-level rise.    

The terminal distributary channels within the middle Atoka Formation are confined to a 

max erosional incision of 1 – 2 meters, and they are commonly restricted to erosional scouring of 

the underlying surface. This is significantly thinner than the channels observed within the 

progradational Sego (3 - 6 meters). The channel fills of the middle Atoka channels are 

predominantly composed of the same facies that make up the distributary mouth bars (F1, F3, F4, 

F5, and F6). They commonly have lenticular geometries and are draped at the base by thin layers 

of densely concentrated mud rip-up clasts. The distributary channels can have coarse-grained lag 

deposits (F6) that are restricted to channel thalwegs. However, these facies are commonly in 

close proximity to low-permeability fluid mud layers reducing the transmissivity of the reservoir 

unit. Fluid muds appear to have a higher distribution within the middle Atoka relative to the 

Sego Sandstone. This is thought to be a function of the higher distribution of fine-grained 

sediment within the middle Atoka.   
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3.8 Reservoir Modeling  

A 3D grid was generated to construct the three-dimensional framework for the reservoir 

model. The 3D grid was bound by a user-defined polygon with the following dimensions: 655m i 

x 275m j x 58.25m k (Figure 2.2). Three distinct zones (Figure 3.32) with differing bedding 

architectures and facies distributions were created using 2 stratigraphic surfaces interpreted from 

photomosaics (Figure 3.26, Figure 3.27, Figure 3.28, and Figure 3.29) and detailed field 

observations. Zone 1, the lowermost zone, is composed of terminal distributary channels and 

distributary mouth bars with the following facies: F1, F3, F4, F5, and F6. Zone 2, the middle zone, 

is characterized by wave-reworked sand sheets composed predominantly of very-fine grained 

sandstones (F2) and thin mudstones (F1). Zone 3, the uppermost zone, is characterized by marine 

shales composed predominantly of mudstones (F1) with trace amounts of very-fine grained 

sandstones (F2).  

 

Figure 3.32: The 3D grid divided into three distinct zones (Zone 1, Zone 2, and Zone 3). Each 
individual zone was modeled separately. Zone 2 and Zone 3 were modeled exclusively with SIS; 
whereas Zone 1 was modeled with SIS, TGS, and MPS to determine the model that most 
accurately honors the heterolithic character and facies association geometries observed within 
the Webco Quarry.  

Two different cell sizes were used to populate the three distinct zones. The differing cell 

sizes were used to compare how cell size influences the distribution of fine-scale heterogeneities. 

The finer-scale model used 1,678,765 cells with a 5m x 5m x 0.25m [i, j, k] cell size. The coarser 

model used 107,646 cells with a 20m x 20m x 0.25m [i, j, k] cell size. The Webco Quarry was 
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georeferenced in Petrel to accurately distribute the hard data (measured sections and core 

descriptions) within the 3D model framework. Core descriptions (Figure 3.18, Figure 3.19) and 

measured sections (Figure 3.21, Figure 3.22, Figure 3.23, and Figure 3.25) were imported into 

Petrel as discrete facies logs. The discrete facies logs were given numerical codes that correlated 

to each of the 6 described facies. The 3D grids were then upscaled from the discrete facies logs. 

The facies logs were sampled as a line and upscaled using the neighbor cell method within 

Petrel. This method averages the values from the cells adjacent to the upscaled cell and 

belonging to the same layer as the upscaled cell. Therefore, increasing the grid density in the i- 

and j-directions (horizontal direction vectors) will increase the models’ capability of capturing 

the fine-scale heterogeneities within the reservoir. Figure 3.33 illustrates the vertical proportion 

curves for the fine- and coarse-scale models for Zone 1. Zone 1 is highlighted because Zone 2 

and Zone 3 are composed almost exclusively of very-fine grained bioturbated sandstones (F2) 

and fissile mudstones (F1), respectively. The fine-scale model was more adept at upscaling the 

thin mudstones (F1) in Zone 1, resulting in a mudstone percentage of 2.82% in the fine-scale grid 

and 0.47% in the coarse-scale grid. After the cells were upscaled for each zone, the vertical 

proportion curves and the variogram(s) were conditioned to best represent the data. Specifically, 

spikes in facies percentages were smoothed while preserving the facies percentages produced 

during the upscaling process.  

Sequential indicator simulation (SIS), truncated gaussian simulation (TGS), and multi-

point simulation (MPS) were then used to model Zone 1. All three methods were conditioned to 

the vertical proportion curves and orientated based upon the paleocurrent measurements from 

within the Webco Quarry. The distributary mouth bars were given an azimuth of 60 degrees, and 

the terminal distributary channels were given an azimuth of 65 degrees. The three methods were 

then compared to identify which method most accurately captured the observed geometries and 

ensures the best prediction of facies distribution. The three methods are described in more detail 

in the following sections. Zone 2 and Zone 3 are composed of tabular and quarry-extensive 

facies associations (wave-reworked sand sheets and marine shales, respectively). In addition, the 

facies associations are composed almost exclusively of one facies (F2 for Zone 2 and F1 for Zone 

3). Due to lack of architectural complexity, the SIS method was used to model these zones 

because the SIS method is the quickest data processing method and is commonly utilized in areas 

with low geologic complexity (Zhang, 2008). 
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Figure 3.33: Vertical proportion curves from the upscaling of the fine- and coarse-scale 3D grid.  



60 
 

3.8.1 Sequential Indicator Simulation (SIS)   

Sequential indicator simulation (SIS) is a stochastic, pixel-based, modeling method. 

Stochastic simulation methods use the same set of data to generate numerous and equiprobable 

realizations (Zhang, 2008). In SIS, every cell is encountered along a random path determined by 

its seed number. A probability distribution function is created from indicator kriging based upon 

upscaled and previously simulated cells (Deutsch, 2014). A simulated value, or indicator 

variable, is then determined based upon the probability distribution function and the variogram 

(Seifert and Jensen, 1999). This process continues until all the pixels are simulated and a 

realization is generated (Deutsch, 2014).  

SIS uses a separate variogram to model the spatial variance between each distinct facies 

(Zhang, 2008). The variogram constrains the distribution and connectedness of facies based upon 

the geologic variability (Kupfersberger and Deutsch, 1999). The SIS method commonly uses a 

spherical variogram that produces a linear behavior at small separation distances. The variogram 

is defined by its: type, range, sill, and nugget. The range describes where the variogram model 

reaches its plateau. The plateau refers to the point where increasing separation distance no longer 

changes the degree of correlation between a pair of data points. The variogram is measured in the 

horizontal plane (major and minor directions) and vertical plane. The major direction defines the 

direction in which data points have the strongest correlation; whereas the minor direction is 

defined as perpendicular to the major direction (Deutsch, 2014). The sill determines the 

semivariance where the separation distance is greater than the range. Semivariance refers to the 

average of the squared deviations of values between data points. The nugget determines the 

semivariance where the separation distance is zero (Deutsch, 2014). Figure 3.34 is a spherical 

variogram used to model the distribution and connectedness of the ripple-laminated to cross-

stratified sandstones with mud drapes (F4) in the coarse-scale SIS model. Figure 3.34 illustrates 

the vertical range, total sill, nugget, and the position at which the variogram plateaus. Separate 

variograms were used for each of the 5 facies located within Zone 1. The type, range, sill, and 

nugget for the variograms used to model each facies in the fine-scale and coarse-scale SIS 

models are listed in Table 3.3 and Table 3.4.  
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Figure 3.34: Spherical variogram used for F4 in the coarse-scale SIS 3D reservoir model. The 
variogram illustrates the nugget, total sill, vertical range, and plateau for the variogram.   

Table 3.3: Variogram Parameters for the SIS Fine-Scale Model 

Facies Type 
Major 

Range (m) 
Minor 

Range (m) 
Vertical 

Range (m) Nugget Sill 

Mudstone (F1) spherical 600 600 1.241 0.266 1.004 

Heterolithic SS 
and 

Mudstone(F3) 
spherical 130 250 1.904 0.088 0.7986 

SS with Mud 
Drapes (F4) 

spherical 135 270 6.565 0.2483 1.162 

SS without mud 
drapes (F5) 

spherical 145 800 6.122 0.0678 1.052 

Coarse Grained 
SS (F6) 

spherical 250 510 5.858 0.1071 0.9738 

Table 3.4: Variogram Parameters for the SIS Coarse-Scale Model 

Facies Type 
Major 

Range (m) 
Minor 

Range (m) 
Vertical 

Range (m) Nugget Sill 

Mudstone (F1) spherical 600 600 1.241 0.8574 0.9891 

Heterolithic SS 
and 

Mudstone(F3) 
spherical 130 250 2.02 0.0702 0.8771 

SS with Mud 
Drapes (F4) 

spherical 135 270 6.739 0.1684 0.9147 

SS without mud 
drapes (F5) 

spherical 145 800 6.597 0.0826 1.0134 

Coarse Grained 
SS (F6) 

spherical 250 510 5.302 0.1597 1.2646 
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The SIS method accurately reproduced the histograms for each facies and preserved the 

vertical proportion curves produced during the upscaling process. This is supported by the 

distribution of facies in the fine- and coarse-scale SIS model realizations (Figure 3.35) matching 

the vertical proportion curves and facies percentages in Figure 3.33. The fine-scale reservoir 

model (Figure 3.35A) was superior at honoring the fine-scale heterogeneities relative to the 

coarser-scale model (Figure 3.35B). In particular, Figure 3.35A depicts how the fine-scale model 

is more adept at incorporating the thin mudstones (F1) into the 3D reservoir model.  

The SIS method produced realizations that were adequate at honoring the spatial 

distribution of facies (Figure 3.36). Figure 3.36A is a photomosaic of the northeast wall with 

facies superimposed on the quarry exposure illustrating the 2D spatial distribution of facies. 

Figure 3.36B is a model realization taken from the fine-scale SIS model (Figure 3.35A). 

Specifically, the realization is a vertical slice taken perpendicular to north at approximately the 

same location as the photomosaic in Figure 3.36A. The spatial distribution of facies in Figure 

3.36A and Figure 3.36B were compared to evaluate the SIS method’s ability to accurately 

distribute facies within the 3D reservoir model. Figure 3.36 illustrates how the geostatistical 

distribution of facies produced by the SIS method is similar to the distribution of facies 

superimposed on the photomosaic. Therefore, the SIS method is capable of accurately 

distributing the facies within the 3D reservoir model.  

However, the SIS method was poor at preserving the facies association geobody 

dimensions. Specifically, the SIS method was not capable of preserving the connectivity of the 

facies associations. In particular, the two-point based approach was not capable of constraining 

the connectivity of the curvilinear distributary channels. The planform views (k-slices) in Figure 

3.35 depict distributary channels composed of coarse grained facies (F6). The distributary 

channels lack the connectivity and interpreted geometries observed from detailed field work and 

photomosaics (Figure 3.28, Figure 3.29). This is because the variogram is not mathematically 

capable of capturing complex curvilinear patterns with two spatial data points (Caers and Zhang, 

2008). This commonly results in facies associations having unrealistic shapes and patterns 

(Strebelle and Levy, 2008). Therefore, the SIS method is not capable of reproducing the facies 

association geometries observed in the Webco Quarry. This severely limits the potential of the 

SIS method because the facies associations control the connectivity and distribution of 

permeability pathways within the reservoir. 
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Figure 3.35: Comparison of SIS 3D reservoir model cell sizes. A) Fine-scale (5m x 5m x 0.25m) 
SIS model; B) Coarse-scale (20m x 20m x 0.25m) SIS model.
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Figure 3.36: Comparison of the northeast photomosaic and its respective SIS model realization. A) Photomosaic of the northeast wall 
with facies superimposed illustrating the 2D spatial distribution of facies. B) A model realization from the fine-scale SIS model. The 
realization is a j –slice (vertical slice taken perpendicular to north) at approximately the same location of the northeast photomosaic.
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3.8.2 Truncated Gaussian Simulation (TGS)  

Truncated gaussian simulation (TGS) is another stochastic method. Unlike SIS, truncated 

gaussian simulation generates only one gaussian random field, utilizes only one variogram for all 

the facies, and adheres to a strict ordering of facies (Deutsch, 2014). TGS uses facies proportions 

from well data and creates a gaussian residual field from a single variogram that is then truncated 

at a series of thresholds (Falivene et al., 2006). The use of only one variogram results in faster 

computation time, but is not ideal for systems with multiple anisotropies. Prior to simulation, the 

ordering of facies dictates which facies will be modeled adjacent to one another.  

The variogram used to model all the facies located within Zone 1 of the fine-scale TGS 

model has the following parameters: gaussian variogram type; major range of 70m, minor range 

of 200m, and a vertical range of 10.94m; a nugget of 0.2686; and a total sill of 1.041. The 

variogram used to model all the facies located within Zone 1 of the coarse-scale TGS model has 

the following parameters: gaussian variogram type; major range of 235m, minor range of 460m, 

and vertical range of 10.253m; a nugget of 0.275; and a total sill of 0.9702. The ordering of 

facies was determined by field observations (Figure 3.26, Figure 3.27, Figure 3.28, Figure 3.29), 

measured sections (Figure 3.21, Figure 3.22, Figure 3.23, Figure 3.25), and core descriptions 

(Figure 3.18 and Figure 3.19). The ordering of facies used by both the fine- and coarse-scale 

TGS model is: mudstones (F1), heterolithic sandstones and mudstones (F3), sandstones with mud 

drapes (F4), sandstones without mud drapes (F5), and coarse grained sandstones and 

conglomerates (F6).  

The TGS method accurately reproduced the histograms for each facies and preserved the 

vertical proportion curves produced during the upscaling process. This is supported by the 

distribution of facies in the fine- and coarse-scale TGS model realizations (Figure 3.37) matching 

the vertical proportion curves and facies percentages in Figure 3.33. Similar to the SIS method, 

the fine-scale model (Figure 3.37A) was more successful at illustrating the distribution of fine-

scale heterogeneities relative to the coarse-scale model (Figure 3.37B).  

The TGS method accurately simulated the spatial distribution of facies in areas with a 

systematic transition of facies. Figure 3.38A is a photomosaic of the northeast wall. The 

photomosaic has facies superimposed on the quarry exposure illustrating the 2D spatial 

distribution of facies. Figure 3.38B is a realization from the fine-scale TGS model. Specifically, 
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the realization is a vertical slice taken perpendicular to north at approximately the same location 

as the photomosaic in Figure 3.38A. The spatial distribution of facies in Figure 3.38A and Figure 

3.38B were compared to evaluate the TGS method’s ability to accurately distribute facies within 

the 3D reservoir model. Figure 3.38 illustrates how the geostatistical distribution of facies 

produced by the TGS method is similar to the distribution of facies superimposed on the 

photomosaic. However, in areas without a systematic succession of facies the model is forced to 

misrepresent the distribution of facies because it is constrained to honoring the inputted ordering 

of facies. This resulted in realizations that do not completely capture the heterogeneous character 

of the facies associations. This is best observed in the thalweg of distributary channels where 

mudstones (F1), heterolithic mudstones and sandstones (F3), and sandstones with mud drapes (F4) 

were observed in core (Figure 3.17) and the field (Figure 3.28) to be in direct contact with coarse 

grained sandstones and conglomerates (F6). However, the planform views (k-slices) in Figure 

3.37 illustrate how the strict ordering of facies used by the TGS modeling algorithm restricts the 

heterogeneous facies (F1, F3, and F4) from being in contact with the coarse-grained channel lag 

facies (F6). This results in the TGS method producing model realizations that do not accurately 

honor the heterogeneity of the reservoir. This can result in the reservoir model misrepresenting 

the transmissivity of reservoir units and producing artificial permeability pathways.  

The TGS method was subpar at preserving the facies association geobody dimensions. 

The strict ordering of facies appeared to better constrain the sediment bodies of the facies 

associations relative to the SIS method, but the TGS method would still break down when 

dealing with curvilinear geometries. This is because the TGS method is still predicated on the 

two-point variogram approach. This resulted in the facies associations lacking connectivity. In 

particular, the TGS method was not capable of reproducing the interpreted curvilinear 

geometries associated with the distributary channels. The planform views (k-slices) in Figure 

3.37 illustrate how the TGS method was at least somewhat adequate at constraining the terminal 

distributary channel dimensions. However, when the coarse grained facies (F6) within the 

channel would experience a curvilinear morphology the connectivity of the channel facies would 

become nonexistent. This severely limits the potential of the TGS method because the facies 

associations commonly have curvilinear morphologies. Similar to the SIS method, the inability 

to preserve the connectivity of the facies associations limits the TGS method from accurately 

constructing the permeability pathways within the reservoir.  
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Figure 3.37: Comparison of TGS 3D reservoir model cell sizes. A) Fine-scale (5m x 5m x 
0.25m) TGS model; B) Coarse-scale (20m x 20m x 0.25m) TGS model.
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Figure 3.38: Comparison of the northeast photomosaic and its respective TGS model realization. A) Photomosaic of the northeast wall 
with facies superimposed illustrating the 2D spatial distribution of facies. B) A model realization from the fine-scale TGS model. The 
realization is a j –slice (vertical slice taken perpendicular to north) at approximately the same location of the northeast photomosaic.
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3.8.3 Multi-Point Simulation (MPS)  

Multi-point simulation (MPS) is another stochastic simulation method, but instead of 

using a two-point statistical variogram, MPS derives the local conditional distribution from a 

training image (Strebelle, 2002). Multi-point simulation was developed to reproduce complex 

curvilinear features from a training image, but retain the stochastic flexibility to condition hard 

and soft data (Deutsch, 2014). This allows the modeler the capability to capture curvilinear 

geometries from a user-constructed training image, and then anchor these geometries to hard 

data. A training image is a conceptual and numerical geologic model containing the facies’ 

geometries and relationships believed to exist in the reservoir. A training image is a type of soft 

data that allows modelers to apply their geological understanding of the reservoir’s internal 

architecture and spatial distribution of facies into the reservoir model (Zhang, 2008). The 

construction of the training image is very subjective. Therefore, having a geologically sound 

conceptual model to help guide the interpretation and construction of the training image is 

critical. Specifically, facies association dimensions, facies proportions, and spatial facies 

relationships must be integrated from the conceptual model (Figure 3.30). The facies associations 

incorporated into the training image should be limited to features that have a good likelihood to 

be reproduced (Deutsch, 2014). The training image (Figure 3.39) for this study was constructed 

using object models to accurately honor the connectivity of the facies associations. The facies 

associations were populated with their respective facies. The training image (Figure 3.39) used 

object modeling to construct the terminal distributary channels and distributary mouth bars.  

The distributary channels were constructed with objects resembling fluvial channels. The 

fluvial channel objects have a lenticular geometry and were populated with the coarse grained 

sandstones and conglomerates (F6). The channel objects were given the following morphometric 

parameters: 50m meander amplitude, 400m wavelength, 50m width, and an average channel 

thickness of 1.5 meters. The channels were given an orientation of 65 degrees based upon 

paleocurrent measurements from current ripples. The heterolithic sandstones and mudstones 

facies (F3) were then populated around the margins of the channel to represent the fluid mud 

deposits observed in the field (Figure 3.28) and core (Figure 3.17). These deposits were given a 

thickness of 25 centimeters.   



70 
 

The distributary mouth bars were constructed using upper half pipe objects that replicated 

the lobate and elongate sandstone bodies observed in outcrop. The half pipe objects were 

populated with the sandstones without mud drapes (F5). The mouth bars were fringed by mud 

draped sandstones (F4) and heterolithic sandstones (F3) by using the parabolic object model. This 

morphology was used to replicate the systematic succession of facies seen in Figure 3.14 and 

Figure 3.30A. The elongate upper half pipe objects that were populated with sandstones (F5) 

were given an average minor axis of 100m and given a mean major axis scaling factor of 3. 

Therefore, the average sandy distributary mouth bar’s major axis was 3x that of its minor axis. 

The parabolic objects constructed to recreate the fringing sandstones with mud drapes (F4) and 

heterolithic mudstones and sandstones (F3) were given a minor axis of 50m and a major scaling 

factor of 3. The distributary mouth bars were given an orientation of 60 degrees based upon 

paleocurrent measurements from current ripples, cross-stratification, and cross-bedding observed 

within the distributary mouth bars. 

 

Figure 3.39: Training image constructed using object models to replicate distributary mouth bars 
and distributary channels.  
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The MPS method reproduced the histograms for each facies and preserved the vertical 

proportion curves produced during the upscaling process. This is supported by the distribution of 

facies in the fine- and coarse-scale MPS model realizations (Figure 3.40) matching the vertical 

proportion curves and facies percentages in Figure 3.33. Similar to the SIS and TGS methods, 

the fine-scale model (Figure 3.40A) was superior at preserving the fine-scale heterogeneities 

relative to the coarse-scale model (Figure 3.40B). The fine-scale model was also capable of 

capturing the fine-scale heterogeneities between the coarse channel lag deposits and the fluid 

muds. 

The MPS method produced realizations that accurately honored the spatial distribution of 

facies. Figure 3.41A is a photomosaic of the northeast wall. The photomosaic has facies 

superimposed on the quarry exposure illustrating the 2D spatial distribution of facies. Figure 

3.41B is a realization from the fine-scale MPS model. Specifically, the realization is a vertical 

slice taken perpendicular to north at approximately the same location as the photomosaic in 

Figure 3.41A. The distribution of facies in Figure 3.41A and Figure 3.41B were compared to 

evaluate the MPS method’s ability to accurately distribute facies within the 3D reservoir model. 

The photomosaic (Figure 3.41A) and the slice through the MPS model realization (Figure 3.41B) 

have a similar distribution of facies. Therefore, the MPS model is capable of accurately 

distributing the facies within the 3D reservoir model. 

Unlike the SIS and TGS modelling methods, the MPS method was capable of preserving 

the geobody dimensions of the terminal distributary channels and the distributary mouth bars. 

The addition of the training image allowed the MPS models to capture the curvilinear geometries 

of the facies associations and anchor them to the hard data. The planform views (k-layers) in 

Figure 3.40 depict the connectedness of the coarse grained sandstones and conglomerates (F6) 

within the distributary channels. This illustrates how the MPS modelling method is capable of 

reproducing the observed facies association geometries. Therefore, the MPS method can 

accurately model the three-dimensional connectivity and continuity of productive and 

nonproductive reservoir facies. The ability of the MPS method to accurately preserve the three-

dimensional connectivity and continuity of facies allows the MPS models to honor the reservoir 

heterogeneity and accurately construct the permeability pathways of the reservoir system. This is 

critical when attempting to predict reservoir performance.  
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Figure 3.40: Comparison of MPS 3D reservoir model cell sizes. A) Fine-scale (5m x 5m x 
0.25m) MPS model; B) Coarse-scale (20m x 20m x 0.25m) MPS model.
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Figure 3.41: Comparison of the northeast photomosaic and its respective MPS model realization. A) Photomosaic of the northeast wall 
with facies superimposed illustrating the 2D spatial distribution of facies. B) A model realization from the fine-scale MPS model. The 
realization is a j –slice (vertical slice taken perpendicular to north) at approximately the same location of the northeast photomosaic.
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CHAPTER 4 

DISCUSSION 

This chapter outlines the implications of the static 3D reservoir model, and how 

aggradational and retrogradational TIRs differ from that of progradational TIRs. Specifically, 

this chapter will discuss the impact cell size had on capturing fine-scale heterogeneities, the 

modelling method most appropriate for this study, and how this study relates to petroleum 

systems. In addition, the results of this study are compared to the reservoir models constructed 

on the progradational and tidally-influenced Sego Sandstone of the Cretaceous Western Interior 

Seaway in Utah and Colorado, U.S.A.  

4.1  Implications of the 3D Reservoir Model  

Tidally-influenced reservoirs are commonly composed of hydrocarbon bearing 

heterolithic strata (Jackson et al., 2005). However, the cyclical deposition of sandstones and 

mudstone laminae results in complex internal architectures (Nio and Yang, 1991). Massart et al. 

(2016b) used surface-based modeling to show how even relatively low fractions of mudstone 

drapes will significantly reduce the effective permeability and add permeability anisotropy to the 

reservoir. This results in reservoir units that commonly have recovery factors less than 30% 

(Martinius et al., 2005). This explains why heterolithic sandstones are commonly underestimated 

or overlooked (Jackson et al., 2005). Detailed 3D reservoir models can produce realizations 

capturing the connectivity and heterogeneity patterns that are essential to reasonably forecast 

fluid flow in TIRs (Strebelle, 2012). 

4.1.1 Reservoir Model Dimensions  

The fine-scale reservoir models had greater success illustrating the centimeter-scale 

heterogeneities associated with aggradational to retrogradational TIRs. In particular, the fine-

scale models were capable of distributing the thin, laterally continuous (100s of meters) 

mudstone layers (Figure 3.35A, Figure 3.37A, Figure 3.40A). This suggests a high-resolution 

grid is necessary to accurately capture the fine-scale heterogeneities within the reservoir. The 

average cell size used in the petroleum industry is on the order of 100s of meters for large 

conventional reservoir systems (Dogru et al., 2009). Therefore, simulation grids utilized in the 
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petroleum industry are presumably underestimating the architectural complexity within TIRs. 

This is thought to be a function of the very low recovery factors that characterize TIRs. 

4.1.2 Critique of the Reservoir Modeling Methods 

 The stochastic algorithm used by the SIS method produced simulations that were not 

capable of preserving the connectivity of the curvilinear shapes that characterize the facies 

associations within the middle Atoka Formation. This is because the two-point variogram based 

models approximate the variance of the reservoir by using an ellipse. If the facies associations 

within the reservoir can be represented by an ellipse than the variogram based approaches are 

sufficient. However, the facies associations within this study, specifically the terminal 

distributary channels, are characterized by curvilinear geometries that cannot mathematically be 

reproduced with an ellipse (Deutsch, 2014). This severely limits the potential of the SIS method 

because complex geologic patterns are commonly observed in TIRs, and the ability to reproduce 

their complex architectures is critical for reservoir connectivity. In order to combat this issue, 

dense data conditioning through the addition of pseudo-wells can help replicate more 

complicated curvilinear features. However, the modeler must be careful because this can result in 

limiting the heterogeneous character of the data. In addition, pseudo-wells can cause the 

reservoir to behave in overly deterministic ways resulting in artificial permeability pathways or 

barriers to flow. The SIS method has become a routine tool in reservoir modeling to model 

reservoir heterogeneities and to further assess the reservoir’s spatial uncertainties (Zhang, 2008). 

The SIS method is suitable in heterogeneous reservoirs without defined geometric shapes and 

architectures, and can be used to construct a preliminary facies model when available data is 

limited (Deutsch, 2014).  

The TGS method had many of the same issues as the SIS method. This is because both 

the SIS and TGS methods are stochastic modeling methods that use the variogram-based two-

point statistics to characterize the connectedness of the reservoir. The TGS method was not 

capable of accurately reproducing the curvilinear geologic shapes that characterize the facies 

associations. In addition, the strict ordering of facies restricted the heterogeneity of the TGS 

models in areas without a systematic succession of facies. This was readily observed in areas 

where heterogeneous facies (F1, F3, and F4) were restricted from being in contact with the coarse-

grained channel lag facies (F6). This has critical implications regarding the fluid flow within the 
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reservoir because this implies there are no baffles to flow between the relatively clean sandstones 

(F5) and the coarse grained sandstones (F6). However, field observations and core analysis prove 

otherwise. The TGS method is predominantly utilized in environments with a systematic 

succession of facies, such as prograding and retrograding deltaic or shoreface systems 

(MacDonald and Aasen, 1994; Jian et al., 2004; Novakovic et al., 2002; Castellini et al., 2003). 

The MPS method produced the only 3D reservoir model capable of honoring the facies 

relationships and facies association geometries observed in the Webco Quarry. The spatial 

distribution of facies produced by the MPS method (Figure 3.40) resembled the spatial 

distribution of facies superimposed on the photomosaics (Figure 3.26, Figure 3.27, Figure 3.28, 

and Figure 3.29). This indicates the MPS method was capable of accurately distributing the 

facies throughout the reservoir model. The MPS method used the training image (Figure 3.39) to 

accurately constrain the curvilinear geometries associated with the distributary mouth bars and 

terminal distributary channels. This allowed the MPS models to preserve the connectivity of the 

facies associations. The ability of the MPS method to reproduce the facies association geometries 

allows the modeler to construct a facies model as well as a facies associations model; whereas, 

the SIS and TGS modeling methods were only capable of creating a facies model. The facies 

control the distribution of pore throats, the fluid distribution, and fluid flow within the reservoir. 

The facies associations (i.e. distributary mouth bars and terminal distributary channels) control 

the connectivity of the reservoir. Thus, they determine the permeability pathways within the 

reservoir system. Therefore, a successful static 3D reservoir model must have the capability to 

incorporate both the observed facies relationships and the facies association geometries that 

contain the facies. The MPS method can be utilized in numerous environments, but becomes 

most advantageous in environments with complex geometric shapes (Zhang, 2008). However, it 

should be noted multiple-point geostatistics is still a stochastic method and therefore suffers from 

stationarity and ergodicity (Caers and Zhang, 2004).  

4.1.3 Significance to Petroleum Systems 

 Discovering new oil fields is becoming increasingly difficult. This has increased the 

petroleum industry’s focus to maximize recovery factors in current and future oilfields. One way 

to increase recovery factors is to increase the sweep efficiency of the field. The sweep efficiency 

is primarily affected by the heterogeneity of the reservoir (Muggeridge et al., 2014). 
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Unfortunately, the distribution of permeability in a reservoir is commonly ambiguous (Pickup et 

al., 2000; Fokker 2001, Ringrose et al., 2008). The general permeability characteristics can 

commonly be interpreted based upon the depositional environment and sometimes can be 

correlated between wells. However, information regarding the detailed permeability distribution 

on smaller length scales is virtually nonexistent (Muggeridge et al., 2014). To combat this issue, 

geostatistical 3D reservoir models are utilized to construct the possible distribution of reservoir 

heterogeneity. The distribution of reservoir heterogeneity is essential when attempting to predict 

reservoir performance (Muggeridge et al., 2014). 

 The MPS 3D reservoir model illustrates the three-dimensional distribution and 

connectivity of productive and nonproductive reservoir facies in an aggradational to 

retrogradational TIR system. For this study, facies with a lower percentage of fine-grained 

interbeds are assumed to have higher permeability values and are considered a more productive 

reservoir facies. This assumption is predicated on analyzing similar facies from previous studies 

in analog TIR systems (Willis and White, 2000; Burton and Wood, 2011; Dunlap et al., 2012; 

Bunn, 2015). The internal architecture of the distributary mouth bars and terminal distributary 

channels are the primary control on the reservoir heterogeneity and the fluid flow characteristics 

within the reservoir system. This study determined the highest connectivity and distribution of 

productive TIR facies occurs at times that are highly aggradational. The MPS model realizations 

produced in intervals dominated by aggradation (Figure 4.1) depict distributary mouth bars 

composed predominantly of sandstones without mud drapes (F5) and are sparsely populated with 

mud draped sandstones (F4) and thin mudstones (F1). This results in the high connectivity of 

productive reservoir facies (F5). These intervals are thought to represent times when sediment 

supply was keeping pace with the high accommodation within the system. This resulted in 

highly-connected vertically stacked sandy mouth bars (Figure 3.28). However, intervals 

dominated by retrogradation are characterized by sediment starved distributary mouth bars that 

have a very high distribution of low-permeability facies (F1, F3, F4). Figure 4.2 illustrates how 

low-permeability facies (F1, F3, F4) constitute a significant proportion of the planform view (k-

slice) during times dominated by retrogradation. This results in very low connectivity of 

productive reservoir facies (F5) and significantly decreases the potential productivity of the unit.  

In addition, the MPS model does a good job illustrating the interbedded nature of the 

coarse-grained channel lag facies (F6) and heterogeneous fluid mud facies (F1, F3, F4). Figure 4.3 
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illustrates a planform view (k-layer) through the base of a distributary channel. The coarse 

grained facies are in close proximity to the more heterogeneous facies (F3 and F4). This has 

critical implications on the potential productivity of the reservoir unit because fluid mud deposits 

may drastically decrease the transmissivity of the reservoir unit. The fluid muds observed in this 

study are all below the scale of being observed in well logs, but it is in the opinion of this study 

that their potential presence in aggradational and retrogradational TIRs should be implemented 

into production plans.   

 

Figure 4.1: Planform view of the fine-scale MPS model taken from an interval dominated by 
aggradation.  

 

Figure 4.2: Planform view (k-layer) of fine-scale MPS model taken from interval dominated by 
retrogradation.  
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Figure 4.3: Planform view (k-layer) of fine-scale MPS model taken from the thalweg of a 
distributary channel. The planform view depicts a distributary channel incising into the 
surrounding distributary mouth bars. The distributary channel is filled with coarse grained 
sandstones and conglomerates (F6) and is fringed by heterolithic facies (F3, F4) representing fluid 
mud deposits.  

4.2 Comparison of Sego Sandstone and Middle Atoka 3D Reservoir Models  

 This study provided a unique opportunity to produce a well-constrained geologic 

framework on the often over-looked aggradational and retrogradational cycles of a tidally-

influenced reservoir system. There are similar facies and facies associations in aggradational and 

retrogradational TIRs versus that of progradational TIRs. However, the facies associations differ 

in their geobody dimensions and the overall distribution of mudstones. The aggradational to 

retrogradational TIR units tend to have smaller facies association geobody dimensions, a higher 

distribution of heterolithic and mud draped facies, and a higher distribution of thin and laterally-

extensive mudstones relative to progradational TIRs. The aforementioned differences result in 

different magnitudes and scales of heterogeneity. These differences were captured in the static 

MPS reservoir model.  

The primary reservoir units in the middle Atoka Formation and Sego Sandstone are 

distributary channels and bars (Wood, 2004). The terminal distributary channels within the 
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middle Atoka Formation have a max erosional incision of 2 meters and are commonly restricted 

to erosional scouring of the surrounding mouth bars. The channels within the progradational 

Sego Sandstone are thicker and range from 3 – 6 meters (Wood, 2004). In addition, the base of 

the Atoka distributary channels are commonly interbedded with low permeability fluid muds 

decreasing the potential productivity of the reservoir unit. Fluid muds have a higher distribution 

in the middle Atoka Formation (Bunn, 2015). This is thought to be a function of the higher 

distribution of fine-grained sediment within the middle Atoka.  

The middle Atoka distributary mouth bars also have smaller geobody dimensions relative 

to the progradational Sego Sandstone. The middle Atoka distributary mouth bars are on average 

2 meters thick and have widths up to 800 meters; whereas the Sego bars are on average 3.5 

meters thick and have widths up to 1,800 meters (Wood, 2004). The distributary mouth bars 

deposited in the aggradational units of the middle Atoka are the thickest bars in the middle 

Atoka, and they are commonly composed of just as much clean sand (F5) as the bars that 

compose the Sego Sandstone. Conversely, the distributary mouth bars deposited in the 

retrogradational units of the middle Atoka are thinner and the sand fraction is significantly 

reduced relative to the progradational Sego Sandstone. This results in sediment starved dunes 

with wavy- and lenticular-bedding. The dunes are dominated by sandstones with mud drapes 

(F4), heterolithic sandstones and mudstones (F3), and thin mudstones (F1). Figure 4.2 illustrates a 

planform view through the retrogradational cycles of the Atoka. The mudstones (F1) compose a 

significant proportion of the layer, as do sandstones with mud drapes (F4) and heterolithic 

mudstones and sandstones (F3). This results in a drastic decrease in the connectivity of 

permeable sandstones (F5) and significantly decreases the potential productivity of the unit. 

However, the distribution of mudstones had a minimal impact on the MPS models produced on 

the progradational Sego Sandstone (Bunn, 2015). This is believed to be a function of the low 

overall proportion of mudstones relative to other facies in the progradational Sego (Bunn, 2015). 
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CHAPTER 5 

CONCLUSIONS 

This study accomplishes the following three goals: 1) construct a well-constrained 

geologic framework of the aggradational and retrogradational middle Atoka Formation; 2) 

compare the SIS, TGS, and MPS modeling methods to determine the method that most 

accurately captures the architectural and compositional complexities observed in the middle 

Atoka Formation; and 3) determine the controls on subsurface fluid flow in an aggradational and 

retrogradational TIR, and compare them to that of progradational TIRs.  

Stratigraphy of the middle Atoka Formation records the transition from slight 

progradation and aggradation, to retrogradation, and finally the complete flooding of the system 

(Figure 3.30). The lowermost, slightly progradational to aggradational units are characterized by 

erosional terminal distributary channels and upward coarsening distributary mouth bars. The 

retrogradation of the system is marked by the fining of bulk grain size indicating the dissipation 

of depositional energy. The dissipation of energy results in the deposition of thinly-bedded, 

sediment starved dunes with wave- and combined-flow ripples. The sediment starved dunes are 

characterized by an increased proportion of facies characterized by fine-grained interbeds and 

thin mudstones (F1, F3, F4). The system continues to retrograde resulting in wave-reworked sand 

sheets that are characterized by very-fine grained sands and increased bioturbation. The 

depositional system is then completely flooded culminating in the deposition of marine shales.  

 Every modeling method confirmed the fine-scale model was the most successful model to 

honor the fine-scale heterogeneities within the reservoir, particularly in its ability to preserve the 

thin mudstone layers. A successful static 3D reservoir model accurately describes the facies 

relationships and the facies association geometries. The facies control the distribution of pore 

throats, the fluid distribution, and the fluid flow within the reservoir; whereas the facies 

associations control the connectivity of the productive and nonproductive reservoir facies. 

However, the two-point algorithm used by the SIS and TGS modeling methods was not capable 

of reproducing the curvilinear geometries that characterize the terminal distributary channels and 

distributary mouth bars. Thus, the SIS and TGS methods lack the capability to accurately 

construct the subsurface fluid flow pathways within the reservoir.  
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The MPS method is an innovative modeling technique that utilizes conceptual geologic 

models as training images to capture the curvilinear geobody shapes and the complex facies 

relationships. The MPS method produced a static 3D reservoir model capable of preserving the 

three-dimensional connectivity of the facies associations and honoring the heterogeneous 

character of the middle Atoka Formation. This preservation was particularly evident when 

simulating the coarse grained sandstones and conglomerates (F6) and heterolithic facies (F1, F3, 

F4) at the base of distributary channels. The interbedded nature of the fluid mud deposits may 

drastically decrease the transmissivity of the reservoir unit. Fluid mud deposits are too thin to be 

identified in well logs, but their potential presence should not be ignored in tidally-influenced 

environments. The realizations produced by the static MPS model illustrate the highest 

connectivity of productive reservoir facies occurs at times dominated by aggradation. During 

these times, distributary mouth bars stack vertically resulting in high connectivity of productive 

sandstones (F5) and sparse deposition of lower permeability facies (F1, F3, F4). During periods 

dominated by retrogradation, distributary mouth bars have a very high distribution of low-

permeability facies (F1, F3, F4). This distribution results in very low vertical connectivity of 

productive reservoir facies.  

In comparison to the progradational Sego Sandstone, the aggradational to 

retrogradational middle Atoka is predominantly characterized by: smaller geobody dimensions, 

lower net:gross, and a higher distribution of thin mudstones particularly in the intervals 

dominated by retrogradation. Therefore, aggradational and retrogradational TIRs will have 

additional complexities during hydrocarbon recovery due to compartmentalization of reservoir 

elements and a higher distribution of low-permeability baffles and barriers to flow. This 

information can be utilized to guide development plans, maximize recovery factors in primary 

and secondary recovery plans, and enhance performance predictions. This guidance can 

significantly mitigate costs associated with exploration and development in TIRs.  
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