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ABSTRACT 

 
 The Piceance Basin, northwest Colorado, is home to one of the most important basin-centered 

tight-gas accumulations in North America.  The production in this basin is from the Cretaceous 

Mesaverde Group, of which a key formation is the Williams Fork Formation.  The Williams Fork consists 

of fluvial sandstones with very low permeability (<0.1 md) and heterogeneous reservoirs that require 

production with 10-20 acre well spacing and expensive hydraulic fracturing. In many cases, the quality 

and lateral connectivity of these reservoirs are controlled by depositional environment, fracture networks, 

or both.  However, predicting the properties and connectivity of the reservoirs is difficult because of 

abrupt facies changes geographically and stratigraphically. While new completion and stimulation 

technologies have helped make production economical, a regional sequence-stratigraphic context allows 

for better understanding of detailed lithofacies within the Williams Fork and disentangles the geologic 

controls on tight-gas.  However, it is difficult to apply sequence-stratigraphy in the predominantly 

nonmarine fluvial strata within the Williams Fork.   

This study focuses on potential stratigraphic and mechanical controls on tight-gas sandstone 

reservoirs by building a regional sequence-stratigraphic framework integrating outcrop and subsurface 

data.  Key questions addressed in this study are: (1) What was the basin-scale configuration and 

connection of depositional systems within a sequence-stratigraphic framework?  And, what were the type 

of depositional systems and their orientation? (2) Do the regional-scale sedimentation trends help predict 

higher-than-average permeability zones? and (3) Can sedimentation patterns be used to define trends in 

potential mechanical units that affect fracture development?  If so, in which units and their distribution in 

the basin?  Detailed stratigraphic profiles (12 new and 1 previously published), outcrop gamma ray 

profiles (10), two cores, detrital mineral compositional changes, detailed facies (27) and facies 

associations (8) descriptions and interpretations, and paleocurrent data were collected from the middle 

and upper Williams Fork Formation.  The integration of 13 stratigraphic profiles and 154 well logs 

allowed key stratigraphic stacking patterns and sequence-stratigraphic surface identified in outcrop to be 

correlated into the subsurface throughout the basin. 

Twenty-seven facies define fluvial cycles within the middle and upper Williams and help 

correlate seven sequence-stratigraphic surfaces.  The changes in accommodation shown through facies 

stacking cycles show an overall decrease in accommodation through the middle and upper Williams Fork.  

The decrease in accommodation is mainly controlled by tectonic influences in the West in older 

sequences. 

Four regional depositional sequence sets, and seven sequence stratigraphic surfaces were 

identified within the middle and upper Williams Fork.  Three sequence boundaries were confirmed to be 
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low order, regionally extensive based on four major detrital mineral composition changes identified in 

core.   

Correlations and Isopach maps show westward thinning in all the sequences.  This thinning 

constrains the timing of the Douglas Creek Arch (DCA) and Uinta Mountain Uplift (UMU), as well as a 

younger phase of motion on the Uncompahgre Uplift (UU).  Sequence A identified thinning on the DCA 

and the development of thick drainage zones to the east, just off structure.  Thinning on the east can be 

attributed to syn-depositional movement on the DCA and the UU.  Thinning on the DCA is more 

pronounced in Sequence B.  While portions of Sequence B are removed by a large, regional unconformity 

related to the Ohio Creek and Wasatch Formation there is still evidence of thinning within this sequence 

approaching the DCA.  Sequence B also sees an increase of drainage areas near the DCA and the UU 

which would form during active uplift. Isopach maps of the upper Williams Fork Formation (Sequence C 

and D) not only show thinning of the interval to the west but a shift in the depositional center is identified 

by thickening trends to the west.    

Production from the Williams Fork is highly dependent on reservoir heterogeneity.  

Understanding depositional facies and their connectivity provides an insight into reservoir heterogeneity.  

Based on this study five facies associations  have been identified as having the best reservoir potential 

based on their internal heterogeneity and lateral extent, from the best to the worst: (1) high-sinuosity, 

meandering fluvial, (2) isolated, low-sinuosity anastomosed fluvial, (3)tidally influenced fluvial channels, 

(4) regressive marine shoreline, and (5) transgressive marine shoreline barrier system. 

Natural fractures are important components of production from fluvial sandstones within the 

Williams Fork Formation.  This study, in conjunction with Lee (2013) identified fourteen facies and six 

facies associations that are naturally fractured.  These associations were (1) high-sinuosity, meandering 

fluvial, (2) isolated, low-sinuosity anastomosed fluvial, (3) undifferentiated floodplain, (4) tidally 

influenced fluvial, (5) estuarine systems, and (6) transgressive marine shorelines.  These fractures seem to 

be controlled by facies composition and bedding character.  Fracture and fracture swarm spacing is 

relatively proportional to bedding thickness, with thicker beds showing higher fracture spacing then 

thinner beds.  Sandstones with high fractures concentrations are also found to have cementation trends 

that increase the sandstones brittleness. 
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CHAPTER 1  

 INTRODUCTION 

1.1 Introduction 

Tight-gas sandstone reservoirs are some of the largest unconventional gas sources in the United 

States.  These reservoirs supply approximately 40% of the United States gas production (EIA, 2010) and 

are estimated to produce 25-45 Bcfpd by 2020 (Kuuskraa, 2009).  Tight-gas sandstones are associated 

with basin-centered gas accumulations (BCGA).   BCGA’s are characterized by pervasive gas 

accumulations, abnormal pressure, and low permeability (less than 0.1md) without a down dip water 

contact (Law, 2002; Meckel and Thomasson, 2008).  Exploration for hydrocarbons in BCGAs is based on 

identification of zones with characteristics favorable for production.  Some of these characteristics include 

high pressure, thick reservoir rocks, higher primary porosity within reservoir rocks, natural fractures, and 

trapping mechanisms (Law, 2002).   

Initially, BCGA’s were thought to produce gas anywhere in the basin but it was found that the 

production is highly variable within various areas of BCGA’s, which renders some wells uneconomic.  In 

1989 the Department of Energy completed a core study that analyzed five major depositional 

environments within the BCGA of the Piceance Basin for their production potential (Sattler, 1989).  This 

study determined that environments were more favorable for production based on their varying 

thicknesses, permeabilities, porosities, and saturation of water.  From this study it was also determined 

that sandstones with the most production potential tend to be naturally fractured.  The results of this study 

showed that exploration strategies had to evolve to determine the location of the thickest sandstones that 

maintained favorable permeabilities and porosity, while not being water saturated. 

The Piceance Basin (also known as the Piceance Creek Basin) is a punctuated foreland basin in 

northwestern Colorado (Figure 1.1) that developed during the Laramide Orogeny.  The basin developed 

during the presence of the Western Interior Seaway (WIS) in North America, which resulted in infilling 

with thick successions of marine carbonates and siliticilastics.  As the WIS began to retreat and Laramide 

structures became active the basin began to infill with sediments deposited in inner-shelf, shoreface, 

coastal plain, and alluvial-plain settings.  Gas in this BCGA is found in these accumulations, specifically 

the Williams Fork Formation (Figure 1.1).   

The Piceance basin is a classic laboratory to investigate the geologic controls on tight-gas 

sandstone reservoirs and applications of fundamental concepts to fluvial successions.  In order to untangle 

the geologic controls on higher permeability zones in the Piceance Basin a regional framework is needed 

to place the observations into a geographic and temporal context.  Unfortunately, correlations of these 

strata are challenging because the reservoir interval of the Piceance basin is largely non-marine.  Several 
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studies have attempted to elucidate the regional sequence-stratigraphic framework of these fluvial 

sandstone reservoirs.   Recently, Foster (2010) and Lebiovitz (2010) developed subsurface frameworks in 

the nonmarine strata of the Williams Fork Formation that helped delineate some controls on the 

production of the sandstones.  Both studies identified geological factors such as pulses of Laramide 

uplifts events that influenced the type of fluvial systems that deposited the sandstones and location of 

major discontinuities within the sandstones.  However, neither study included physical properties of the 

sandstone or major depositional changes as seen in outcrop.  Outcrop information offers additional insight 

into sedimentary processes that controls the properties of fluvial sandstones and their frameworks.  It is 

important to have a sound understanding of the entire framework for use in reservoir models, which can 

accurately predict the conductivity of the individual reservoir sands.   

This study presents a regional sequence-stratigraphic framework for the middle and upper 

Williams Fork Formation formulated using an integrated outcrop-to-subsurface approach to the 

correlation of fluvial strata.  This framework will be used to help predict reservoirs with favorable 

production potential and provide better constraints for the timing of geologic structures that influence the 

distribution of these reservoirs.   The range of sedimentary facies, their distribution throughout the 

regional framework, and their mechanic properties that may control natural fracture development 

essential to economic production will also be defined. 

1.2 Project Goals 

The goals of this study are to delineate the surface and subsurface sequence-stratigraphic 

relationships of fluvial-to-marine depositional environments and reconstruct regional sedimentation 

patterns within the middle and upper Williams Fork Formation, which can be used to help predict 

reservoirs with favorable production potential and mechanical properties.  The study focuses on building 

a regional sequence-stratigraphic framework in the non-marine units of the upper Mesaverde Group based 

on an integrated outcrop-to-subsurface approach.  The following scientific questions were addressed in 

this study: 

1. What was the basin-scale configuration and connection of depositional systems within a 

sequence-stratigraphic framework?  And, what were the type of depositional systems and 

their depositional trends? 

2. Do the regional-scale sedimentation trends help predict higher-than-average permeability 

zones? 

3. Can sedimentation patterns be used to define trends in potential mechanical units that 

affect fracture development?  If so, in which units and where throughout the basin? 
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1.3  Methods 

In order to answer the questions posed by this study, extensive field data and subsurface data 

were integrated.  The field data collected consists of 12 new stratigraphic profiles measured through the 

middle and upper Williams Fork at locations along the basin margins (Figure 1.1).  Section locations were 

chosen based on their degree of exposure, relative position within a regional context and accessibility 

(Table 1.1).  Each stratigraphic profile was measured on a detailed (10 cm) scale which documented 

facies, geometry, architecture, lithology, grain size, textures, sedimentary structures, and paleocurrent 

data.  Ten of these sections have outcrop gamma ray (GR) spectrometer profiles which were measured 

using a hand held spectrometer.  Paleocurrents were measured at a 2-10 ft interval, or whenever outcrops 

were exceptionally well exposed. 

 The subsurface well dataset consists of publicly available well logs (Colorado Oil and Gas 

Commission, 2010) and well logs donated by industry.  The dataset contains 154 data points (stratigraphic 

profiles, wells, and core data) concentrated mainly around the margins of the basins (Figure 1.1).  Two 

cores through the Williams Fork Formation were analyzed to aid in this study, the Williams PA-424-34 

and the MWX-2 cores from Garfield County, Colorado.  The Williams PA-424-34 core (Appendix C) 

was used to determine detrital mineral compositional changes throughout the Williams Fork Formation 

(Appendix A).  Approximately 2,000 ft of the MWX-2 core (Appendix B) were described in detail to 

verify the location of sequence-stratigraphic surfaces identified using well log data and to determine the 

depositional environments seen in the middle of the basin.  

A sequence-stratigraphic framework was generated by incorporating surfaces identified in the 

outcrop stratigraphic profile into the subsurface.  These surfaces were identified by using the traditional 

sequence-stratigraphic correlation methods including tidal influences, accommodation changes, energy 

cycles, and stacking patterns.  In order to determine the location of potentially productive reservoir units, 

facies with less heterogeneity and higher permeability were identified in outcrop.  Isopach maps were 

generated to show the zones with high porosity and permeability facies at time-slices defined by the 

sequence-stratigraphic framework.  The properties of the productive facies can be used in the future to 

identify potential productive zones.  Mechanical stratigraphy within the Williams Fork Formation was 

determined by identifying facies with higher fracture concentrations in outcrop.  Properties such as 

sedimentary structures and composition were studied in these facies.  The distributions of these facies in 

relation to regional stresses were used to identify potential mechanical units.  This work was done as a 

part of an integrated project with another study (Edwards, 2011) that details the controls on the fractures 

and stress regimes within the Williams Fork.   
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Figure 1.1:  Stratigraphic nomenclature chart for the southern portion of the Piceance Basin, 
Northwestern CO, from west to east. Stratigraphic zone investigated during this study is highlighted in 
Red.  Ammonite Zones with ages in millions of years from Cobban (2006).  Chart complied from 
Edwards (2011), Hettinger and Kirschbaum (2003), Cole and Cumella (2003), Johnson and Flores (2003), 
Kirschbaum and Hettinger (2003), Ogg and Gradstein (2004), Cobban (2006), and Heller (2012). 
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Figure 1.2: Map of the Piceance Basin in Northwest CO with the Mesaverde Group outcrop represented 
in green (Green, 1992; Tweto, 1979).  Pink represents producing natural gas fields (Colorado Oil and Gas 
Commission, 2011).  The data points marked by purple circles indicate well logs, red diamonds and blue 
circles represent new stratigraphic profiles, and blue circles and red triangles represent previously 
measured stratigraphic profiles.  Dashed lines represent correlations which are discussed in detail further 
in this study. 
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Table 1.1:  New stratigraphic profile names and GPS latitude and longitudinal coordinates (NAD 83) with the total thickness interval of each 
profile
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CHAPTER 2 

 PETROLEUM GEOLOGY AND STRATIGRAPHIC NOMENCLATURE 

 

 In order to discuss the project methodology, results, and conclusions, it is imperative to offer all 

relevant background information with regards to the Piceance Basin. The following sections have been 

organized to offer a foundation of knowledge pertaining to the history of gas production in the Piceance, 

geological context of the basin, previous studies performed throughout the Piceance Basin, and sequence-

stratigraphic correlation principles related to this study.  

2.1 Location 

 The Piceance Basin is located in the Northwest portion of Colorado. The Basin is constrained by 

the Axial Basin anticline to the north, the White River uplift to the east, the Uncompahgre uplift to the 

south and southwest, and the aforementioned Douglas Creek arch to the west (Figure 2.1). With relation 

to many other intermountain basins in the Rocky Mountain region, these constraining structures are 

associated with the Laramide Orogeny (Johnson, 1989).  

2.2 Gas Production in the Piceance Basin 

Gas was first discovered in the Piceance Basin in the late 1890s, in the lower Paleogene Wasatch 

and Green River Formations (Cumella and Scheevel, 2008, Yurewicz et al., 2008).  As petroleum 

recovery techniques advanced throughout the 1980s the development of the tight-gas sandstones within 

the Upper Cretaceous Mesaverde Group increased.  Over 1 TCFG of natural gas has been produced from 

38 developed fields within the Piceance Basin (Figure 2.2) (Yurewicz et al., 2008; Foster, 2010).  Today 

most of the gas derived from the Piceance basin is produced from the Upper Cretaceous Mesaverde 

Group with contributions from the overlying Paleogene sections.  There are many techniques to identify 

more productive areas within the Piceance Basin, including 3D seismic surveys, aeromagnetic, gravity, 

and surfical geochemical surveys.  The traditional method (and often cost effective method) is building 

sequence stratigraphic frameworks, yet care must be taken when using this method as there are many 

stratigraphic and structural complexities within these accumulations. 

The Piceance Basin BCGA formed as a result of gas-prone source rocks in close proximity to 

extremely low-permeability, highly discontinuous sandstone reservoirs.  Interbedded coals and 

carbonaceous shales in the lower Williams Fork Formation began to generate gas in the deepest part of 

the Piceance Basin during the early Eocene (Johnson, 1989).   As generation increased, gas migrated into 

adjacent discontinuous, low permeability sandstones.  The gas that accumulated exceeded the capillary 

pressure of the water-wet pores, which caused the water to be expelled from the system, resulting in the 

development of an overpressured, gas saturated system (Law, 2002; Leibovitz, 2010).  Pressure continued 
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to increase to the point where the fracture gradient of surrounding shales was exceeded.  Gas was expelled 

vertically during peak generation through the resulting fracture network into shallower sandstones of the 

middle and upper Williams Fork (Payne et al., 2000; Cumella, 2005).  The vertical extent of the gas 

column is controlled by the shale-prone facies within the upper Williams Fork,  which inhibits the 

movement of gas due to its thick, un-fractured nature (Cumella, 2005) (Figure 2.3) 

Reservoir rocks within the Williams Fork Formation, Upper Cretaceous Mesaverde, have been 

characterized as laterally and vertically discontinuous sandstone bodies that require close well spacing, 

sometimes down to 5 acres, for effective production (Foster, 2010).  The Williams Fork Formation can be 

broken into three informal units, the lower Williams Fork, the middle Williams Fork, and the upper 

Williams Fork based on the relative abundance of sandstone.  There are two types of reservoirs within the 

middle and upper Williams Fork; (1) thick accumulations of stacked channels with laterally continuous 

blanket sands that have good to moderate connectivity, porosities ranging from 6 to 14% and 

permeabilities ranging from 0.01 to 1md; and (2) thinner accumulations of stacked and isolated 

sandstones that have moderate to poor lateral continuity and connectivity, with porosities of 2 to 12% and 

permeabilities between 0.001-0.1md (Yurewicz et al., 2008).  Although not the focus of this study, the 

main reservoir type in the lower Williams Fork is thin, occasionally stacked, laterally discontinuous 

sandstone with poor to moderate connectivity; as well as reservoirs similar to the middle Williams Fork 

(Yurewicz et al., 2008). 

2.3 Geological Context of the Piceance Basin 

The Piceance Basin is a NE-SW trending sedimentary basin located in Northwestern Colorado 

that is confined by Laramide structures.  The Piceance Basin formed as part of the North American 

Cordilleran Foreland Basin, a north-south sedimentary basin that was formed due to dynamic subsidence 

caused by the change in angle of subduction of the Farallon plate (Figure 2.4) (Lui and Nummedal, 

2004).   Sediment was sourced from the Sevier fold-thrust belt (NE-SW trending belt, west of the 

Piceance Basin) and transported to alluvial, coastal plain and marine settings in the east.  

Subduction of the Farallon Plate on the western margin of the North American plate resulted in 

thickening of the thrust-belt load, forming a foreland basin system on the eastern flank of the Sevier 

fold-thrust belt (DeCelles, 2004; Jordan, 1981).  A vast interior seaway, the Western Interior Seaway 

(WIS), formed in the North American mid-continent coincidently with subduction.  Liu et al., (2010) 

proposed that subduction related dynamic subsidence was the main driver for this seaway transgression 

and foreland basin development.   

 During the Late Cretaceous through the Paleogene time, basement cored Laramide-style 

structures, locally punctuated the Cordilleran Foreland Basin and divided it into smaller sub basins 
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(Dickinson and Snyder, 1978; DeCelles, 2004).  These structures were the result of a decrease in the 

subduction angle of the Farallon plate, which began as early as the Late Campanian (~77 Ma) (DeCelles, 

2004; Aschoff and Steel, 2011).  This is confirmed by plate subduction modeling by Liu et al. (2010) 

which shows how the subduction of the Shatky conjugate of the Farallon plate caused rebounding of the 

Colorado Plateau with 600m of uplift.  The presence of these structures may have resulted in the 

alteration of accommodation and sediment supply, and influenced the direction of deposition. 

Today the basin is bounded by the following Laramide structures: the White River Uplift and 

Grand Hogback to the east, the Uncompahgre and Sawatch uplifts to the south, the Douglas Creek Arch 

to the west, and the Uinta Mountains and the Axial Basin Anticline to the north (Figure 2.1) (Cole and 

Cumella, 2003; Patterson et al., 2003).   The eastern part of the basin is characterized by steeply dipping 

(>60°) to overturned beds in the Grand Hogback, as well as beds that range from 1-20° structural dips in 

the south and western parts of the basin (Cole and Cumella, 2003).  Although the Douglas Creek Arch 

currently separates the Piceance Basin from the Uinta Basin, there were periods when the two 

sedimentary basins were a part of a larger basin which has resulted in similar formations in each basin 

(Johnson, 1989).   

The depth of the Williams Fork Formation ranges from 6000 ft to 9000 ft in the structurally 

deepest part of the basin along the Red Wash Syncline (Figure 2.1), Formation pressures reach 0.5-0.8 

psi/ft., indicating an overpressured system (Cole and Cumella, 2003).  There is a regional unconformity 

between the upper Cretaceous formations and the Paleocene formations due to a late phase of Laramide-

style uplift (Cole and Cumella, 2003; DeCelles, 2004). 

In the Cambrian to Mississippian periods shallow marine carbonates and siliciclastics were 

deposited in the Piceance Basin, which reach thickness up to 400m (1300 ft) (Ross and Tweto, 1980).  

During the Pennsylvanian, continental strata were deposited along the northeastern edge of the 

Uncompahgre uplift, and graded basin-ward (east) to marine strata.  In the Permian, braided fluvial 

deposits inter-tongued with eolian deposits in the northern and central portions of the basin (DeVoto et 

al., 1986).  During the Triassic to Jurassic the area had little topography and approximately 200m (600ft) 

of shales and sandstones were deposited in alluvial and eolian environments.  These units consist of the 

Entrada Sandstone, Curtis Formation, and the Morrison Formation (Figure 2.5). 

The Cretaceous stratum in the Piceance Basin includes the Mancos Shale and the Mesaverde 

Group, which includes the Iles and Williams Fork Formation.  During the Campanian the Piceance basin 

was located on the western margin of the Western Interior Seaway (WIS).  The WIS extended from 

Canada to the Gulf of Mexico, occupying much of central North America (Figure 2.6).  Sediments eroded 

from Sevier thrust belt to the west were deposited along the WIS shorelines, which went through many 
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regressive-transgressive cycles resulting in depositional environments including inner-shelf, shoreface, 

coastal plain, and alluvial-plain settings (Cole and Cumella, 2003).  

2.4 Cretaceous Stratigraphy 

The stratigraphic nomenclature within the Piceance Basin and neighboring Uinta Basin can be 

confusing because of a change in formations names of related strata from east to west due to variations 

in lithofacies.  This study follows the nomenclature developed by Hettinger and Kirschbaum (2002, 

2003) in the southern parts of the basin (Figure 2.7). In this study the Ohio Creek is not included in the 

Williams Fork.   In the northern part of the Piceance basin, where marginal marine sandstone occurs in 

the upper Williams Fork Formation, nomenclature developed by Cobban et al. (2006) will be applied 

(Figure 2.7).  

The Iles Formation, overlaying the marine Mancos Shale, consists of three main regressive 

marine sandstones with intertonguing marine shale.   The marine members in the Iles Formation include 

the Corcoran, Cozzette, and Rollins Sandstone Members (Edwards, 2011).   

The overlying Williams Fork Formation is primarily composed of coastal plain and fluvial 

deposits, which represents the upper 4500 feet (1500m) thick continental section of the Mesaverde 

Group (Johnson, 1989; Hettinger and Kirschbaum, 2003).  The Williams Fork Formation thins from the 

eastern margin of the Piceance Basin to the western margin of the basin at the Colorado-Utah border, 

from approximately 5003ft (1525m) to 1213ft (370m).  The thickness variations are thought to be 

attributed to combined effects from regional uplift and erosion surface at the top of the Williams Fork 

and depositional changes due to the response of Farrallon subduction (Johnson and Roberts, 2003; Cole 

and Cumella, 2005). 

  The Williams Fork Formation is subdivided into three informal units; the lower, middle, and 

upper based on litho-stratigraphic variations.  The lower Williams Fork, though not the focus of this 

study, is the lower one-third of the formation and has a thickness ranging from 500ft to 700ft.  It consists 

of isolated, channel sandstone bodies that are dominated by carbonaceous mudstone and siltstone, which 

were deposited in meandering and anastomosed fluvial systems in a coastal-plain to non-marine alluvial 

setting (Edwards, 2011).  In the southeastern part of the basin the lower Williams Fork consists of: the 

Bowie Shale member, which contains two wave-dominated shoreline sandstones; the Cameo-Wheeler 

and South Canyon coal zones; and Panonia Shale member, which consist of the Coal Ridge coal zone.  

 The middle and upper Williams Fork are generally undifferentiated and represent a transition 

to more sand-rich deposition within an alluvial-plain setting (Cole and Pranter, 2011).  The boundary 

between the middle and upper parts of the formation is identified on the basis of net-to-gross changes.  

The high net-to-gross interval of the middle Williams Fork contains thick sandstones which become 
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more shale dominated in the lower net to gross upper Williams Fork (Foster, 2010).  The middle 

Williams Fork consists of fluvial deposits.  The upper Williams Fork consists of fluvial channels and 

marine shorelines with a higher percentage of shales (Leibovitz, 2010).  The Lion Canyon Sandstone, 

which occurs in the northeastern portion of the basin, was deposited in the upper Williams Fork during a 

turnaround from a transgressive to regressive depositional regime (Figure 2.8) (Weimer, 1960; Zapp and 

Cobban 1960; Kauffman, 1977; Leibovitz, 2010; Moyer, 2011).  This marine unit grades laterally to the 

Price Coal, and to shale units westward into the basin (Leibovitz, 2010). The Lion Canyon Sandstone 

was deposited as part of the maximum transgression of the Lewis seaway (part of the WIS), occurring 

during the early Maastrichtian (Gill and Cobban, 1973; Leibovitz, 2010). The upper Williams Fork 

contains two additional coal units seen in the eastern portions of the basin, the Goff Coal and the Lion 

Canyon Coal facies (Leibovitz, 2010).  These coal facies indicate that portions of the strata within the 

upper Williams Fork were deposited in lower coastal plain environments. 

The middle Paleocene Ohio Creek Conglomerate unconformably overlies the Williams Fork 

Formation (Figure 2.7) and represents the first fluvial synorogenic deposits related to rising Laramie 

uplifts in eastern and southern Utah and the Sawatch Range in central Colorado (Whited, 1987; Heller et 

al, 2012).  The unit can reach thickness of 100 m and is composed of sandstone with scattered 

conglomerate lenses of chert and quartzite pebbles and cobbles (Heller et. al, 2012).  These 

conglomerates were deposited in a northward flow direction (Whited, 1987).  Some researchers include 

the Ohio Creek as the upper most member of the Williams Fork Formation (Johnson and May, 1980; 

Cole and Cumella, 2005; Cumella and Scheevel, 2008).  However other researchers mark the top of the 

Williams Fork Formation at the base of the Ohio Creek (Patterson et al., 2003; Heller et al., 2012).  Age 

dating on leaf, pollen, and vertebrate fossils further indicates that the Ohio Creek is separate from the 

Williams Fork as it was deposited during the Paleocene and not during the Cretaceous (Gaskill and 

Godwin, 1963; Patterson et al., 2003: Burger, 2007; Heller et al., 2012).  This study follows the latter 

and does not include the Ohio Creek Conglomerate in the Williams Fork Formation. 

 Where the Ohio Creek is not present in the basin the Williams Fork is unconformably overlain 

by the Late Paleocene to Early Eocene Wasatch Formation.  The Wasatch Formation consists of fluvial 

strata, including overbank, and paludal strata (Johnson and Flores, 2003).  Due to the similar nature of 

the fluvial depositional systems within the Wasatch and Williams Formations, it can be difficult to 

determine the formation boundary when the Ohio Creek Conglomerate is not present. 

2.5 Previous Work  

Hancock (1925) originally described the Williams Fork Formation in the northern Piceance 

Basin.  He defined the top of the Trout Creek Sandstone (Rollins equivalent) as the top unit of the Iles 
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Formation and the basal contact of the Williams Fork Formation.  Hancock recognized the Williams Fork 

hosted coal zones (Fairfield and Goff coal groups) in the lower portions of the formation moving up into 

more sand, sandy shales, and carbonaceous shales.  Hancock and Eby (1930) noticed a thinning trend in 

the Williams Fork Formation in the western extents of the Piceance basin and, within the Sandwash basin 

the formation is thinner. 

In the Grand Hogback area, Collins (1975) divided the Williams Fork Formation into the Bowie 

Shale Member, Panonia Shale Member, and an undifferentiated unit (traditionally the middle and upper 

Williams Fork Formation).  He described the upper-most section of the undifferentiated unit as kaolinite-

rich sandstone, conglomeratic sandstone, and fluvial conglomerates.  Johnson and May (1980) designated 

this as the Ohio Creek Member equivalent.  Johnson (1989) also identified the important coal zones in the 

Cameo-Fairfield coal zone that have been mined and is a source of the natural gas in the Williams Fork 

Formation.  

Johnson and Nuccio (1989) and Johnson (1989) focused on the structural and thermal history of 

the Piceance basin and studied the effects on hydrocarbon production.  Johnson and Nuccio (1989) 

suggested that Laramide uplift began after the Williams Fork was deposited.  Faulting in the Piceance 

Basin as related to the Grand Hogback and White River dome began during the deposition of the Wasatch 

Formation, near the end of the Cretaceous.  Johnson (1989) estimated the coals and carbonaceous shales 

in the Williams Fork Formation began to generate gas in the early Eocene and migrated into surrounding 

sandstones.  Due to the capillary pressure increase of the water-wet pores from gas migrated; water was 

expelled from the pore system.  This resulted in an overpressured, gas-saturated reservoir with little water 

(Law, 2002). 

Cumella and Ostby (2003) described the gas accumulations in the Mesaverde Group within the 

Piceance Basin.  Due to the lenticular nature of the low permeability sandstones and potential 

permeability barriers, they recognized that a high well density needs to be applied in order to properly 

produce from the Williams Fork.  Fracturing the sandstones increased the permeability of the sandstones 

because it allows breakage of permeability barriers and increases conductivity between sands.  Cumella 

and Ostby (2003) work also suggested Laramide deformation in the Piceance basin predates what was 

previously suggested by Johnson, and coincides with the Lion Canyon Sandstone in the upper Williams 

Fork Formation.  

Patterson et al. (2003) identified the progradational nature of Mesaverde Group strata related to 

the regression of the WIS and tectonic events of the Laramide Orogeny.  Five composite sequences were 

identified in the Williams Fork and Ohio Creek.  The three lowest sequences reflect deposition on an 

alluvial plain during periods of moderate accommodation.  The upper most part of the upper Williams 

Fork represents a sequence with more channel amalgamation and channel complexes that were deposited 
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during a lowstand with low accommodation rates.  This is also similar to the Ohio creek depositional 

sequence above the Williams Fork.   

Patterson et al. (2003) also studied the palynology of the Ohio Creek and the Williams Fork and 

found a change in the pollen species between the two.  It indicated that the upper most Williams Fork and 

the Ohio Creek were deposited in the Upper Paleocene instead of the Cretaceous, which suggest that a 

major regional break actually occurs within the Williams Fork.  Burger (2007) confirmed that the Ohio 

Creek was deposited in during the Upper Paleocene by identifying fossil vertebrate funa from the late 

Paleocene which excludes it from the late Cretaceous Mesaverde Group. 

German (2006) interpreted the middle Williams Fork as a low-sinuosity, sand dominated, 

braided fluvial system.  These deposits include preserved floodplain and over-bank deposits (German, 

2006).  German (2006) also observed fining upwards sandstone packages with tough and planar-tabular 

cross stratified sedimentary structures, and current ripple-lamination caps.  The channel-fill deposits show 

scouring within the amalgamated sandstone bodies (German, 2006). 

Pranter and others (2007a) focused on modeling of reservoir heterogeneity in the Williams Fork 

Formation.  From analyzing a point-bar in Coal Canyon, Piceance Basin it was determined internal 

lithologic heterogeneity flow will vary based on the orientation of point bars and the type and extent of 

heterogeneity within the point bar.  The modeling also described the focused downward flow effects shale 

drapes have on production in point bars.  This modeling work helped give an indication of well path 

design.  Pranter and others (2007b) found reservoir sandstones have high net-to-gross ratio and more 

amalgamated and laterally extensive bodies.   

Foster (2010) developed a sequence-stratigraphic framework from well log correlations within 

the middle Williams Fork Formation.  Three units within the middle Williams fork were identified and 

correlated based on architecture of channel-fill deposits; the middle Williams Fork 1, middle Williams 

Fork 2, and the middle Williams Fork 3.  The middle Williams Fork 1 is described as a shale rich zone 

with single and multi-story channel-fill sandstones that were deposited in a late high stand systems tract.  

The middle Williams Fork 2 is a sandstone-rich unit of multi-story and amalgamated channel fills 

deposited within an incised valley during a late stage of the lowstand or during an early transgression.  

The middle Williams Fork 3 consists of multi-story channel-fill belts which were deposited during a sea 

level rise in the late lowstand.  Marine influences were identified in this unit as well which leads to the 

interpretation that the channels were deposited in an area where marine flooding events occurred.  Foster 

(2010) also recognized a depositional change in the middle Williams Fork Formation related to 

northwest-southeast folding or faulting.  While Edwards (2011) focused on the Iles and lower Williams 

Fork Formation identified a thinning trend towards the western extents of the basin in the lower Williams 

Fork formation suggesting the Douglas Creek Arch and Uncompahgre Uplift were active earlier than 
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previously suggested.  This thinning trend could be related to the changes seen in the middle Williams 

Fork Formation.  Foster (2010) identified a depositional change in the middle Williams Fork 2 where 

incised valleys and amalgamation of channel deposits in the west is lost to the east; this is correlated to a 

syn-depositional folding or faulting. 

Leibovitz (2010) identified a 3rd order depositional sequence and two 4th-order sequences within 

the upper Williams Fork Formation with deposition occurring from the late lowstand to the highstand 

systems tract.  This correlation consisted of eight informal stratigraphic units including; the upper 

Williams Fork shales 1 and 2; upper Williams Fork sandstone, Price Coal, Goff Coal, Lion Canyon Coal, 

Lion Canyon Sandstone, and the WF 600 sandstone.   There are extensive lateral disconformatities within 

the upper Williams Fork which were confirmed by Leibovitzs’ inability to correlate coals and marine 

zones throughout the basin.  Leibovitz discovered lithofacies, overburden and source rock, hybrid BCGA 

traps, and hybrid BCGA tectonically influenced fracture zones can be used to determine areas of 

increased production potential. 

Moyer (2011) recognized the Lion Canyon Sandstone as a transgressive marine unit in the upper 

Williams Fork.  The lower portion of the Lion Canyon was deposited during the culmination of the 

Almond backstepping trend, and the upper part of the Lion Canyon was deposited during initial 

progradation.  Moyer (2011) also identified four major cementation trends within the Lion Canyon.  

These zones of cementation are associated with major marine flooding surfaces, top of clinothem sets, 

tops of individual clinothems, and at the top of the clinothem. 

Keeton (2012) assessed how lithofacies and architectural elements relate to gamma-ray-log 

responses to aid in subsurface exploration.  This study did not identify a correlation between outcrop- and 

core-derived spectral-gamma-ray-logs signatures and lithofacies, but it did identify that Th/K values tend 

to occur at the highest levels in crevasse splays and are sequentially lower for complex architectural 

elements like amalgamated channel bodies.  This variability is due to weathering, compositional changes, 

and lateral compositional variability.  Keeton (2012) also identified four electrofacies representative of 

common lithofacies seen in Williams Fork cores.  Lastly Keeton (2012) found that the Upper Williams 

Fork can be divided into two intervals, the Flaco and Ges intervals.  The Flaco interval consists of very-

fine crevasse splays and single-story channel bodies, deposited in a low energy, high-sinuosity 

meandering-fluvial system.  The overlaying Ges interval consists of higher energy, low- to intermediate-

sinuosity, braided-fluvial systems.    

Zahm and Hennings (2009) related fracture development to stratigraphic architecture in the 

Tensleep Sandstone at the Alcova anticline, Wyoming.  While this work was not done in fluvial strata, the 

controls they determined can still be tested and applied in fluvial strata.  They determined that the 

presence of dolostones or dolomite cement increases brittleness from the marine sediments to the eolian 



 

15 
 

sandstones, thus adding to fracture development within the marine facies.  A shift from marine-to-eolian 

dominated sequences increased sequence-bound fractures.  While eolian sediments are not present in the 

Williams Fork Formation, a shift from marine to fluvial dominated sequences might yield the same 

results.  Increased dune height and length can increase the probability of connected fractures; this could 

be related to sedimentary structures in fluvial channels.  Fractures in the Williams Fork Formation may 

also be concentrated in facies that have a high cement percentage, while other facies with lower 

concentrations of cement may not fracture as intensely. 

While the presence of cement may affect fractures, Worden and Matay (1998) and Dutton et al. 

(2002) showed that bedding style, grain size, composition and sorting, with digenetic alterations such as 

compaction, cementation and secondary porosity are the key factors that control matrix porosity and 

permeability in sandstones.  Cementation can also reduce reservoir quality by acting as barriers to fluid 

flow or by compartmentalizing the reservoir (Kantorowics et al., 1987). 
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Figure 2.1: Location map of the Piceance Basin, Colorado displaying major structural features.  Green 
shows the outcrop distribution of the Upper Cretaceous Mesaverde Group.  Local structure trends are 
mapped in black.  The region between the red lines is referred to as the I-70 corridor (Modified from 
Foster, 2010 and Cole and Cumella, 2003). 
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Figure 2.2: Map showing the location of major oil and gas fields in the Piceance Basin.  Dark red waffle 
pattern shows the fields that produce from basin-centered gas accumulations.  Grid on map represents 
township and range system (Modified from Foster, 2010). 
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Figure 2.3: Schematic cross section illustrating the gas-migration model for the Mesaverde Group in the 
Piceance Basin.  Most gas is produced from coals in the lower Williams Fork.  Overpressuring from gas 
generation created a fracture network which allowed gas to migrate upward.  From Cumella and 
Scheevel, 2008. 
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Figure 2.4: (A) Map of North America with the location of the Sevier Fold and Thrust Belt. (B) Regional 
map of Utah and Colorado showing the Cordilleran Foreland Basin, with the associated Sevier fold-thrust 
belt (shaded grey line) to the west of study area (shaded gray dashed oval).  Laramide-style, basement-
cored structures are also identified. From Aschoff and Steel (2011). 
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Figure 2.5: General stratigraphic section of Phanerozoic strata for the Uinta and Piceance Basin.  From 
Johnson and Roberts, 2003. 
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Figure 2.6: Paleographic map during the Late Cretaceous (75Ma) illustrating the span of the Western 
Interior seaway from Canada down to the Gulf of Mexico.  Colorado is outlined in the black box and the 
study area in a red circle.  The Sevier fold-thrust belt is located to the west of the WIS. (Modified from 
Blakley, 2008)
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Figure 2.7:  Stratigraphic nomenclature chart for the southern portion of the Piceance Basin, 
Northwestern CO, from west to east. Stratigraphic zone investigated during this study is highlighted in 
Red.  Ammonite Zones with ages in millions of years from Cobban (2006).  Chart complied from 
Edwards (2011), Hettinger and Kirschbaum (2003), Cole and Cumella (2003), Johnson and Flores (2003), 
Kirschbaum and Hettinger (2003), Ogg and Gradstein (2004), Cobban (2006), and Heller (2012). 
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Figure 2.8: Extent of the Lion Canyon Strandline in the northeastern part of the Piceance Basin. Modified 
from Zapp and Cobban (1960) and Leibovitz (2010). 
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CHAPTER 3 

PRINCIPLES OF SEQUENCE-STRATIGRAPHY IN FLUVIAL STRATA 

 

The core objectives of this study depend heavily on understanding the regional depositional 

framework of the middle and upper Williams Fork Formation.  Sequence-stratigraphy provides an 

invaluable tool to correlate genetically related packages of rock to predict regional trends in lithology.  

The prediction of regional lithology allows areas of strata with key hydrocarbon production potential to 

be identified. 

In order to properly correlate the fluvial strata a wide variety of correlation methods were utilized.  

While it is possible to apply the basic sequence-stratigraphy principles to fluvial systems there are 

immense difficulties faced when using traditional methods.  Like marine systems, deposition in fluvial 

systems responds to base-level eustatic changes.  However those base-level changes and the associated 

shoreline shifts only influence fluvial deposition processes within a constrained distance to the shoreline 

(Catuneanu, 2006).   Fluvial systems also respond to an additional number of allogenic (climate, source 

area tectonics, and basin subsidence) and autocyclic (channel avulsion) controls.  These controls have a 

greater influence on the local accommodation farther away from marine shoreline the fluvial systems are.   

Fluvial systems can be divided into “upstream” and “downstream” controls.  In order to properly 

evaluate the various correlation strategies in these two systems it is important to understand the driving 

forces of sequence-stratigraphic changes in various locations within alluvial strata.   This section will 

evaluate the correlation techniques used in systems under these various controls, some of the problems to 

be considered with the methods, and a summary how the correlation principles applied to this project. 

3.1 Downstream Controls on Fluvial Stratigraphy 

Fluvial systems under the influence of “downstream” controls respond to the interplay of sea-

level changes, basin subsidence and climate.  In these systems the process of aggradation or incision 

correlates in a predictable way with shoreline shifts and associated depositional processes in costal and 

marine environments (Catuneanu, 2006).  Since the system responds to shoreline shifts it is possible to 

integrate these fluvial systems into stratigraphic models using the lowstand systems tract (LST), 

transgressive systems tract (TST), and highstand systems tract (HST) traditionally used in marine strata 

sequence stratigraphy.   

Like marine systems, the deposition of “downstream” fluvial channels is dependent on 

accommodation.  In “downstream” systems accommodation is created by a landward migration of a 

bayline (a line connecting points to which stream profiles are adjusted; which in most cases is equivalent 

to the shoreline) during a rise in stratigraphic base level (Shanley and McCabe, 1994).  Recent 
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stratigraphic models suggest channels will amalgamate during times of low accommodation rates, which 

is generally during the LST and late HST.  Channels will also become isolated with floodplain deposits 

during times with high accommodation rates, which is during the TST (Figure 3.1) (Currie, 2007; Rhee, 

2006). 

While the architecture of channels in “downstream” systems is dependent on accommodation 

space, there is also an influence from the available sediment supply.  The rate of base-level fall affects the 

amount of sediment production and therefore sediment deposition.  A significant lowering of the bayline 

will rejuvenate drainage systems and may increase sediment delivery as drainage basins are captured.  

This increase in sediment supply may result in down cutting ceasing and deposition occurring (Shanley 

and McCabe, 1994). Therefore an amalgamating channel can change to an isolated channel due to a low 

to high A/S ratio (Hofmann et al., 2011).  In this case the systems tracts are not defined solely on 

accommodation changes but on the stratigraphic variations in the proportions and characteristics of 

channel fill (Rhee, 2006).  

Another way to apply sequence stratigraphy to non-marine fluvial systems is to identify regional 

angular unconformities and intervals with greater tidal influence.  In “downstream” portions of the 

system, where fluvial deposition cuts into marine deposition sequence, the resulting unconformity can be 

identified as the sequence boundary and can be correlated to base-level falls.  Sequence boundaries can be 

recognized by (1) an unconformity resulting from river deposits overlaying marine shales, (2) an 

unconformity where incision occurred, and (3) where paleosols have developed due to non-deposition 

coinciding with forced regression or lowstand (Shanley and McCabe, 1994).   

Flooding surfaces are represented by the incursion of tidal processes into areas dominated fluvial 

process, the onset of this tidal incursion being the maximum flooding surface (Posamentier et al. 1998).  

If transgression is not significant enough to completely flood the interfluve then soil horizons on the 

interfluve will correlate to the overlaying estuarine deposits.  Lacustrine deposits within fluvial strata also 

relate to flooding surfaces (Shanley and McCabe, 1994). 

3.2 Upstream Controls on Fluvial Stratigraphy 

Systems under “upstream” controls tend to be further from the base-level and while they respond 

to sea-level changes they are greatly affected by tectonics, climate cycles, and basin subsidence.  

Tectonics modify the sediment supply and landscape gradient, climate cycles can influence discharge and 

sediment supply, and basin subsidence can affect local accommodation space.  In “upstream” fluvial 

systems there is no transgressive ravinement or forced regression, but subaerial unconformities are 

common and can be used to define sequence boundaries (Gibling et al., 2005). 
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Due to a general lack of both the transgressive surface (i.e., wave and tidal ravinemnent surfaces) 

and forced regression (due to a sea level change) in upstream fluvial deposits, the transgressive and 

regressive systems tract nomenclature are not used.  Instead “low-accommodation” (traditionally the low 

stand and transgressive systems) vs “high-accommodation” (traditionally the highstand systems tract) 

system tracts are used.  The architecture of the channels is dependent on the accommodation rate in 

“upstream” systems.  Similar to “downstream” systems, during low accommodation channels tend to 

amalgamate and cluster in stacking patterns, and become isolated with preserved floodplain deposits 

during high accommodation (Figure 3.2) (Shanley and McCabe, 1994; Hofmann et al, 2011).  One major 

difference in accommodation space between “upstream” and “downstream” controlled areas is 

accommodation space is not controlled by relative sea level.  In alluvial systems feeding into lacustrine 

systems it is possible for a rise and/or fall in lake levels to affect the accommodation space of the system.  

It should be noted lacustrine systems generally occur during overall highstand or in a high 

accommodation setting.   

While identifying sequence boundaries in non-marine fluvial strata is important for correlation, 

more care must be taken when picking those boundaries in “upstream” systems since there is no marine 

influence.   Sequence boundaries are often determined on unconformities due to valley incision, which 

takes place during lowstand or low accommodation.  The location of a sequence boundary is also 

dependent on the changes in stacking patterns of channels.  Because low accommodation channels will 

tend to stack, a sequence boundary can be identified when amalgamation/stacking is seen during the 

transition from high accommodation to low accommodation (Hofmann et al, 2011; Shanley and McCabe, 

1994).   

Flooding surfaces are identified when accommodation space is increased and channel 

amalgamation decreases resulting in more isolated channels.  In general there are two important flooding 

surfaces, the transgressive surface and the maximum flooding surface.  The transgressive surface marks 

the point where accommodation changes from low accommodation to higher accommodation.  The 

maximum Flooding surface marks the point of highest accommodation recorded in the system (Milana, 

1998).  In upstream systems flooding surfaces are often represented by the presence of coal bearing units.  

Peat accumulations in close proximity to clastic environments are conformable Waltherian-shifts 

(Madden, 1989; Johnson, 1989; Tyler and McMurray, 1995; Hettinger and Kirschbaum, 2002, and Shaak, 

2010).  These peat accumulations can occur up to 40 km to 80 km away from the paleoshoreline 

(McCabe, 1987).  Generally the exact time of accommodation change is difficult to recognize in fluvial 

systems and the transgression surface is often not correlated.    
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3.3 Problems and Assumptions 

One major problem in fluvial sequence stratigraphy is the definition of accommodation, which 

unlike marine sequence stratigraphy is not easily determined.  In marine settings accommodation is 

created/destroyed by changes in relative sea level, due to either eustatic changes or tectonic subsidence.  

In fluvial settings, accommodation is defined by stratigraphic base level, which represents equilibrium 

surface between aggradation and degradation (Cross and Lessenger, 1998; Rhee, 2006).  While changes 

in relative sea level can adjust the equilibrium profile to increase or decrease accommodation; variations 

in sediment supply, stream discharge, or inter-basin tectonics can also adjust the equilibrium profile and 

therefore change accommodation.  However in most models these are often assumed to be constant.  In 

“downstream” systems the change in accommodation will likely be more affected by eustatic changes.  In 

“upstream” systems changes in sea level influence will decrease and other controls, such as sediment 

supply, can become more important.  

 As noted earlier, changes in accommodation will change the character of a fluvial system in 

“downstream” and “upstream” systems.  However fluvial systems can change independently of 

accommodation changes.  Variations in sediment, gradient, and water discharge can result in a change in 

a river system, for example a change from a braided system to meandering system (Rhee, 2006).  It is also 

possible for two different river systems to coexist in the same geographic setting (Figure 3.3). Because of 

these field examples of river changes without accommodation changes it is important to consider using 

other methods in addition to accommodation to apply sequence stratigraphy to non-marine fluvial strata. 

 Another problem with using sequence stratigraphy in non-marine fluvial strata is the issue of 

recognizing sequence boundaries.  Since there is a wide range of stratigraphic discontinuities caused by 

responses to geomorphic thresholds along with tectonic and climate changes, it is difficult to recognize 

and correlate boundaries.  While it is possible to recognize boundaries based on stacking patterns, in older 

fluvial strata increased erosion from channel cannibalism can make recognizing those boundaries 

difficult.  Therefore it is important to examine paleosols in order to continue to correlate boundaries 

basinward (Shanley and McCabe, 1994).  Unlike marine systems it is difficult to recognize progradational 

and retrogradational units in fluvial systems, unless in the upstream margins where stacking patterns can 

be distinguished, which lowers the ability to identify systems tracts (Rhee, 2006).   Also the lack of 

marker horizons, biostratigraphic aids, the discontinuous nature of alluvial deposits, and the lack of 

regionally extensive outcrops make recognition of almost all relationships difficult (Shanley and McCabe, 

1994).  

 One last major problem with identifying sequence boundaries in fluvial systems is the association 

with sequence boundaries and valley incision.  While valley incision does occur during low 

accommodation it is often possible to overestimate the amount of incision, especially when looking at 
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lateral shifts in facies.  Often times when a large, stacked channel body is identified in lateral proximity to 

floodplain fines, it is assumed the channel incised into the finer deposits.  There is a possibility those fines 

may be the associated floodplain fines to that channel and are not necessarily an older deposit.  Therefore 

care must be taken when identifying sequence boundaries related to deep valley incision. 

Using sequence stratigraphy in non-marine fluvial strata is not as clear as in marine strata because 

of the various controls on fluvial systems.  Where fluvial systems are under some eustatic controls (in the 

case of this study the Lion Canyon marine sandstone in the upper Williams Fork Formation) it is possible 

to correlate with marine shifts and to use standard systems tract nomenclature and recognize sequences 

based on accommodation, A/S ratio, or base-level changes.  However in fluvial systems that lose that 

eustatic influence (the majority of the middle and upper Williams Fork) it is harder to correlate with 

marine shifts and therefore low and high accommodation systems nomenclature is used.  In fluvial 

settings it is important to recognize sequences based on accommodation, changes in channel stacking and 

erosion surfaces.  Problems with applying sequence stratigraphy to fluvial strata is amplified in the 

various definitions in accommodation as it applies to “downstream” and “upstream” systems.  While 

accommodation changes are important in non-marine fluvial strata there are examples where fluvial 

systems change because of variations in discharge and sediment supply without changes in 

accommodation; and that different systems may coexist in the same geographic area.  Data and 

observations gathered from this integrated outcrop to subsurface study allow these key points to be 

addressed and a final sequence-stratigraphic framework to be created for the middle and upper Williams 

Fork.   
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Figure 3.1: Summary Diagram illustrating the relationship between shoreface and fluvial architecture as a 
function of base-level change. Key surfaces are identified from tidal influence and channel type changes.  
Modified from Shanley and McCabe (1994). 

 
Figure 3.2: Cross-section of perpendicular to channel axis showing the stratigraphic distribution of 
stacking patterns, system tracts, surfaces and related change in accommodation. Modified from Rhee 
(2006).      
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Figure 3.3: Coexistence of different channel patterns. Meandering (left) and braided (right) developed 
from the same glacial source where there is no apparent difference in accommodation. From Rhee (2006). 
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CHAPTER 4 

 LITHOFACIES 

 

Twenty-seven lithofacies were recognized during outcrop work in the Williams Fork Formation.  

Based on distinct characteristics (lithology, grain size, biogenic features, and sedimentary structures) 

observed in the stratigraphic profiles in this study, these 27 facies were grouped into three tables 

according to different facies tracts: fluvial, marine, and tidal environment tracts.  These 27 facies are 

assigned to seven general facies associations.   Following are the descriptions and interpretations of these 

facies and facies associations as observed in outcrop.  These are summarized in Tables 4.1, 4.2, 4.3 

4.1 Lithofacies 

Fluvial Tract: 

 Description: Facies 1 (Figure 4.1) (Table 4.1) is composed of semi-continuous (100’s of meters), 

irregularly based, .3-.5 m thick, lenticular beds of sandstone.  It is very fine grained to fine grained with 

sedimentary structures including climbing current-ripple cross-laminations.   This sandstone has a high 

lithic content and is heavily biotrubated (insect and root traces) near the top of the sandstone. 

Facies 1: Climbing Ripple Cross-laminated Sandstone 

 Interpretation: Very fine- to fine-grained, current-ripple cross-laminated sandstone suggests 

unidirectional traction transport within the lower limit of the lower flow regime (Allen, 1965; Allen, 

1966).  The climbing nature of these ripples indicates there was increased sediment supply during 

deposition (Allen, 1972).  This facies is typically surrounded by floodplain mudstone deposits.  The 

irregular-based, cross-stratified, lenticular sandstone is interpreted as a chute bar located within the 

floodplain and proximal to a small chute channel.  

 Description: Facies 2 (Figure 4.1) (Table 4.1) consist of continuous; (1000’s of meters) flat 

based, 5-10 m thick, lenticular beds of sandstone.  Lenses are amalgamated and show large scale planar-

tabular cross-stratification that are mud draped.  Other sedimentary structures include current ripple cross-

laminations towards the tops of the lenses.  The sand is homogeneously fine grained. 

Facies 2: Planar Bedded Sandstone 

 Interpretation:  Large planar-tabular cross-stratifications suggest deposition by unidirectional 

flow in the upper part of the lower flow regime, which can be confirmed by the presence of mud (Allen, 

1965; Allen, 1966).  This mud was deposited during periods of low to no current flow.  These structures 

change into current ripple cross-laminations further up in the sandstone representing an increase in the 

flow regime.   This facies is interpreted as a multilateral channel fill complex in a high-sinuosity 

anastomosed fluvial environment. 
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 Description: Facies 3 (Figure 4.1) (Table 4.1) is a continuous (1000’s of meters) light grey mud 

which contains thin (.25 m to .5 m) interbedded layers of silty sand.  The mud and sand are locally 

horizontally laminated, thin .020-.030 m thick layers.  There are small scale (1 cm) ripple cross-

laminations near the top of the silty sand layers.   

Facies 3: Horizontally laminated Sandstone 

 Interpretation:  The flat based continuous nature of this facies and the relative position to 

lenticular sand bodies is consistent with a floodplain depositional environment.  The horizontally-

laminated characteristic suggests suspension deposition with siltstones being deposited during periods of 

low-velocity, practically stationary flows (Nichols, 1999).   This facies was deposited during suspension 

deposition within a floodplain environment.  Silt layers also contain small scale ripples indicating periods 

of increased flow velocity (Allen, 1969).  These silt layers form during periods of flooding where the 

sediment leaves the confines of the channels and experiences flow expansions resulting in coarser 

sediment being deposited closer to the channel.   

 Description: Facies 4(Figure 4.1) (Table 4.1) is discontinuous (10’s of meters), irregular based, 

dark grey lenticular beds of sandstone.  The sandstone fines upward from low to upper fines.  

Sedimentary structures include current-ripple cross-laminations with mud-drapes. This sandstone can 

range in thickness from .5-1 m thick throughout the basin 

Facies 4: Climbing Ripple Cross-laminated Sandstone with Drapes 

 Interpretation: The lenticular nature of this facies and its encasement in fine silt layers indicates it 

is a crevasse splay.  The fine-grained ripple-laminations indicate low velocity flow in the lower part of the 

lower flow regime (Allen, 1965; Allen, 1966).  Mud draping suggest periods of decreased flow velocity.  

The fining upward nature also indicates an overall decrease in flow velocity.    Due to its position in 

relation to other facies this crevasse splay is interpreted to have been deposited in a high-sinuosity 

meandering fluvial environment (Törnqvist, 1993). 

 Description: Facies 5 (Figure 4.1) (Table 4.1) is a semi-continuous (100’s of meters), irregular 

based, 3-5 m thick amalgamated lenses of tannish grey, fine to upper fine grained sandstone.  Lenses are 

separated by mud (up to 1m thick) and have mud rip-up clast at the base.  Sedimentary structures include 

current-ripple cross-lamination, and trough cross-bedding towards the base of the lenses.  Soft sediment 

deformation is common.  

Facies 5: Ripple Cross-Laminated Sandstone with Silt Interlayers 

 Interpretation:  Imbricated, coarser-grained clasts at the base of the irregular-based, lenticular 

sandstone bodies indicate unidirectional traction transport within fluvial channels (Allen, 1974).  

Separation of lenses by a silty mud layer suggests an overall decrease in flow energy within the lenses, 

most likely during channel abandonment.   The fine to upper fine-grained ripple-laminations indicate low 
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velocity flow from traction currents in the lower part of the lower flow regime (Allen, 1965; Allen, 1966).  

The trough cross-stratification indicates deposition by the migration of 3D subaqueous dunes.  Soft 

sediment deformation most likely occurred from bank collapse or fluid escape.  This facies is interpreted 

as a multistory channel fill complex in a low-sinuosity anastomosed fluvial setting. 

 Description: Facies 6 (Figure 4.1) (Table 4.1) is a semi-continuous (100’s of meters) mudstone, 

consisting of interbedded dark grey clay and silt, with flat based isolated lenses of very fine grained 

sandstone.  The sandstones contain trace tree roots, insect burrows, and petrified wood.  In some portions 

of the basin the sandstones contain mud rip-up clast at the base.  Sedimentary structures in the sandstones 

include planar-tabular cross-stratification and current-ripple cross-laminations; trough cross-bedding is 

visible in some portions of the basin.  

Facies 6: Mudstone with Isolated Planar Sandstone Lenses 

 Interpretation: Due to the flat-based, semi-continuous nature of these mudstones and their 

occurrence relative to thin sandstones, facies six is consistent with a proximal floodplain environment 

(Nichols, 1999).  Sandstones were deposited during periods of flooding when sediment left the confines 

of a channel and spread out due to flow expansion, creating small scale crevasse splays.  The 

horizontally-laminated characteristics of this facies suggest suspension deposition with siltstones and 

mudstones being deposited during periods of low-velocity, practically stationary flows (Nichols, 1999).  

Planar-tabular cross-stratifications indicate high flow velocity in the upper flow regime.  Plane beds occur 

over relatively flat beds (Allen, 1965) which are consistent with an initial overflow onto the floodplain.  

Ripple cross-laminations and trough cross-bedding indicate decreasing flow velocities within the upper 

part of the flow regime.  The presence of mud rip-up clast indicates in some areas of the basin the 

crevasse splays developed over short periods of time (Allen, 1974). 

 Description: Facies 7 (Figure 4.2) (Table 4.1) consist of continuous (1000’s of meters), irregular 

based, lenticular beds of sandstone.  Lenses are 2-5 m thick and are separated by a thick layer of mud rip-

up clast that range in size from coarse grained to cobble size.  Sandstones fine upward from medium-

grained to fine-grained particles.  Sedimentary structures include current-ripple cross-laminations.  In 

certain parts of the basin climbing current-ripple cross-laminations (~25° angle of climb) and variable size 

trough cross-stratification can be seen. 

Facies 7: Ripple Cross-Laminated Sandstone with Mud Clast 

 Interpretation: The range in grain size from fine-grained to medium-grained sandstone with 

ripple laminations indicates low velocity flow from traction current deposition in the lower part of the 

lower flow regime.  Climbing ripple cross-laminations suggest rapid deposition due to periods of high 

sediment load within the stream (Ashley et al., 1982: Stear, 1985).  Mud rip-up clast at the base of the 
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lenticular sandstone indicates scouring and erosion within the fluvial channel (Allen, 1965; Allen, 1966).  

This facies is interpreted as channel fill within a low-sinuosity anastomosed fluvial system. 

 Description: Facies 8 (Figure 4.2) (Table 4.1) is a semi-continuous (100’s of meters), moderately 

irregular based, lenticular beds of sandstone.  The lenses are .5-1.5 m thick with inclined beds dipping 

towards the thickest part of the channel with mud chips/ mud drapes on the individual beds.  Sandstones 

fine slightly upward from very fine grained sandstone.  Sedimentary structures include current-ripple 

cross-laminations with mud drapes in portions of the basin.  Petrified wood at the base of the sandstone 

lenses are also possible. 

Facies 8: Laminated Sandstone with Lateral Accretation Sets 

 Interpretation: Preservations of inclined, dipping beds (lateral accretation sets) within this facies 

is interpreted as migration of lateral bars within a meandering fluvial system.  Facies eight shows current-

ripple cross-laminations indicating low velocity, unidirectional flow in the lower part of the lower flow 

regime (Allen, 1965; Allen, 1966).  Mud drapes suggest periods of flow quiescence.   

 Description: Facies 9 (Figure 4.2) (Table 4.1) is a semi-continuous to continuous (100’s of meters 

to 1000’s of meters in various parts of the basin), flat based, lenticular beds of sandstone.  Lenses are 3-

5m thick tannish red, fine grained with coarser boundaries. Mud rip-up clast and coarser grained current-

ripple cross-laminations occur at the base of the sandstones that increase in steepness as move up in the 

body (up to 2° change in angle).  Trough cross-bedding can also be seen in the lenses along with soft 

sediment deformation.  Fingers of interbedded mud/shale can be seen between the sand lenses and 

increase in density toward the top of the body.  Wood fragments occur in various areas of the basin.  The 

sandstone contains 24% Quartz, 70% feldspar, and 5% lithics. 

Facies 9: High-angle Cross-laminated Sandstone 

 Interpretation: The lenticular-shaped sandstone bodies represent multiple channels.  The overall 

flat based nature of the sandstone complex suggests rapid avulsion into the surrounding floodplain.   Mud 

rip-up clast at the base of the lenticular sandstone indicates scouring and erosion within the fluvial 

channel (Allen, 1965; Allen, 1966; Allen, 1974).  High angled ripple laminations indicate moderate 

velocity flow from traction current deposition in the lower part of the lower flow regime.  The transition 

from cross-laminations to trough cross-stratification suggests an increase in flow velocities.  Periods of 

quiescence deposited the mud/shale as vegetated banks and floodplain deposits.  Woody fragments add to 

the interpretation of these deposits as vegetated banks.  Soft sediment deformation is due to fluid escape 

and collapse features.  This facies is interpreted as channel fill within a low-sinuosity, anastomosed 

fluvial environment. 
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 Description: Facies 10 (Figure 4.2) (Table 4.1) is a Semi-continuous, flat based, dark tan to 

maroon beds of sandstone.  Beds are coarser grained, fining upward, .5-3m thick with small mud rip-ups 

at the base. Sedimentary structures include large trough cross-bedding and current-ripple cross-

laminations.  In some portions of the basin sandstone can be interbedded with fingers of mudstone/ silty 

clay shale (up to .5 m thick). 

Facies 10: Trough Cross-Stratified Sandstone 

 Interpretation: Basal surface with mud-rip ups indicates scouring and erosion (Allen, 1974).  The 

trough cross-stratifications indicate unidirectional, high energy flow in the upper part of the lower flow 

regime and migration of 3D, subaqueous dunes in a fluvial channel (Allen, 1965).  Ripple cross-

laminations indicates a decrease in flow energy.  This decrease in flow is also indicated by a fining up 

trend within the sandstone lenses.  Fingers of mudstone and silty clay shale indicate there were periods of 

low flow which allowed time for floodplain deposits to develop adjacent to the channel body.  This facies 

is interpreted as channel fringe deposit within a high sinuosity meandering fluvial environment.  

 Description: Facies 11 (Figure 4.2) (Table 4.1) is a semi-continuous to discontinuous, irregular 

based, clast conglomerate layer.  Layers can range from .5-1m thick with mud clast (.010-.08m in size) 

which occurs at the base of major sandstone layers as a separation layer.  Local woody, coalified plant 

material is common. 

Facies 11: Mud/Carbonate Clast Conglomerate 

 Interpretation: Large clasts indicate high-energy flow during traction transportation.  The 

irregular based surface indicates scouring and erosion within the fluvial channel (Allen; 1965; Allen 

1966).  The erosion surfaces can be major channel bases when the conglomerate layer is extensive, or 

occur as local scour surfaces related to bar and dune migration.  The coalified plant material suggests the 

rivers transported local plant material that grew near the rivers on the floodplains.  This material is 

common near the base of channels and gives clues to the interchannel setting (Allen, 1965; Allen, 1966) 

 Description: Facies 12 (Figure 4.2) (Table 4.1) is a semi-continuous (100’s of meters), irregular 

based, 5-10m thick sandstone.  The sandstone is upper fine grained with inclined bed sets dipping towards 

the thickest part of the sandstone body and trough cross-stratification.  Other sedimentary structures 

include current-ripple cross-laminations with mud drapes, and planar-tabular cross-stratification.  Soft 

sediment deformation and mud rip-up clast occur at the base of the body.  Paleosols are developed at the 

top of the section. 

Facies 12: Trough Cross-Stratified Sandstone with Lateral Accretation Sets 

 Interpretation:  Preservations of dipping inclined beds (lateral accretation sets) within this facies 

is interpreted as migration of lateral bars within a meandering fluvial system.  Mud rip-up clast at the base 

of the lenticular sandstone indicates scouring and erosion within the fluvial channel (Allen, 1965; Allen, 
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1966).  Trough Cross-bedding suggests traction transport of sand within the moderate to high flow 

velocities within the upper part of the lower flow regime, and deposition within 2D and 3D dunes (Allen, 

1966; Allen, 1965).  Planar-tabular cross-stratification suggests deposition in the upper flow regime with 

decreasing energy depositing current-ripple cross-laminations.  Mud drapes suggest periods of flow 

quiescence.  Paleosol development within this facies suggests a significant amount of time of subaerial 

exposure (Shanley and McCabe, 1994) which is a criterion of a terrestrial environment (Nichols, 1999).  

Marine and Shallow Marine Tract: 

 Description: Facies 13 (Figure 4.3) (Table 4.2) is a semi-continuous (100’s of meters), thickly 

bedded sandstone with a sharp basal contact.  The sandstone is upper fine grained, 3-5m thick and 

coarsens upward.  Sedimentary structures include symmetrical ripple cross-laminations, planar tabular 

cross-stratification, and hummocky-swelly cross-stratification.  Composition consists of 60% feldspar, 

30% quartz and 10% lithics. 

Facies 13: Planar Tabular Cross-Stratified Sandstone with Hummocks 

 Interpretation: The thick, flat based, and continuous nature of this sandstone in addition to its 

coarsening upward nature, indicate this facies is marine in nature.  Symmetrical ripple cross-laminations 

indicate bidirectional flow from wave energy.  The hummocky cross-stratification is due to fallout from 

suspension and lateral tractive flow due to periods of wave oscillation occurring in a shallower marine 

environment (Clifton, 2006).  Planar tabular cross-stratification occurs under storm influences when 

energy is higher (Allen, 1965; Allen 1966).  This environment is interpreted as a middle marine 

shoreface. 

 Description: Facies 14 (Figure 4.3) (Table 4.2) is a continuous (1000’s of meters), thinly bedded 

(1 m to 1.5 m thick), grey siltstone to very fine grained sandstone.  Sandstone contains hummocky cross-

stratification. Skolithos trace fossil burrows can be observed within the sandstone. 

Facies 14: Hummocky Cross-bedded Siltstone 

 Interpretation:  The continuous nature of this shale suggests a low-energy environment deposited 

from suspension.  The hummocky cross-stratification is due to fallout from suspension and lateral tractive 

flow due to periods of wave oscillation occurring in a shallower marine environment (Allen, 1965; Allen, 

1966).  Skolithos burrows signifies moderate to high energies from waves reworking the paleoshoreface 

(Pemberton et al., 1992).  This facies in interpreted as a shallow marine, upper shoreface. 

 Description: Facies 15 (Figure 4.3) (Table 4.2) is a continuous (100’s of meters), irregular based, 

thinly bedded clay to very fine grained sandstone.  This facies is characterized by a structureless, chaotic 

distribution of Inoceramus bivalve stratified layer (concave down).  Surface alteration has contributed to 

the formation of a thin layer of gypsum. 

Facies 15: Chaotic Shell Hash Conglomerate 
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 Interpretation: The very fine-grained, structureless nature and the high concentrations of clams 

and gastropods within this sandstone suggest brackish water environments with high sedimentation rates 

(Pemberton et al., 2002).  Concave down layers suggest a prevalent unidirectional flow (no evidence of 

bi-directionality; however bidirectional sedimentary structures are typically not preserved).   This 

environment is interpreted as a lower shoreface. 

 Description: Facies 16 (Table 4.2) is a semi-continuous (100’s of meters), thickly bedded 

sandstone with a sharp basal contact.  Sandstone is upper fine grained, 3-5m thick sandstone that coarsens 

upward.  Sedimentary structures include ripple cross-laminations, planar tabular cross-stratification, and 

hummocky-swelly cross-stratification.  Composition consists of 60% feldspar, 30% quartz and 10% 

lithics. (Figure 4.3).  Facies also shows a moderate abundance of Skolithos trace fossils and thin layers of 

gypsum concentrations. 

Facies 16: Symmetrical Cross-Laminated Sandstone 

 Interpretation: Fine-grained, hummocky cross-stratification suggests this facies was deposited in 

a moderate wave energy environment primarily by bidirectional flow (Allen, 1965; Allen, 1966).  

Symmetrical wave ripples indicates bidirectional flow by dominantly traction transport.  Presence of a 

moderate abundance of Skolithos burrows confirms a wave-dominated environment (Pemberton et al., 

2002).  This environment is identified as a shallow marine, upper shoreface. 

Tidal-Influenced Tract: 

 Description: Facies 17 (Table 4.3) is a continuous (1000’s of meters), flat based, .030-.050m 

thick, greenish-grey structureless mudrock with interbedded local lenses of .050m thick sandstone.  This 

facies coarsens up from clay to very fine grained sandstone.  Sedimentary structures include ripple cross-

laminations with local flaser bedding at the top of the interval with localized bi-directions ripples.  

Sandstone contains soft sediment deformation and is composed of 70% Quartz, 10% feldspar, and 20% 

lithics (Figure 4.4). 

Facies 17: Bi-directional Sandstone Interbedded with Structure less Mudstone 

 Interpretation:  Deposition of mud to fine-grained ripple cross-laminated and flaser bedded 

sandstones suggests fluctuating hydraulic conditions.  Ripples are part of the lower part of the lower flow 

regime and are deposited under traction transport processes (Allen, 1965; Allen, 1966).  Mud and clay 

size particles are deposited by suspension settling during periods of quiescence or slack-water conditions.  

Bi-directional ripples and flaser bedding suggests tidal influence, lending to the interpretation of this 

facies as sand-dominated tidal flats. 
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 Description: Facies 18 (Table 4.3) is a semi-continuous (100’s of meters), irregular based, .010-

.020m thick, tan to grey sandstone.  The sandstone is very fine grained to fine grained with rounded 

grains.  Structures include planar-tabular cross-laminations draped with mud and carbaneous material and 

herringbone structures.  Sandstone composition consists of 70% Quartz, 15% Feldspar, and 15% lithics 

(Figure 4.4). 

Facies 18: Planar-tabular Cross-stratified Sandstone with Mud Drapes 

 Interpretation: The bi-modal planar-tabular cross-stratification of very fine- to fine-grained sand 

indicates moderate velocity, bi-directional flow during the lower part of the lower flow regime and 

migration of 2D subaqueous dunes (Allen, 1965; Allen, 1966).  During low tide the dunes migrated 

downstream and as the tide came in the dune migration stopped and then the dunes began to migrate 

upstream again.   Evidence of water stage fluctuations can occur as mud-draped forests.  Herringbone 

structures form due to alterations in fluid flow.  This facies is interpreted as lower tidal flats. 

 Description: Facies 19 (Table 4.3) is a discontinuous (10’s of meters), irregular based, .005-

.010m thick, tan to grey sandstone.  This sandstone is very fine to fine grained and constantly graded.  

Sedimentary structures include current-ripple cross-laminations with carbaneous mud drapes and local 

mud rip-up clast (Figure 4.4). 

Facies 19:  Constant Graded Cross-laminated Sandstone with mud drapes 

 Interpretation: The very fine to fine grained sandstone with ripple laminations suggest primarily 

unidirectional, high velocity flow by traction transport (Allen, 1965; Allen, 1966).  Carbaneous drapes 

indicate a transition from traction transport though a channel to suspension deposition during slack water 

periods.   Mud-rip up clast indicates scouring and erosion during an avulsion event (Allen, 1974).  This 

facies is interpretated as a cravass splay of a high-sinuosity meandering fluvial channel within a tidal-

influenced environment. 

 Description: Facies 20 (Table 4.3) (Figure 4.4) is continuous (1000’s of meters), flat-based, dark 

grey shale unit with minor silt layers.  Silt layers are structureless but soft sediment deformation can be 

seen in various parts of the basin.  Organic content is variable across the basin as well.  This facies occurs 

conformably between facies 19 and facies 21. 

Facies 20: Structureless Mudstone 

 Interpretation:  The shale and silt layers were deposited by suspension processes.  Silt layers 

indicate an influx of sandier material.  Due to this facies’ proximity to facies 19 & 21 and the nature of 

the bed, this is interpreted as tidal flats.  The silt is likely from occasional pulses of coarser sediment.  

Soft sediment deformation is likely due to fluid escape. 
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 Description: Facies 21 (Table 4.3) (Figure 4.4) is a semi-continuous, irregular based sandstone 

that coarsens upwards from loaded clay and silt to very fine grained.  Sedimentary structures include 

flaser bedding at the base of the sand with trough cross-stratification towards the top of the sandstone 

body.  Sandstone content consists of 60% Quartz, 30% Feldspar, and 10% Lithics. 

Facies 21: Flaser Bedded Sandstone 

 Interpretation:  Deposition of clay to very fine-grained, flaser bedded sandstones suggests 

fluctuating hydraulic conditions.  Trough cross-stratification was deposited by the migrations of 3D 

subaqueous dunes (Allen, 1965, Allen, 1966).  The bi-directional current and flaser structures suggest 

tidal influence, leading to the interpretation of this facies being associated with a tidal environment.  The 

coarsening up nature of this facies leads to a bay head delta interpretation (Aschoff, 2009).   

 Description: Facies 22 (Table 4.3) is a discontinuous (10’s of meters), flat based, .015-.020m 

thick sandstone lenses.  The sand is very fine grained with symmetrical current-ripple cross-laminations.  

Thickness varies in parts of the basin from 1 m up to 5 m thick. This facies occurs directly above facies 

21 and is conformable in nature. 

Facies 22: Symmetrical-ripple, Cross-laminated Sandstone 

 Interpretation: Very fine-grained, symmetrical current-ripple cross-laminations indicate bi-

directional flow by dominantly traction transports within a wave-dominated environment (Allen, 1965; 

Allen, 1966).  This facies always conformability overlays facies 21 which shows tidal influences.  Facies 

22 is interpreted to have been deposited as a mouth bar in a wave dominated estuary. 

 Description: Facies 23 (Table 4.3) (Figure 4.5).consists of semi-continuous (100’s of meters), flat 

based, amalgamated lenses of very fine sandstone.  The lenses range in thickness from 2-4m and the sand 

coarsens upward within the lenses.  Sedimentary structures seen in the facies include planar-tabular cross-

stratification towards the base of the lenses and trough cross-stratification further up in the lenses.  Ripple 

cross-laminations are prevalent in the facies and often are draped with carbaneous mud.  Soft sediment 

deformation is possible and root traces can be seen at the top of the amalgamated body. 

Facies 23: Stratified Sandstone with Mud Drapes 

 Interpretation:  Planar-tabular cross-stratification indicates moderate velocity flow in the lower 

part of the lower flow regime and migration of 2D subaqueous dunes (Allen, 1965).  Tough cross-

stratification indicates a periodic increase in flow velocity and the migration of 3D subaqueous dunes.  

Flow then decreases to a low flow velocity in the lower part of the lower flow regime for deposition of 

ripples cross-laminations.  The carbaneous mud drapes on the ripple cross-laminations suggest periods of 

flow quiescence.  Root traces indicate the sediment was exposed at the surface.  This facies is interpreted 

as eustraine channel fill. 
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 Description: Facies 24 (Table 4.3) is a continuous (1000’s of meters), flat based shale with thinly 

interbedded layers of sand.  The sand is tannish/ red in color and causes the entire facies to have a red 

coloring.  The sand has slight planar-tabular cross-stratification in various places through the basin.  The 

shale can also have a very dark, coal like appearance in parts of the basin however these darker layers do 

not have cleats. 

Facies 24:  Tan Mudshale 

 Interpretation: The fissle mudshale indicates facies were deposited by suspension fallout, most 

likely in the floodplain (Allen, 1965; Allen, 1966).  Sandstone layers were likely deposited during 

flooding events when high flow velocities caused nearby channel banks to overflow and sand to be 

deposited due to fluid expansion. Periods of non-deposition between these flooding events are represented 

by the red paleosol development (Allen, 1965).  The red coloring is a result of oxidation of the organic 

material within the floodplain.  This facies has not fully undergone coalification so it is not a main source 

of gas but could possibly be a secondary source for the gas in nearby sands (Osmond, 1992).  This facies 

is interpreted to have been deposited at the edge of the upper flow regime sand flat in an estuary. 

 Description: Facies 25 (Table 4.3) (Figure 4.5) is a continuous (1000’s of meters), moderately 

flat based mudstone with interbedded black shales.  Pebble size mud clast occurs at the base of the 

mudstone layer.  Wood fragments and root traces are seen throughout the facies. 

Facies 25:  Organic Rich Mudshale 

 Interpretation:  This mudshale was deposited by suspension fallout, most likely in the floodplain.  

The dark color and plant debris indicates plant life was abundant but the mudshale shows no evidence of 

rooting so deposition was likely in an anoxic floodplain where oxidation did not occur (Allen, 1965; 

Allen, 1966).  This facies is interpreted as a floodplain of a tidally influenced anastomosed fluvial channel 

within an estuary system.   Mud clasts are likely from collapse structures at the edge of the channel. 

 Description: Facies 26 (Table 4.3) (Figure 4.5).is a semi-continuous, 1-3m thick, tannish grey 

sandstone with a gradual basal contact.  Inclined bed sets that dip towards the thickness part of the 

sandstone body are seen within the body.  Sedimentary structures include large scale trough cross-

bedding with mud rip-up clast, planar-tabular cross-stratification, and small scale climbing current-ripple 

cross-laminations.  Flaser- and wavy-bedding can also be seen within the sandstone.  

Facies 26:  Flaser and Trough Cross-bedded Sandstone 

 Interpretation: Inclined beds dipping towards the thickest part of the channel are preserved 

evidence of lateral bar migration and indicate this fluvial system is a meandering fluvial channel.  Trough 

cross-bedding indicates a strong unidirectional, high energy flow in the upper part of the lower flow 

regime and migration of 3D dunes in a fluvial channel (Allen, 1965; Allen, 1966).  Grading into planar-

tabular cross-stratification indicates a decrease in flow to moderate energy in the lower part of the lower 
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flow regime.  Climbing current-ripple cross-lamination indicates there was periods of rapid deposition 

due to higher sediment load within the stream (Stear, 1985; Allen, 1965; Allen, 1966).  The presence of 

the bidirectional currents and sedimentary structures (flaser and wavy bedding) suggests tidal influence 

which leads to this facies as being interpreted as a meandering fluvial channel in an estuarine setting.  

 Description: Facies 27 (Table 4.3) (Figure 4.5) is a semi-continuous (100’s of meters), very fine 

to upper fine-grained, lenticular beds of sandstone.  Lenses have rip-up clast at the base of the lenses.  

Sedimentary structures include trough cross-bedding, planar-tabular cross-stratification, and small scale 

ripple-laminations in various parts of the basin.  Teredolites (elongated cylindrical burrows into a wood 

substrate) burrows are preserved in the lower boundaries of the sandstone lenses. 

Facies 27:  Trough Cross-bedded Sandstone with Teredolites 

 Interpretation:  Very fine to upper fine sand with trough cross-bedding indicates deposition in the 

lower flow regime (Allen, 1965; Allen 1966).  Planar-tabular cross-stratification and ripple-lamination 

indicates periodic flucoations in the flow regime.  Teredolites are characterized by perpendicular 

orientation of burrows into a wood substrate, clavate or club-like shape, and circular cross-section though 

the burrow (Pemberton et al, 1992).  These burrows are associated with estuarine or nearshore marine 

deposits.  This facies is interpreted as a delta channel. 

4.2 Lithofacies Associations 

The twenty-seven facies were categorized into eight facies associations that represent various 

depositional systems.  They are summarized in Table 4.4. 

 Description: Facies association A is a composed of semi-continuous, irregular based sandstone 

bodies and floodplain deposits ranging in thickness from 1 to >25 m.  Sandstone bodies are often 

interbedded with structureless, sometimes rooted, mudstones.  These lenticular shaped sandstone bodies 

show coarse sand to mud rip-up conglomerate near base of scalloped lenticular sandstone bodies.  

Association typically displays a fining up trend, however can have a blocky stacking pattern.  Facies can 

occur as multi-story, vertically stacked sandstone bodies with minimal fines between the sand bodies.   In 

this case the sandstones often contain preserved inclined bed sets. Association can also occur as isolated 

sandstone bodies incased in thick mudstone layers (Figure 4.6). Facies Association A is composed of 

facies 1, 2, 4,5,6,8,9,11, and 12 (Table 4.4). 

Facies Association A:  High-sinuosity, meandering fluvial 

 Interpretation: Lenticular, semi-continuous sandstone bodies with irregular bases suggest 

scouring due to confined, unidirectional channel flow.  Fining up trend indicates the channels have an 

overall decrease in flow strength.  Based on the orientation of the lateral accretion sets, these are 

interpreted as point bar deposits which are associated with lateral migration in meandering fluvial 
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channels (Miall, 1992).  These channels have a high percentage of floodplain/over bank deposits with 

small chute or single story channels.  In some areas of the basin these sandstones display a cannibalization 

nature and often stack vertically with little floodplain/overbank fines.  In other parts of the basin these 

channels are more isolated and are associated with large floodplain/overbank deposits.  

 Description: Facies association B is composed of discontinuous to semi-continuous, 1 to >7m 

thick, irregular based units of lenticular-shaped sandstone bodies.  This association tends to have thicker 

interbedded clay and silt packages between the sandstone packages.  These clay and silt layers have 

abundant root traces and woody debris.  The sandstones tend to have a high clay clast concentrations and 

woody fragments near the base of the scalloped surfaces.  Structures within the sandstones include current 

ripple cross-laminations, planar-tabular cross-stratifications, and trough cross-laminations (Figure 4.6).  

Facies association B is composed of facies 5,7,8,9,10,11,12,13,14,and 15 (Table 4.4). 

Facies Association B:  Isolated, low-sinuosity anastomosed fluvial 

 Interpretation: These thick, discontinuous sand bodies were deposited by traction transport under 

unidirectional flow and are interpreted as anastomosed channels.  Stacked, amalgamated lenses suggest 

high sedimentation rates in a low accommodation setting.  Fine silt and clay layers with abundant root 

traces and woody debris indicate vegetated, stable banks which confined the channel in a relatively stable 

position (in contrast to meandering and braided systems).  Sedimentary structures, including cross-

laminations and cross-stratifications, suggest fluctuating flow velocities within the individual channels.  

Concentrations of clay clast indicate the stacked channels were developed by relatively quick channel 

avulsion (Makaske, 2001) 

 Description: Facies association C is composed of semi-continuous, flat-based, organic rich, 0.3m-

20m thick, light grey to dark grey shale, mudstones and siltstones (Figure 4.6).  Isolated and alternating 

lenses of horizontally laminated, with small scales ripple cross stratificated; sandstone layers are present 

in various portions of the basin.  Carbonaceous shales and mudstones can be locally interpreted with near 

coal layers.  Root traces, burrows, woody/plant material and paleosols are common in this association.  

Facies association C is composed of facies 3, 6, 10, and 24(Table 4.4). 

Facies Association C:  Undifferentiated Floodplain: Coastal Plain and/or Fluvial Floodplain 

 Interpretation: The high concentration of shale and mudshale with horizontal laminations suggest 

dominantly suspension deposition.  Suspension and low-velocity flows represent minor flooding events 

which deposited the siltstone in this association (Allen, 1965; Allen, 1966). Thin, isolated lenses of 

sandstone with ripple cross-laminations indicates that, during periods of flooding, flow broke through 

nearby channel banks resulting in deposition of crevasse splay deltas (Allen, 1965; Allen, 1966; Miall, 

1996).  High concentrations of organic matter, root traces, and preserved plate material indicate abundant 
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vegetation on the floodplain.  While the organic matter has not fully undergone coalification, it is possible 

these layers could be secondary sources for natural gas (Johnson and Roberts, 2003). 

 Description: Facies association D is composed of semi-continuous, flat-based dark grey and 

black shales ranging in thickness from 1-15 m (Figure 4.6).  Often lenticular-shaped sandstone bodies are 

interbedded with the shales.  These sandstones contain wavy and flaser bedding along with bidirectional 

laminations which are draped with carbonaceous mud.  Unidirectional sedimentary structures are also 

preserved in some of the sandstone units.  Teredolites burrows are often preserved at the base of channel 

bodies. Woody debris and leaf imprints are locally preserved near the lenticular sandstone bodies.  The 

association typically displays an overall fining upward nature.  Facies association D is composed of facies 

19, 23, 26, and 27 (Table 4.4). 

Facies Association D:  Tidally influenced fluvial within an Estuary Environments 

 Interpretation:  Bidirectional sedimentary structures, such as wavy, flaser bedding and 

bidirectional laminations, indicate a tidally-influenced environment.  Teredolites are often associated with 

estuarine or near shore marine deposits.   Structures such as cross-laminations and cross-stratifications 

indicate periods of strong unidirectional traction currents.  Woody material and leaf imprints suggest a 

proximal source to terrestrial organic matter.  Facies association D is interpreted as tidally-influenced 

channels within or near an estuary environment.  

 Description: Facies association E is composed of semi-continuous, grey to dark grey siltstone 

which coarsens upward to fine grained sandstones with a thickness range of 1-10 m (Figure 4.6).  The 

sedimentary structures identified within this association are flaser and wavy bedding with additional 

bidirectional sedimentary structures preserved.  Overall coarsening upward pattern has a sharp top.  This 

association is localized in the eastern part of the basin.  Facies association E is composed of facies 

17,18,20,21,22,24,25 and 27 (Table 4.4). 

Facies Association E:  Estuarine, Tide-Influenced Bayhead Delta 

 Interpretation: Bidirectional sedimentary structures such as flaser and wavy bedding and the 

presence of carbaneous mud drapes suggest a tidally-influenced environment.  The coarsening up trend 

with sharp top, tidal bedding with mud drapes, and high mudstone concentrations are indicative of a 

bayhead delta within an estuarine environment (Aschoff, 2009) 

 Description: Facies association F is composed of continuous, flat based, 3-5m thick, fine to 

medium grained sandstones.  Sedimentary structures include hummocky-swelly cross-stratification with 

symmetrical wave ripples and planar tabular cross-stratification (Figure 4.6).  In some facies of this 

association the sand is structureless (from high biogenic activity).  Concentrations of Inoceramus bivalves 

Facies Association F:  Regressive Marine Shoreline 
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can be seen in primarily concave down positions. Locally Skolithos trace burrows can be seen.  Facies 

association F includes facies 13, 15, and 16 (Table 4.4). 

 Interpretation:  The coarsening upward nature of this association and presence of wave-ripple 

cross-laminations indicates a marine environment.  Structureless sandstones (due to high biogenic 

activity) and high abundance of traces such as Skolithos are often found in brackish water deposits or in 

storm deposits within the lower shoreface (Pemberton et al., 1992).  Bivalves are often found in lower to 

middle shoreface environments.  The proximity of this association to fluvial deposits and the nature of the 

association lead it to be interpreted as a regressive marine shoreline. 

 Description: Facies association G is composed of continuous, flat based, 1->4m thick, silt and 

organic mudstones with packages of fine grained sandstone (Figure 4.6).  Sedimentary structures include 

hummocky-swelly cross-stratification to structureless sandstones (which occur due to high biogenic 

activity).  Concentrations of Inoceramus bivalves can be seen in primilary concave down positions. 

Locally Skolithos trace burrows can be seen.  Facies association F includes facies 15 and 16 (Table 4.4). 

Facies Association G:  Transgressive Marine Shoreline Barrier System 

 Interpretation: Organic mudstone and biostrome deposits are interpreted as barrier lagoonal 

deposits. Bivalves are often found in these backwater lagoons and Skolithos burrows are often found in 

these brackish water conditions.   Hummocky-swelly cross-stratification is found in the marine barrier 

islands.  This association is found in a vertical succession of fluvial deposits to tidal deposits which 

indicates a general sea level rise.  Facies association G is interpreted as a transgressive marine shoreline 

barrier system. 
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Table 4.1: Facies identified in this study have been assigned to the fluvial tract and described and 

interpreted with fluvial characteristics. 
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Figure 4.1: Examples of fluvial facies 1-6 with location of photo in parenthesis. (1) Climbing ripple 
cross-laminated sandstone unit (Piceance Creek).  (2) Fine grained sandstone with planar bedding 
(Meeker). (3) Thin, horizontally laminated sandstone (Meeker). (4) Fine sandstone with mud draped 
climbing ripple laminations (Rifle). (5) Interbedded ripple laminated sand and silt (Rifle). (6) Mudstone 
with isolated sandstones (Meeker). 
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Figure 4.2: Continued examples of fluvial facies 7 through 12 with location of photo in parenthesis.  (7) 
Ripple laminated sandstone (McClure Pass). (8) Sandstone with lateral accretation sets (Big Canyon). (9) 
High angled cross-laminated sandstone (McClure Pass). (10) Fine grained sand with superimposed trough 
stratification (McClure Pass). (11) Mud and carbonate clast conglomerate (McClure Pass). (12) Fine 
sandstone with lateral accretation sets and imposed trough cross-bedding (McClure Pass). 
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Table 4.2: Described and interpreted facies identified in this study assigned to shallow marine and marine settings tract.
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Figure 4.3: Examples of marine facies 13-16with location of photo in parenthesis. (13) Fine grained 
sandstone with hummocks (Meeker). (14) Hummocky siltstone (Meeker). (15) Chaotic shell has deposit 
(Chevron Coal Gulch). (16) Symmetrically laminated sandstone with Skolithos burrows (Meeker).
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Table 4.3: Described and interpreted lithofacies identified in this study which are in the tidally-influenced tract.
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Figure 4.4: Tidal facies examples 17-21 with location of photos in parenthesis. (17) Bi-directional rippled 
sandstone (Piceance Creek). (18) Mud draped, planar-tabular cross stratified sandstone (Piceance Creek). 
(19) Constantly graded sandstone with mud draped laminated sandstone (New Castle). (20) Structureless 
mudstone (Piceance Creek). (21) Flaser bedded sandstone (Piceance Creek). 
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Figure 4.5: Continued tidal facies examples 23-27 with location of photos in parenthesis. (23) Mud 
draped, stratified sandstone (Rifle). (25)  Organic rich mudshale (Rifle). (26) Flaser and trough bedded 
sandstone (rifle). (27) Trough cross bedded sandstone with Teredolites (Meeker).  
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Table 4.4: Descriptions and interpretations of facies associations identified in this study, which have also 
been assigned next to stratigraphic profiles.  
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Figure 4.6: Examples of facies associations A through F and the location of photo. (A) Photo showing 
fining upward meandering fluvial complex (Redstone CO). (B) Vertically stacked, anastomosted fluvial 
complex (Fruita, CO). (D) Tidally influenced fluvial with a slight coarsening upward pattern (Rifle, CO). 
(E) Coarsening upward bay head delta in an estuarine setting (Piceance Creek, CO). (F) Regressive 
marine shoreline deposit (Meeker, CO).  (G) Regressive marine barrier system (Rangeley, CO).  
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CHAPTER 5 

 SEQUENCE STRATIGRAPHIC SURFACES 

 

Previous studies by Hettinger and Kirschbaum (2002), Foster (2010), Leibovitz (2010) and) were 

used to pick the top and base of the Williams For, and Edwards (2011) was used to pick key flooding 

surfaces in the lower Williams Fork Formation.  Foster (2010) and Leibovitz (2010) presented subsurface 

correlations which lacked key information from the outcrop belt and therefore a solid understanding of 

how the facies transition throughout the basin.  Hettinger and Kirschbaum (2002) and Edwards (2011) 

presented solid, outcrop based, sequence-stratigraphic frameworks of the lower Williams Fork which 

were used to datum surfaces in the middle and upper Williams Fork.  The sequence-stratigraphic 

framework presented here focuses on the outcrop to identify key cycles and surfaces, and then extends the 

outcrop framework into the subsurface using well logs, core data, and cleaning trends identified in core.  

5.1 Facies Stacking Patterns 

In order to identify sequence stratigraphic surfaces in outcrop, it is necessary to identify 

sequences by looking at stacked facies.  Sequences are conformable successions of genetically related 

strata which are bounded by unconformities or conformities (Van Wagoner et al., 1990).  Parasequences 

are conformable successions and are composed of genetically related beds bounded by flooding surfaces.  

Parasequence sets are successions of genetically related parasequences which form unique stacking 

patters and are bounded by sequence surfaces (Van Wagoner et al, 1990).  Facies stacking patterns seen in 

outcrop give an indication of base-level changes which are documented by sequence stratigraphic 

surfaces.   

Marine to non-marine cycles and types of fluvial system accommodation trends were defined in 

this study in order to correlate systematic, temporal patterns in accommodation.  The fluvial 

accommodation trends identified in this study include five main types of trends: single story meandering 

fluvial with undifferentiated floodplain to stacked anastomosed fluvial (Trend A), stacked meandering 

fluvial to isolated splay deposits and undifferentiated floodplain deposits (Trend B), anastomosing fluvial 

to isolated and stacked meandering fluvial (Trend C), tidally influenced fluvial/estuarine to meandering 

fluvial (Trend D), and estuarine/ tidally influenced fluvial to anastomosing fluvial (Trend E).  Each of 

these depositional environment cycles are described below and can be found in Table 5.1. 

Trend A: Single story meandering fluvial with undifferentiated floodplain to stacked anastomosed fluvial 

 Trend A transitions upward from single story meandering fluvial deposits with thick 

undifferentiated floodplain deposits to stacked anastomosed fluvial deposits.  This trend ranges in 

thickness from 30 ft to 300 ft.  The single story meandering fluvial channel and undifferentiated 



 

56 
 

floodplain complex have a high concentration of mud and isolated sandstone channel bodies.  The stacked 

anastomosed fluvial deposits represent low accommodation settings where channel stacking and incision 

into underlying strata occurs.  This shift in facies typically represents a sequence boundary. 

Trend B: Stacked meandering fluvial to isolated splay deposits and undifferentiated floodplain deposits 

 Trend B shows a vertical shift from stacked meandering fluvial to isolated splay deposits and 

undifferentiated floodplains.  This trend ranges in thickness from 75 ft to 250 ft.  Stacked meandering 

deposits occur during periods of low accommodation.  Isolated channels with undifferentiated floodplain 

deposits specify an increase in accommodation which allows more floodplain fines deposition.  This 

transition from a low accommodation setting to a high accommodation setting marks a flooding surface. 

Trend C: Anastomosing fluvial to isolated and stacked meandering fluvial 

 Trend C marks a shift from anastomosed fluvial to meandering fluvial with undifferentiated 

floodplain deposits and ranges in thickness from 50 ft to 100 ft.  This transition to meandering fluvial 

from anastomosed fluvial indicates a change to lower accommodation and marks a sequence boundary. 

Trend D: Tidally influenced fluvial/Estuarine to meandering fluvial 

 Trend D consists of tidally influenced fluvial systems on a coastal plain with a sharp, overlying 

transition into stacked, single story meandering fluvial.  This trend can range in thickness from 30 ft to 60 

ft.  Tidal facies correlate to an increase in base level which creates additional accommodation space. A 

sharp change to highly concentrated, vertically stacked meandering fluvial indicates a fall in base level 

and decreased accommodation which relates to a sequence boundary. 

Trend E:  Estuarine/ tidally influenced fluvial to anastomosing fluvial  

 Trend E represents a transition from tidally-influenced fluvial to anastomosing fluvial complexes 

with undifferentiated floodplain deposits.  This trend ranges in thickness from 40 ft to 75 ft.  Tidal and 

estuarine facies dominate the lower part of the trend and occur because of a base level rise which also 

increases accommodation space.  The overlying anastomosing fluvial complex consists of isolated 

channels and indicates a drop in base level.  A decrease in accommodation resulted in incising of the 

channel complex into the underlying tidal deposits.  

5.2 Compositional Trends as Surface Indicators 

While correlating in fluvial strata can be difficult because of the many local controls throughout 

the system, it is possible to identify regional controls based on compositional changes of fluvial 

sandstones.  In initial correlations it was difficult to determine which sequence-stratigraphic surfaces were 

lower order and could be identified through the basin as compared to higher order surfaces occurring only 

in small areas of the basin.   
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In order to determine if there were changes in the composition of sandstones throughout the entire 

Williams Fork Formation, 11 thin sections were analyzed from core plugs from fluvial sandstones in the 

Williams PA-424-34 core (Appendix C) from Garfield County, Colorado.  Core plugs were randomly 

distributed through productive sandstones within the vertical succession.  While the middle and upper 

Williams Fork Formation is the focus of this study, in order to ascertain if compositional changes can be 

used to determine sequence-stratigraphic surfaces it was necessary to use fluvial data throughout the 

entire Williams Fork section.  The Gazzi/ Dickinson Method of point counting was applied to determine 

changes in quartz, feldspar, and lithic content.  Each thin section was counted out to at least 400 point 

counts.  When landing on a partially dissolved or alternated grain it was counted as the original grain type 

so the original composition could be accurately determined.  Polycrystalline quartz was combined with 

monocrystalline quartz when determining final quartz composition for QFL plots (Dickinson, 1985) 

(Appendix A). 

 Four major changes in QFL compositions were identified.  These changes occur as a 

compositional increase in lithics and feldspar, where a sandstone lower in the section will have a lower 

percentage of feldspar and lithic content (~15%) and sandstones progressively higher in the section 

contain higher percentages of feldspar and lithics (~25%).  Pie charts of sandstone compositions were 

plotted on the corresponding well log and it was found these compositional trends related to three 

sequence boundaries previously identified using other methods (Figure 5.1).  Sandstones directly above 

one of these sequence boundaries has a low percentage of feldspar.  The percentage of feldspar within the 

sandstone will increase until another major sequence boundary is observed.  This trend continues 

throughout the entire analyzed core.  Due to the compositional changes in sandstones on either side of 

these three sequence boundaries, they are interpreted to be regionally extensive, lower order, boundaries. 

5.3 Key Surfaces 

Key sequence-stratigraphic surfaces (sequence boundaries, minor flooding surfaces, and 

maximum flooding surfaces) were identified by utilizing the lithofacies, lithofacies associations, 

corresponding stacking patterns, and cleaning trends.  Major surfaces such as formation boundaries (Top 

Mesaverde, Top Ohio Creek, Top Williams Fork, and Top Rollins) were originally downloaded from IHS 

Enerdeq® These tops were combined with previous literature of formation tops from Hettinger and 

Kirschbaum (2002), Cole and Cumella (2003), Cumella and Scheevel (2008), Foster (2010), Leibovitz 

(2010), and Edwards (2011), and picked throughout the entire basin in subsurface and outcrop (where 

available).  The upper most sequence-stratigraphic surfaces identified by Edwards (2011) were also 

identified in outcrop stratigraphic profiles, when available.    
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Seven surfaces (Table 5.2 and Table 5.3) were identified in outcrop stratigraphic profiles and 

correlated through the basin.  These surfaces included sequence boundaries and maximum flooding 

surfaces.  Transgressive surfaces were not correlated because in proximal fluvial deposits the 

transgressive surface often coincides with the maximum flooding surface.  Surfaces were identified using 

methods previously discussed and correlated using well Gamma Ray (GR) log responses and when 

available Resistivity (ILD) and Spontaneous Potential (SP) log responses, that show similar 

characteristics as the outcrop.  The general recognition criteria of these surfaces in outcrop and well logs 

are described below.  A general explanation for figures used in the rest of this study is seen in Figure 5.2. 

Sequence Boundary D (SB_D) 

 Sequence Boundary D (Table 5.2) occurs at base of the low accommodation zone of transitional 

fluvial strata above marine influenced strata in the upper Williams Fork.  This surface is at the base of a 

thick (100’s of feet), vertically stacked anastomosed fluvial sandstone complex.  In well logs this surface 

is identified at the base of a low, blocky GR response, however, in parts of the basin the GR response 

displays a slight decreasing upward trend. 

Flooding Surface C (FS_C) 

 Flooding Surface C marks the transgression of the Lion Canyon Sandstone within the upper 

Williams Fork (Table 5.2).  The surface is identified at the base of the regressive portion of the Lion 

Canyon, seen in the east part of the outcrop belt.  This sandstone unit displays a decreasing upward 

response on GR logs.  Directly west of the eastern edge of the outcrop belt, where the Lion Canyon 

Sandstone does not occur, this surface is identified by the presence of the correlative Price Coal. The 

Price Coal is identified by a low GR spike and a corresponding high ILD spike.  Flooding surface C is 

picked directly above this spike.  In further western and southern extents of the basin where the Price 

Coal is not present, this surface is identified in the middle of a high accommodation zone with a low net-

to-gross sandstone ratio.  In this area the surface is identified by a high GR. 

Sequence Boundary C (SB_C) 

 Sequence Boundary C (Table 5.2) marks the transition from the high accommodation Middle 

Williams Fork to the low accommodation upper Williams Fork.  This surface occurs at the base of thick, 

vertically stacked anastomosing deposits which scour into the high accommodation deposits below.  On 

GR this surface is picked at the base of a low, blocky GR pattern.  In other parts of the basin, away from 

main channel belts, this GR pattern shows a slight increasing upward pattern.  On SP logs this surface is 

often identified by a low SP.  Analyzed thin sections show this surface is also identifiable by a feldspar 

cleaning trend seen in the sandstone compositions (Figure 5.1).  This boundary occurs at the transition 

from sandstones with high Feldspar/Lithic contents to sandstones with lower feldspar/ lithic contents. 
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Flooding Surface B (FS_B) 

 Flooding Surface B (Table 5.2) is the maximum flooding surface above Boundary B.  This 

surface occurs within the high accommodation zone of the middle Williams Fork Formation.  It is often 

picked in undifferentiated floodplain deposits which contain isolated meandering and anastomosing 

deposits, depending on the location within the basin. In well logs it is identified by a high GR spike 

within a zone that overall has a high GR signature.  It is also identified by a low ILD response directly 

above a high ILD spike.  

Sequence Boundary B (SB_B) 

 Sequence Boundary B (Table 5.3) marks a basin-ward shift in fluvial deposits.  In eastern 

outcrops this surface occurs at the change from tidal influenced strata to fluvial strata.  In western portions 

of the basin, where there is no tidal influence, this surface commonly occurs at the base of a thick (10-50 

ft), vertically stacked meandering fluvial system.  This system also has significant amounts of 

undifferentiated floodplain deposits which contain isolated meandering and anastomosing channels, so the 

surface may occur at the base of those thinner fluvial channels.  On well logs this surface is identified at a 

high GR response which occurs below blocky and decreasing upwards patterns.  On resistivity logs this 

surface is often associated with a low ILD response and above the surface the resistivity increases.   

Analyzed thin sections show this surface is also identifiable by a feldspar cleaning trend in the sandstone 

compositions (Figure 5.1).  

Flooding Surface A (FS_A) 

 Flooding surface A (Table 5.3) is the maximum flooding surface above Boundary A.  This 

surface marks the maximum western extent of tidal influence from a regressing marine shoreline further 

to the east.  In outcrop this surface is usually found at the base of tidally influenced fluvial channels.  On 

GR logs these tidal channels demonstrate a slight decreasing response from high GR to a progressively 

lower GR response. 

Sequence Boundary A (SB_A) 

 Sequence Boundary A (Table 5.3) marks the base of the high net-to-gross interval of the middle 

Williams Fork.  The boundary usually occurs at the base of a thick (10-100’s ft) sandstone interval.  It is 

usually a vertically stacked, anastomosing fluvial system.  However in parts of the basin this surface can 

be associated with meandering systems.  On well log this surface is identified at the base of blocky, low 

GR response. In parts of the basin this surface can occur at the base of lower GR packages that may not 

necessarily be thick.  This is likely due to being in the floodplain portion of the system and away from the 

channel belt. This sequence boundary is also the first major, regional sequence boundary identified above 

the lower Williams Fork Formation, which was identified by Edwards (2011).   
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5.4 Depositional Sequences 

This study identified four regional depositional sequence sets within the middle and upper 

Williams Fork Formation based on five defined sequence boundaries and associated flooding surfaces. 

Sequence A 

Sequence A (bounded by SB_A and SB_B) is the oldest and most complete sequence in the 

middle Williams Fork Formation.  Tidal influence is identified in the eastern portion of the basin within 

this sequence that grade westward into fluvial units.  Accommodation increases throughout this sequence 

however the majority of the sequence is relatively high accommodation deposited during the High Stand 

Systems Tract.  Palynology testing dates this sequence from the Late Santonian to Early Campanian.  

Sequence B 

 Sequence B (bounded by SB_B and SB_C) is the second oldest sequence of the middle Williams 

Fork Formation.  Generally this sequence represents low accommodation deposition.  Stacked fluvial 

channel complexes are common with valley incision seen throughout the basin. 

Sequence C 

 Sequence C (bounded by SB_C and SB_D) is the first sequence of the upper Williams Fork 

Formation.  This sequence represents a full transgressive/ regressive pulse of the WIS by the presence of 

the Lion Canyon Sandstone and associated deposits.  The Lion Canyon grades westward into the Price 

Coal and further westward to coastal floodplain and alluvial deposits.  Fluvial channels stratigraphically 

below the Lion Canyon generally represent low accommodation amalgamated channels with floodplain 

fines preserved.  This sequence is not observed in the western most portions of the basin.   

Sequence D 

 Sequence D (bounded by SB_D and the top of the Williams Fork) is the last sequence within the 

Williams Fork Formation.  Overall this sequence represents stacked, low accommodation channels with 

very little floodplain fines.  This sequence is not observed in the western portions of the basin. 

5.5 Regional Variability in Surfaces and Depositional Sequences 

Due to the variability in the fluvial deposits throughout the basin it is important to understand 

how the surfaces are correlated from the eastern portions of the basin where marine influences are seen, to 

the west where those influences are lost.  Four type logs are discussed in order to fully document the 

changes in the fluvial systems throughout the basin.  These type logs are discussed below to demonstrate 

the changes in the facies and recognition of surfaces in the northeast, northwestern, southeastern, and 

southwestern portions of the basin. 
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Northeastern Piceance Basin (Meeker and New Castle, CO)  

The facies in the northeastern portion of the basin display transitional units from marine packages 

to tidally influenced fluvial packages, and finally to non-marine fluvial packages (Figure 5.3).  SB_A is 

identified by unconformable fluvial strata which overlies tidally influenced strata within the lower 

Williams Fork.  Sequence A displays units of tidally influences strata and a small regressive marine 

sandstone.  FS_A is identified by estuarine strata within the middle of the sequence set.  SB_B marks the 

basin-ward migration of fluvial channels after a final regression of the marine influence below.  It occurs 

at the base of a stacked meandering fluvial unit which grades westward into a slight more stacked 

meandering fluvial unit.  Sequence B represents an overall low accommodation sequence where fluvial 

channels tend to be vertically stacked however there are slight increases in accommodation towards the 

top of the sequence.  FS_B is identified in the middle of a high accommodation zone and is identified on 

GR by a high GR spike.  Sequences A and B are representative of the middle Williams Fork package.  

SB_C is identified at the base of a meandering fluvial systems that marks the transition into the low 

accommodation upper Williams Fork Formation.   In the northeastern portion of the basin Sequence C 

documents a transgression and regression of the marine Lion Canyon Sandstone.  FS_ C is identified at 

the turn-around point of the transgression.  In the subsurface this surface is identified at the top of a small 

GR decreasing upward package and just below a much thicker GR decreasing upward package.  Further 

westward this surface is identified by the presence of the Price Coal unit, which is the mire deposition 

associated with the paleoshoreline.  FS_B is picked at the top of the coal unit, seen as a low GR spike and 

a high ILD spike. 

Northwestern Piceance Basin (Rangeley, CO)  

  The Williams Fork Formation thins in the northwestern portion of the Piceance Basin.  SB_ A is 

identified at the base of an anastomosted fluvial complex (Figure 5.4).  In subsurface this surface is 

identified at the base of a thick, increasing upward GR response.  Tidal and marine influences that were 

seen in Sequence A in the northeastern portion of the basin are no longer seen in the sequence in the 

western portions of the basin.  Flooding surface A is now identified at a shift in fluvial facies from 

stacked anastomosing channels to isolated meandering fluvial deposits.  This change in channel type is 

often associated with an increase in accommodation space.  SB_ B is identified at the base of a 

meandering channel body, in outcrop this channel is the most significant channel seen after FS_ A.  In the 

subsurface, SB_B is identified at the base of a thick meandering complex.  In this portion of the basin the 

upper and middle Williams Fork experiences thinning due to erosion by the overlaying Wasatch 

Formation and affects of uplift on the Douglas Creek Arch.  This erosion has removed the remaining 

sequences and stratigraphic surfaces. 
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Southeastern Piceance Basin (Panola, CO)  

Facies in the southeastern Piceance Basin display typical fluvial characteristics of the middle and 

upper Williams Fork Formation (Figure 5.5).  SB_ A is identified at the base of a large anastomosed 

fluvial complex, which is identified in the subsurface by a thick, generally increasing upward GR 

package.  Sequence A losses almost all of the tidal influence that was seen in the northeastern portion of 

the basin.  It is primarily composed of isolated meandering deposits.  FS_ A is identified in the subsurface 

by a high GR spike similar to that seen in the northeast.  SB_B is identified at the base of a stacked 

meandering fluvial complex that is related to a decrease in accommodation space.   Sequence B tends to 

see more stacked fluvial channels then in the northeastern portion of the basin.  FS_B is identified at the 

change from anastomosing fluvial deposits to meandering fluvial deposits.   SB_C is identified at the base 

of a low accommodation zone and is marked by a change from isolated meandering fluvial deposits with 

high floodplains to stacked anastomosing fluvial.  Marine facies seen in Sequence C in the northeastern 

portion of the basin are not evident in the southeast, however tidal influences related to the marine unit 

can be seen in the fluvial deposits within this sequence.  FS_C is identified in the middle of this high 

accommodation, tidally influenced zone.  In this portion of the basin, SB_D is identified at the base of a 

low accommodation zone; however, it is related to stacked meandering deposits versus the anastomosing 

deposits seen to the north. 

Southwestern Piceance Basin (Fruita, Grand Junction, Palisade, CO)- 

Thinning in the Williams Fork Formation continues to the southwestern portion of the Piceance 

Basin (Figure 5.6).    Sequence A shows a general increase in accommodation within the set.  SB_A and 

SB_B are both identified at the base of low accommodation, stacked anastomosing channels, which erode 

into high accommodation meandering and floodplain deposits below.   SB_C is identified in the 

southwest portion of the basin at the base of a stacked anastomosing complex.  Sequence set C shows 

thinning in this portion of the basin.  This is a combination of truncation from the Wasatch Formation into 

the Williams Fork and lack of deposition.  Fluvial deposits associated with SB_ D are missing in this 

portion of the basin.  
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Table 5.1:  Defined fluvial trends with interpreted depositional environments and thickness intervals.  
This table also shows drafted examples of the corresponding cycles from the stratigraphic profiles.  
Colors on stratigraphic profiles represent facies associations which lines represent sequence-stratigraphic 
surfaces (Figure 5.2). 
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Figure 5.1:  Williams PA-424-34 well log GR with detrital compositional changes identified, through 
thin section analysis, plotted along the edge.  Three sequence boundaries identified using other 
correlation methods were found to coincide with a sudden decrease in feldspars and lithic contents.  
Feldspar and lithic content increases in sandstones progressively higher in section.  See Figure 5.2 for 
explanation of surfaces. 
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Figure 5.2: Explanation of the depositional environments, sequence-stratigraphic surfaces, sedimentary 
structures, and fluvial cycles identified in stratigraphic profiles and well logs utilized in this study. 
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Table 5.2: Key sequence-stratigraphic surfaces described and identified in stratigraphic profiles and type well logs with an example of the criteria 
used to identify surfaces throughout the basin. 
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Table 5.3:  Key sequence-stratigraphic surfaces described and identified in stratigraphic profiles and type well logs with an example of the criteria 
used to identify surfaces throughout the basin.
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Figure 5.3: Stratigraphic profile and well log showing the type section of the middle and upper Williams 
Fork Formation in the northeastern portion of the Piceance Basin.  Profiles show key stratigraphic 
surface, facies stacking patterns, and accommodation cycles.  Outcrop Gamma Ray data is plotted as well, 
blue points are measured data while red points are interpreted data points to help build the Gamma Ray 
log.  



 

71 
 

 
Figure 5.4: Stratigraphic profile and well log showing the type section of the middle and upper Williams 
Fork Formation in the northwestern portion of the Piceance Basin.  Profiles show key stratigraphic 
surface, facies stacking patterns, and accommodation cycles. Outcrop Gamma Ray data is plotted as well, 
blue points are measured data while red points are interpreted data points to help build the Gamma Ray 
log.  Surfaces above SB_B are truncated by the regional unconformity at the top of the Williams Fork 
Formation. 
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Figure 5.5: Stratigraphic profile and well log showing the type section of the middle and upper Williams 
Fork Formation in the southeastern portion of the Piceance Basin.  Profiles show key stratigraphic 
surface, facies stacking patterns, and accommodation cycles.  Outcrop Gamma Ray data is plotted as well, 
blue points are measured data while red points are interpreted data points to help build the Gamma Ray 
log. 
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Figure 5.6: Stratigraphic profile and well log showing the type section of the middle and upper Williams 
Fork Formation in the southwestern portion of the Piceance Basin.  Profiles show key stratigraphic 
surfaces, facies stacking patterns, and accommodation cycles. Outcrop Gamma Ray data is plotted as 
well, blue points are measured data while red points are interpreted data points to help build the Gamma 
Ray log SB_D and FS_C are truncated by the unconformity at the top of the Williams Fork in this portion 
of the basin. 
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CHAPTER 6  

CORRELATIONS 

 

Seven stratigraphic transects were correlated and interpreted for this study to show how 

lithofacies observed in outcrop correspond with well log characteristics in the subsurface, to identify the 

basin-wide lithofacies association distributions in the basin, and to understand regional tectonics (Figure 

6.1).  Each of the stratigraphic transects discussed below uses a surface related to Flood Surface B as a 

datum (where FS_B is eroded out a “ghost” surface is picked where the surface would be expected, this is 

done to demonstrate depositional geometries).  This datum is associated with a high accommodation zone 

within the middle Williams Fork.  Surface B was chosen as a datum because it is present throughout the 

Piceance Basin.  Wells used in the cross-sections are displayed using a geoshading technique from 

PETRATM which relates low GR responses to sandy intervals and high GR responses to more mud rich 

intervals.  An explanation of symbols used in these correlations can be seen in Figure 6.2.  The main 

observations and interpretations from these sections are discussed in this section.  The correlations are 

also presented as larger plates in Appendix C. 

6.1 Regional Correlations 

A-A’- This stratigraphic transect is oriented west to east and positioned in the northern portion of 

the Piceance Basin (Figure 6.3).  Flooding surfaces within older sequences (Sequence A and Sequence B) 

show marine and tidally influenced facies transitioning landward (westward) to their correlative surface in 

the coastal plain and nonmarine (tidally-influences environments and fluvial complexes).  Within the 

upper portions of Sequence B there is a stratigraphic, basin-ward (eastward) shift in facies.  Thinning in 

the oldest sequence (Sequence A) is seen near the Douglas Creek Arch (DCA).  Sequence A shows a 

decrease in thickness by 45 m (148.5 ft) from Meeker, CO to Rangeley, CO.   Sequence B displays a 

thickening trend towards the center of the basin; however approaching the DCA the sequence also 

displays thinning.  In the northern portions of the basin, the Lion Canyon Sandstone is seen in the east and 

transitions westward to correlative coastal plain and fluvial deposits within Sequence C.  FS_C is 

identified by the transgressive turnaround of the Lion Canyon and relates westward to the Price Coal.  

Sequence D reflects a basin-ward shift in fluvial facies and shows an overall thickening to the east.  

Sequence C and D are not prevalent in the western portions of the basin.   

Thinning in the oldest sequences in the western margins of the basin (near the DCA) indicates 

possible movement on the DCA during deposition.  FS_C shows a stratigraphic decrease in position due 

to the creation of accommodation space to the east; which is likely due to tectonic influences and an 

increase in marine accommodation space. This creates additional space within sequence C for additional 
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sequences of fluvial deposition.  Lack of Sequence C and D in the western portions of the basin is 

presumed to be due to a combination of non-deposition and erosion by the overlying, regional 

unconformity related to the Ohio Creek and Wasatch Formations.  This unconformity also removes 

portions of the youngest sequence in the middle and eastern portions of the basin. 

B-B’- This stratigraphic transect is oriented west to east and positioned though the center of the 

basin generally paralleling paleoflow (Figure 6.4).  This correlation displays thinning within the middle 

and upper Williams Fork to the west.  Incision from younger sequences (Sequence C and Sequence D) is 

evident in the western portion of the basin, where Flooding Surface B is eroded out by Sequence 

Boundary C.  Upper portions of the upper Williams Fork are removed near the DCA due to the overlying 

regional unconformity associated with the Ohio Creek and Wasatch Formations.  Older sequences 

(Sequence A and Sequence B) display a thinning trend towards the west and east, with thickening in the 

center of the basin.  Sequence A thins by 39 m (128.7 ft) from the east to west, and Sequence B thins by 

almost 20 m (66 ft).  Sequence D shows thickening to the east.  Sequence C also displays thickening to 

the east and additional, local sequence boundaries can be identified above the major FS_C.  Incision from 

large fluvial channels of the upper Williams Fork can be seen by the erosive nature of SB_C into 

underlying high accommodation deposits in the middle of the basin. Towards the west SB_D erodes into 

Sequence C and eventually erodes the entire sequence at the western most well (well 17) (Figure 6.4).  

The overlying Ohio Creek erodes significantly into the upper Williams Fork and removes the youngest 

sequence in the western parts of the basin.   

Thinning in older sequences (Sequence A and B) is likely due to movement on western structures. 

Erosion by the younger sequences is likely a result of western portions of the basin being topographic 

highs during deposition.  Throughout the basin and in all the sequences, the complex nature of the 

channel bodies is evident by the fact that thick sandstone bodies grade laterally into fine floodplain 

deposits over a relatively short distance.  This results in some of the sequence boundaries “jumping” up 

and down in some of the wells.  Faulting also influences the position of boundaries.    

C-C’- This stratigraphic transect is oriented northeast to southwest and positioned along the 

southern margin of the basin (Figure 6.5). The datum for this correlation is related to the FS_B; however 

in the western part of the basin where FS_B is not present the datum is at an arbitrary position related to 

where FS_B should be to display strata geometries.  This correlation also identifies thinning towards the 

western and eastern margins of the basin.  Sequence A shows a slight thickening in the middle of the 

basin (between wells 103 to 106).  Sequence B also shows thinning as it approaches the Douglas Creek 

Arch to the west.  Sequence Boundary C shows incision into high accommodation deposits below.  To the 

west SB_C incises into sequence B and eventually erodes the sequence entirely at the western margins of 
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the basin.  Sequence D is missing in the western parts of the basin.  The youngest units of the Williams 

Fork are eroded away by the overlying Ohio Creek and Wasatch Formations. 

Thickening of Sequence A in the center of the basin is attributed to increased accommodation 

which results in the presence of large fluvial complexes that display incision into the underlying strata.  

While this incised valley phenomenon is identified by previous studies (Foster, 2010) the vertical extent 

of the valley incision has been interpreted differently by this study.  Thinning in Sequence A and B onto 

the DCA indicates that the structure was active during deposition. Sequence D absence in the western 

portion of the basin is from a combination of erosion by the overlying unconformity related to the Ohio 

Creek and Wasatch Formations, and from presumed non-deposition due to structural uplifts on the 

western margins of the basin. 

D-D’-  This stratigraphic transect is divided into two parts: part 1 (north) is oriented north to 

south along the northeastern portion of the Grand Hogback (Figure 6.6) while part 2 (south) is north- 

south oriented in the southeastern portion of the Grand Hogback (Figure 6.7).  These cross-sections are 

broadly orientated along strike of the fluvial systems.  D-D’ part 1 to part 2 shows a northeast to 

southwest stratigraphic transition from marine to tidally-influenced to fluvial facies in the younger 

sequences (Sequence C).  Major incision of Sequence D is evident in this portion of the basin due to the 

overlying unconformity of the Ohio Creek Formation. 

Thickening in the transgressive tract of Sequence C displays thinning to the south is related to 

accommodation space created by tectonics to the west and the accommodation space related to the 

transgression of the Lion Canyon Sandstone.   

E-E’- This stratigraphic transect is oriented north to south along the western margin of the 

Piceance Basin (Figure 6.8).   Thinning towards the northern and southern margins can be seen in all the 

sequences.  Younger sequences (Sequence C and D) are either not present or incomplete at the margins of 

the basin.   

The lack of a presence of the younger sequences is from a combination of erosion by the 

overlying, regional unconformity; and movement on the Uinta Mountains to the north, and the 

Uncompahgre Uplift to the south during deposition.  Truncation by this unconformity is pronounced at 

locations near data points 20 and 2 (Figure 6.8).   

F-F’- This stratigraphic transect is oriented east to west and positioned near the northern margin 

of the basin (Figure 6.9).  This transects displays thinning in the middle and upper Williams Fork 

Formation towards the DCA.  Sequence A is the correlative sequence from the western portion of the 

basin onto the DCA.  Portions of sequence B are seen on the DCA; however the majority of the sequence 

is missing.  Thinning is seen in sequence C and D towards the DCA.  Both of these sequences are eroded 

by the overlying Wasatch Formation at the DCA.   
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While modern erosion has attributed to the lack of strata on the DCA, this transect indicates that 

the DCA was active during deposition of the younger sequences of the Williams Fork.   

G-G’- This stratigraphic transect is oriented east to west and is positioned directly south of F-F’, 

along the southern margin of the basin (Figure 6.9).  Sequence A displays thinning east ward.  Sequence 

B is slightly thicker in the southern portions of the basin; however it also thins onto the DCA.  The 

youngest sequences are absent on the DCA.  

This transect confirms the thinning onto the DCA that is seen to the north.  The thin nature of 

Sequence B to the south indicates that the southern portion of the DCA did not display active uplift until 

after the northern portion of the DCA began to uplift.  The absence of the younger sequences is due to a 

combination of removal by the overlying Wasatch Formation and non-deposition.   
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Figure 6.1: Map of the Piceance Basin in Northwest CO with the Mesaverde Group outcrop represented 
in green (Green, 1992; Tweto, 1979).  Pink represents producing natural gas fields (Colorado Oil and Gas 
Commission, 2011).  The data points marked by purple circles indicate well logs, red diamonds and blue 
circles represent new stratigraphic profiles, and blue circles and red triangles represent previously 
measured stratigraphic profiles.  Dashed lines represent location of correlations. 
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Figure 6.2.: Explanation of the depositional environments, sequence-stratigraphic surfaces, sedimentary 
structures, and fluvial cycles identified in stratigraphic profiles and well logs utilized in this study. 
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Figure 6.3: Stratigraphic transect A-A’ is located in the northern part of the Piceance Basin.  The transect starts in the west, near Rangeley, CO, 
and moves east, near Meeker, CO, illustrating the correlation of stratigraphic profiles and type well logs showing key sequence-stratigraphic 
surfaces, facies stacking patterns, and environments.  The depositional sequences are colored in to show the lateral variability and facies 
distributions observed when transitioning from the western to eastern part of the basin.   
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Figure 6.4: Stratigraphic transect B-B’ through the central part of the basin, from west to east (Fruita/Grand Junction, CO to New Castle, CO) 
correlating stratigraphic profiles and well logs showing depositional environments, facies stacking patterns, and key stratigraphic surfaces through 
the basin.  Thinning and incision occur in the west.  Transition east shows an increase in thickness.
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Figure 6.5: Stratigraphic transect C-C’ located along the southern margin of the basin, correlating stratigraphic profiles and well logs from west to 
east (Fruita/ Grand Junction, CO to Panoia, CO).  Depositional environments, facies stacking patterns, and key stratigraphic surfaces are shown 
throughout the basin.
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Figure 6.6: D-D’ part 1 (north) is a north to south trending stratigraphic transect along the northeastern margin of the basin.  This transect starts 
north of Meeker, CO and ends near Rifle Gap, CO.  
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Figure 6.7: D-D’ part 2 (south) is a north to south trending stratigraphic transect along the southeastern margin of the basin.  This transect starts 
near New Castle, CO and ends near Panola, CO.
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Figure 6.8:  E-E’ is located east of the Douglas Creek Arch (DCA) is a north to south trending stratigraphic transect along the western margin of 
the basin.  This transect starts near Rangeley, CO and ends near Fruita, CO.  
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Figure 6.9:  Stratigraphic transects F-F’ and G-G’.  F-F’ is located in the northern part of the basin, orientated from west to east starting near 
Rangeley, CO and ending near the middle of the basin.  This transects displays thinning in the north onto the DCA and truncation of younger 
sequences.  G-G’ is located just south of F-F’ and is orientated west to east.  It also displays thinning onto the southern margins of the DCA and 
truncation of the younger sequences.
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CHAPTER 7 

RELATING MECHANICAL PROPERTIES TO LITHOFACIES  

Fracture information collected by Lee (2013) found that fractures tend to occur in fourteen facies.  

These facies relate to six of the seven facies associations identified earlier (Table 7.1).  This section will 

discuss the fracture characteristics of the various facies associations.  Additional information from work 

involving core data, as pertained to fractures, is described in this section.  Detailed information on 

fracture data discussed in this study and how it was collected can be found in the study presented by Lee 

(2013).   Lee (2013) identifies three fracture networks that relate to regional fractures and structurally 

related fractures.  This study will discuss the fractures in general terms and does not break fractures into 

networks identified by Lee (2013).   

7.1 Mechanical Properties of Facies 
 
Facies Association A:  High-sinuosity, meandering fluvial  

 Three facies within facies association A were identified to contain significant numbers of 

fractures (Table 7.1).  Fractures within this association have an average spacing of 2.351 ft, while fracture 

swarm spacing of 34.41 ft.  The thickness of this association ranges from 1-25 m (3 – 75 ft) thick, with 

individual channels ranging from 1- 2 m (3-6 ft) thick.  In core fractures seen in this association are open, 

and calcite filled fractures that terminate at bedding boundaries (Figure 7.1).   Mineral composition 

analysis from the Williams PA_424-34 core indicates that facies within this association contain calcite 

cement, quartz overgrowths, and chlorite clay in the subsurface (Appendix A). 

Facies Association B:  Isolated, low-sinuosity anastomosed fluvial system 

 Five facies within facies association B were identified to contain significant numbers of fractures 

(Table 7.1).  Fractures within this association have an average spacing of 1.719 ft and fracture swarm 

spacing 25.87 ft.  The thickness of this association ranges from 1-7 m (3-21 ft) thick, with individual 

channels ranging from 1-3 m (3-9 ft).  In core fractures seen in this association are open, calcite filled 

fractures that terminate at bedding boundaries (Figure 7.2).  Mineral composition analysis from the 

Williams PA_424-34 core indicates that facies within this association contain calcite cement, quartz 

overgrowths, siderite cement and chlorite clay in the subsurface (Appendix A). 

Facies Association C:  Undifferentiated Floodplain: Coastal Plain and/or Fluvial Floodplain 

Two facies within facies association C were identified to contain significant numbers of fractures 

(Table 7.1).  Fractures within this association have an average spacing of 1.434 ft and a fracture swarm 

spacing of 13.62 ft.  This association ranges in thickness from .3-20 m (0.9-60 ft).  Fractures in this 

association tend to be concentrated within the association, meaning a larger fracture that is seen in 
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overlying/ underlying associations tends to be associated with a cluster of fractures instead of a single 

fracture within this facies.  

Facies Association D:  Tidally influenced fluvial within an Estuary Environments.  

Two facies within facies association D were identified to contain fractures (Table 7.1).  Fractures 

within this association have an average spacing of 1.362 ft and a fracture spacing of 32.90 ft.   

Facies Association E:  Estuarine, Tide-Influenced Bayhead Delta  

One facies within facies association B was identified to contain significant amounts of fractures 

(Table 7.1).  Fractures within this association have an average spacing of 1.911 ft.  

Facies Association F:  Regressive Marine Shoreline 

 No facies within this association were identified to have fractures.  Therefore this association will 

not be considered further in relation to mechanical properties.   

Facies Association G:  Transgressive Marine Shoreline Barrier System 

Ones facie within facies association G was identified to contain significant amounts of fractures 

(Table 7.1).  Fractures within this association have an average spacing of 1.14 ft and a fracture swarm 

spacing of 14.40 ft. 

7.2 Regional Stress Regimes 

 While the occurrence of these associations will be discussed later in this study, it is important to 

note zones of strain in the Piceance Basin.  The hogback area is considered a high strain area,  because of 

the significant change in bedding dips over a short distance, while the western area is considered medium 

strain zone, based on the somewhat rapid change in bedding dips over a short distance (Figure 7.3) (Lee, 

2013). 
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Table 7.1: Facies Associations with fracture and fracture swarm spacing.  Fracture data is from Lee 
(2013) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 7.1:  Fractures identified in McClure Pass, CO.  Fractures highlighted in red terminate at the 
sandstone bedding boundary.  Fractures highlighted in blue are though going fractures.  Thin beds of 
sandstone at the base of the large channel have a much tighter spacing compared with the large channel 
body. (Photo from Lee, 2013). 
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Figure 7.2:  Calcite filled fracture identified in the MWX-1 core.  Fracture occurs at 5494 ft. (Photo from 
Lee, 2013). 
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Figure 7.3: Structure contour map of the Piceance Basin with strain polygons.  The green outline 
represents the outer border of the Uinta-Piceance Basins.  The blue lines are structure contour lines 
representative of the base of the Williams Fork Formation.  The red polygons are indicative of high strain 
zones.  The yellow polygons are zones of medium strain.  Any area without a polygon is considered low 
strain zone (Modified from Lee, 2013 and Roberts, 2003). 
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CHAPTER 8  

THICKNESS TRENDS 

 

Five isopach maps were generated in this study to show basin-wide thickening trends in the 

Piceance Basin from the base of the middle Williams Fork through the upper Williams Fork Formation.  

The observations for each are follows, beginning with total thickness trends, followed by the oldest 

sequence to the youngest of the stratigraphic study interval.  An explanation of symbols can be seen in 

Figure 8.1 

8.1 SB_A to Top of Williams Fork (Total): Isopach Data 

This interval represents the entire stratigraphic study interval (Figure 8.2).  The isopach map 

shows an overall thickening towards the northeast (near Meeker, CO) reaching a maximum thickness of 

2,900 ft.  There is a thinning trend towards the Utah-Colorado state line in the northwestern portions of 

the basin near the Douglas Creek Arch (DCA), and in the southwestern portion of the basin near the 

Uncompahgre Uplift (UU).  This relationship probably is related to accommodation changes caused by 

developing structures to the west.  This isopach also shows an overall direction of sediment transport to 

the northeast, towards the transgressing Western Interior Seaway.   

The overall thickening and thinning trends within this stratigraphic interval show a relationship to 

the geographic distribution of producing gas fields in the Piceance Basin.  Many of the producing fields 

correspond relatively well with the thickening trends seen to the east (Figure 8.3).  A net sandstone map 

was generated to compare with the total isopach interval (Figure 8.4).  This net sandstone map utilized 

141 of the wells with digital GR well logs (Appendix C).   In order to determine the net sandstone 

accumulation within the total stratigraphic study interval, a sandstone cutoff was applied at >90 API 

(mean average GR cutoff value based on the statistics from the well logs within PETRATM).  The thickest 

sandstone accumulations occur on the east side of the basin and are generally related to producing gas 

fields. 

8.2 SB_A to SB_B (Sequence A) 

This isopach represents the first sequence of the middle Williams Fork.  It shows a thickening 

trend in the middle portions of the basin (Figure 8.5).  Two areas of relatively thick strata can be seen in a 

general west to east orientation in the southern portion of the basin (near data points 105 and 108) and to 

the west (near data point 81). These areas correspond to thick drainage zones in the west which result in 

thick fluvial complexes and valley incision (Figure 8.6).  Slight thinning of the oldest sequence can be 

seen at the western portion of the basin near the DCA.  This thinning is due to deposition of the middle 

Williams Fork during uplift of the DCA.  



 

100 
 

8.3 SB_B to SB_C (Sequence B) 

This isopach map represents the upper most sequence within the middle Williams Fork Formation 

(Figure 8.7).  It shows thinning within the sequence B in the northwestern portions of the basin.  The 

southwest portion of the basin also shows a thinning nature within the sequence.  This thinning is 

attributed to movement on the DCA and the UU which results in a decrease of channel deposition. Some 

of the thinning can also be attributed to erosion by the unconformity related to the overlying Ohio Creek 

and Wasatch Formations.  

Thicker portions of strata can be seen near the middle of the basin; these areas show a slight west 

to east orientation.  This is also attributed to thick drainage zones in the west and resulting valley incision 

(Figure 8.8).  This is similar to the thick portions of strata within Sequence A; however, there is a 

westward shift in thickness from Sequence A to B.  Valley incision is confirmed by isolated areas of thick 

strata.  Shifts in the areas of thickness through time relates to a shift in channel deposition as uplift occurs 

on the structures to the west such at the DCA and UU. 

8.4 SB_C to SB_D (Sequence C) 

 This isopach map represents the first sequence of the upper Williams Fork Formation (Figure 

8.9).  Thinning identified in older sequences is more prevalent in this sequence.  Thinning in the sequence 

is due to a combination of tectonic movement on the DCA and UU during deposition and truncation by 

the unconformity related to the Ohio Creek and Wasatch Formation.  The absence and thinning of the 

sequence at the northwestern portion of the basin indicates the Uinta Mountain Uplift (UMU) beginning 

to uplift during deposition.  Sequence C does not occur on the north-westward side of the basin. Again, 

this is a combination of erosion and thinning or even no deposition during structural uplift.   

 Thickening is seen in the western portion of the basin near the Grand Hogback (GH).  This 

represents sediment accumulation and accommodation changes related to the uplift in the west.  There 

also appears to be a shift in the overall fluvial depositional center towards the northeast (Figure 8.10) 

which gives more credit to uplift indicated by the related thinning.  

8.5 SB_D to Top Williams Fork (Sequence D) 

 The final isopach map represents the youngest depositional sequence of the Williams Fork 

Formation (Figure 8.11).  Thinning is seen in the western and southern portions of the basin.  This 

sequence is also missing on in the northwestern portion of the basin near the DCA; however it is also 

missing in the southwestern portion of the basin near Panoia, CO.  Thinning throughout the basin can be 

attributed to movement of the DCA, UU, and UMU during deposition.  Absence in the northwestern 

portion is also attributed to truncation by the Ohio Creek and Wasatch Formation. 
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 Thickening can be seen in the northeastern portion of the basin near Meeker, CO.  This is due to 

migration of the fluvial depositional center to the northeast.  Some thickness trends can be seen in a 

southwestern to northeastern orientation.  These can be attributed to drainage zones which connect to the 

depositional center (Figure 8.12).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

102 
 

 
 
Figure 8.1: Explanation of the depositional environments, sequence-stratigraphic surfaces, sedimentary 
structures, and fluvial cycles identified in stratigraphic profiles and well logs utilized in this study. 



 

103 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2: Isopach map of the total stratigraphic study interval, from sequence boundary A to top of the Williams Fork (SB_A to Top Williams 
Fork).  The color scale for isopach thickness ranges from 100 ft to 2500 ft or from green to red respectively. 
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Figure 8.3: Isopach map of the total stratigraphic interval (SB_A to Top of the Williams Fork) with known gas producing fields in pink. 
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Figure 8.4:  Net-sandstone map of the total stratigraphic interval (SB_A to Top of Williams Fork).  The histogram illustrates the range of GR 
curves utilized in this study which averaged at 90 API units.  The color range for the net-sandstone thickness ranges from 0 to 1700 ft thick (blues 
represent low net-sandstone accumulations and reds indicate high net0sandstone accumulations).  Pink polygons represent producing gas fields 
which can sometimes correspond with some of the high net-sandstone accumulations.
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Figure 8.5: Isopach map of Sequence A (SB_A to SB_B).  The color range for the thickness value ranges from 0 to 550 ft thick. 
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Figure 8.6: Isopach map of Sequence A (SB_A to SB_B).  Yellow polygons represent drainage areas and sediment fairways, arrows represent 
presumed drainage trends.  The color range for the thickness values range from to 600 ft.
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Figure 8.7: Isopach map of Sequence B (SB_B to SB_C).  The color range for the thickness value ranges from 0 to 700 ft thick.
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Figure 8.8: Isopach map of Sequence B (SB_B to SB_C).  Yellow polygons represent drainage areas and sediment fairways, arrows represent 
presumed drainage trends.  The color range for the thickness values range from 0 to 700 ft. 
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Figure 8.9: Isopach map of Sequence C (SB_C to SB_D).  The color range for the thickness value ranges from 0 to 1100 ft thick.
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Figure 8.10: Isopach map of Sequence C (SB_C to SB_D).  Yellow polygons represent drainage areas and sediment fairways, arrows represent 
presumed drainage trends.  The color range for the thickness values range from 0 to 1100 ft.
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Figure 8.11: Isopach map of Sequence D (SB_D to Top of Williams Fork).  The color range for the thickness value ranges from 0 to 1100 ft thick. 
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Figure 8.12:  Isopach map of Sequence D (SB_D to Top of Williams Fork).  Yellow polygons represent drainage areas and sediment fairways, 
arrows represent presumed drainage trends.  The color range for the thickness values range from 0 to 1100 ft.
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CHAPTER 9  
BASIN-SCALE DISTRIBUTION OF FACIES 

 

The nine lithofacies associations identified in the stratigraphic interval of this study (middle and 

upper Williams Fork Formation) show interesting stratigraphic and geographic distributions throughout 

the Piceance Basin.  In this section, each of these associations will discuss observations, interpretations 

and patterns regarding the geospatial distribution in the basin. 

9.1 Distribution of Lithofacies Associations 

Facies Association A:  High-sinuosity, meandering fluvial  

 Facies Association A is identifiable though out the Piceance Basin and in all of the sequences.  

Larger meandering fluvial channels tend to be seen in the eastern portion of the basin.  This association is 

seen in all the sequences however it is not as prevalent in Sequence C.  It tends to occur towards the 

middle and upper portions of the individual sequence sets. 

Facies Association B:  Isolated, low-sinuosity anastomosed fluvial 

 Facies Association B occurs throughout the basin.   In the western portions of the basin 

association B makes up the majority of the thick successions in the sequences.  In Sequence C, this facies 

migrates eastward towards the Lion Canyon marine sandstone in the lower portion of the sequence, and 

into isolated meandering channels with floodplain deposits in the upper portion of the sequence in the 

east. 

Facies Association C:  Undifferentiated Floodplain: Coastal Plain and/or Fluvial Floodplain 

 As this facies association is generalized to suspension deposition and floodplain deposits, it is 

documented within all sequences and not designated o one specific location. 

Facies Association D:  Tidally influenced fluvial within an Estuary Environments.  

 Sequences A, B, and C documents tidal influence in the eastern portion of the Piceance Basin.  

This facies can be seen towards the northern-central portions of the basin as related to the Lion Canyon 

Sandstone  

Facies Association E:  Estuarine, Tide-Influenced Bayhead Delta  

 This transgressive, estuarine, tide-influenced bayhead delta association is typically are only 

observed in sequences A and B, in the northeastern portions of the basin near Meeker, CO.  Log patterns 

within the subsurface suggest that this association occurs toward the center of the basin near the Lion 

Canyon Sandstone.  These deposits have been documented as far south as Carbondale, CO. 
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Facies Association F:  Regressive Marine Shoreline 

 Facies Association F is observed in sequence set C and slightly in sequence set A.  Outcrop and 

subsurface data confirms that this association is occurs in the northeastern portion of the basin near 

Meeker, CO. 

Facies Association G:  Transgressive Marine Shoreline Barrier System 

 Facies Association G is only observed in sequence set C and only occurs in the northeastern 

portion of the basin near Meeker, CO.  
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CHAPTER 10  

DISCUSSION 

 

 There are five main topics of discussion regarding this study: (1) complexities with sequence 

stratigraphy in non-marine successions (2) cleaning trends as correlation indicators, (3) the timing and 

development of Laramide structures and their influence on depositional systems within the Piceance 

Basin (4) controls on mechanical properties of various fluvial components, and (5) implications to tight-

gas sandstone reservoirs.  

10.1 Complexities with Sequence Stratigraphy in Non-marine Successions 

 Fluvial systems respond to a number of complex controls depending on the location within the 

system, upstream vs. downstream.  The main criteria for approaching this sequence-stratigraphic 

correlation in primarily non-marine fluvial strata include: (1) fluvial incision during low accommodation, 

(2) channel stacking changes during accommodation shifts, (3) development of paleosols and rooted-

horizons, and (4) marine and tidal influence in fluvial systems. 

 In this study, the identification of sequence-stratigraphic surfaces depended heavily on facies 

trends observed in the field and in core.  Facies stacking patterns, with respect to accommodation, were 

critical for identifying sequence boundaries and flooding surfaces when little marine influence was 

present.  For example if a high accommodation unit comprised of thick successions of isolated channel 

and floodplain deposits was overlain by a thick, vertically stacked fluvial complex then a flooding surface 

could be identified in the high accommodation units and a sequence boundary would be identified at the 

base of the stacked channels that represent  low accommodation deposition.   

Difficulties in identifying sequence boundaries often arose in terms of valley incision. Other 

sequence-stratigraphic studies performed in the Piceance identified large incised valleys within the middle 

Williams Fork (Foster, 2010) that were not identified in this study.  While valley incision does occur 

during low accommodation it is often possible to overestimate the amount of incision, especially when 

looking at lateral shifts in facies.  When a large, stacked channel body is identified in lateral proximity to 

floodplain fines, it is assumed that the channel incised into the finer deposits.  While this is possible, there 

is also a possibility that those fines may be the associated floodplain fines to that channel and not 

necessarily an older deposit.   

The lack of marine influence added to the complexities with correlations in this study.  Where 

tidally-influenced facies were present flooding surfaces could be identified, however in the western 

portions of the basin there are no tidally-influenced facies.  In these cases high accommodation deposits 

were correlated with flooding surfaces down dip.  In general the surface was identified at the highest GR 
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response and in a stratigraphic position that was geologically sound.  It is possible, in these high 

accommodation deposits; the surface is picked higher or lower than it should be. 

 Previous sequence-stratigraphic studies in the Piceance Basin have relied solely on subsurface 

data, where facies relationship on a local and regional scale cannot be determined.  By including outcrop 

details from around the Piceance Basin margins it is not only possible to fully understand depositional 

relationships related to sequence-stratigraphic surfaces, but it is also possible to understand their 

distribution throughout the basin.  While sequence-stratigraphic correlations are difficult in this 

succession, outcrop data improves their accuracy. 

10.2 Compositional Trends as Correlation Indicators 

Four major changes in detrital compositions were identified throughout a vertical section of core.  

These changes occurred as a compositional increasing feldspar and lithics trend, where sandstone lower in 

the section had a lower percentage in feldspar content while sandstones progressively higher in the 

section have larger percentages of feldspar.  These sandstone compositional trends can be related to three 

sequence boundaries that had been identified using other methods (Figure 5.1).  Sandstones directly above 

one of these sequence boundaries have a low percentage of feldspar and lithics (~15%).  The percentage 

of feldspar and lithics within the sandstone increased (~25%) until another major sequence boundary was 

observed.   

Detrital mineralogy changes in sandstones often occur due to large, regional scale changes in a 

basin, such as tectonics, that change the provenance for the sediment that makes up the sandstone.  

Initially, sandstones show relatively high quartz content due to the fact that fluvial channels have the 

ability to rework sediment and remove less resistant minerals such as feldspar and other lithics.  As basin 

subsidence or tectonic uplift occurs there is increased erosion within the hinterland source area.  This 

results in an increased supply of sediment that has a higher proportion of feldspar and lithics.  If this 

subsidence or uplift and there is an increase in accommodation, fluvial systems have minimal time to 

rework the sediment and remove those particles before they are buried by other sediments. 

Sequence boundaries that relate to these compositional changes can be interpreted as low order, 

regional scale boundaries.  While there is natural variability in physical composition of fluvial sands due 

to the general reworking nature of the systems, it is unexpected that a compositional trend can be seen 

over long periods of time.  Only changes on a large, regional scale will result in significant composition 

changes. 

There is evidence in other basins around the world that sequence boundaries relate to detrital 

mineralogical composition changes.  Kinderscoutian valley fill sandstones (which overlie a sequence 

boundary) in Ireland are associated with an abrupt increase in quartz, with no corresponding increase in 
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feldspar (Davis and Elliott, 1996).    Jordt et al. (1995) identified two sequence boundaries in the North 

Sea Basin that relate to provenance changes of the sediment, and therefore a change in the composition.  

Schellenbach (2012) noted abrupt compositional changes at a truncation surface within the Drip Tank 

Sandstone member of the Straight Cliffs Formation, Utah.  Miall and Arush (2001) identified “cryptic” 

sequence boundaries on the basis of diagenetic and textural changes. Lawton et al. (2003) identified 

compositional changes in two sequences in the Wahweap and Kaiparowitz Formations in Utah.  This 

compositional change also related to changes in tectonics and shifts in deposition.  This evidence supports 

the use of compositional changes to confirm low order, regional sequence-stratigraphic surfaces.  

10.3 Timing and Development of Structures within the Piceance Basin 

 Previous work constrains the timing of the Laramide-style structures within the Cordilleran 

Foreland Basin from late Campanian to Paleocene time.  The Douglas Creek Arch (DCA) is believed to 

have begun uplifting during the Campanian through the Late Paleocene to Early Eocene, with movement 

on the San Rafael Swell (Laramide structure in central Utah) documented as early as 77 Ma (Johnson and 

Finn, 1986; Mederos et al., 2005; Bader, 2009; Aschoff and Steel, 2011).  Stone (1977) concluded that the 

main phase of the Uncompahgre Uplift (UU) occurred during the late part of the Middle Pennsylvanian 

and continued through the Permian.  It was reactivated during the Upper Triassic and Jurassic times along 

faults north and south of the uplift.  Cross sections through the Uinta Mountain Uplift (UU) show 

indistinct thinning towards the structure in the Mancos Shale (Scott et. al, 2001).  The UMU was believed 

to have been active during the Paleocene through Eocene time (Bader, 2009).  Roundtree (2011) 

documented thinning trends near the UU within a depositional sequence from 75-74.9 Ma, earlier than 

initially believed.  Edwards (2011) identified thinning within the lower Williams Fork Formation that 

related to movement on all three of these structures.  The lower Williams Fork was deposited from 75 Ma 

to 73 Ma, which further indicates that these Laramide structures were active earlier than previously 

documented.   

The isopach maps and correlations generated from this study show an overall thickening trend 

towards the northeast and a thinning trend to the west within the middle and upper Williams Fork 

Formation.  Leibovitz (2010) dates the middle and upper Williams Fork Formation between 71 Ma and 68 

Ma.  This thickening and thinning indicates that Laramide structures that bound the basin on the western 

side (DCA, UU, and UMU) were likely active during deposition, and earlier than previously believed.   

 Concurrent structural development and sedimentation is recognized by the following signatures: 

growth strata, thinning near the structure (s), detrital composition, paleocurrent deflection, spatial 

lithofacies patterns, clastic progradation and stacking patterns in relation to accommodation and sediment 

supply (Frostick and Steel, 1993; Aschoff and Schmitt, 2008; Edwards, 2011).  Of these signatures this 
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study documented and interpreted thinning patterns, detrital composition changes, paleocurrent 

deflection, and facies stacking patterns.  While growth strata were not documented in outcrop in this 

study, thinning and truncation of sequence boundaries utilizing well log and measured section data shows 

an indication of growth strata.  

Isopach maps of the middle Williams Fork Formation (Sequence A and B) show thinning on the 

western margins of the basin.  Sequence A (Figure 8.4) identified thinning on the DCA and the 

development of thick drainage zones to the east, 10 km east of the structure.  Thinning on the west can be 

attributed to syn-depositional movement on the DCA and the UU.  Movement on the structures would 

also result in the formation of drainage zones just off structure, as identified in (Figure 8.5). Thinning on 

the DCA is more pronounced in Sequence B (Figure 8.6).  While portions of Sequence B are removed by 

a large, regional unconformity related to the Ohio Creek and Wasatch Formation there is still evidence of 

thinning within this sequence approaching the DCA.   

Correlations through the basin also demonstrate thinning to the west within the middle Williams 

Fork.  Correlations A-A’ (Figure 6.1) and B-B’ (Figure 6.2) show thinning strata within the oldest 

sequence approaching the DCA and on the DCA, where the Williams Fork is still exposed.  Where 

truncation has not removed the sequence there is still evidence of thinning within Sequence B, as well. 

 Isopach maps of the upper Williams Fork Formation (Sequence C and D) not only show a 

thinning of the interval to the west but a shift in the depositional center is identified by thickening trends 

to the west.   Sequence C’s absence on the DCA can be attributed to either the DCA forming a 

topographical high across the sequence would not be deposited onto or movement on the DCA during 

deposition which could lead to the same result (Figure 8.8).  The migration of thicker zones from the time 

periods of middle Williams Fork deposition to periods of upper Williams Fork deposition indicate fluvial 

channel systems being forced eastward (Figure 8.9). The slight southeast deposition of these thicker zones 

leads to the idea that thinning to the west was also attributed to movement on the UMU.  Uplift on this 

structure would force fluvial systems eastward.  A slight thinning to the southwest indicates that the UU 

was uplifting during deposition.   

The youngest sequence (Sequence D) in the Williams Fork is absent at the northwestern margins 

of the Piceance Basin (Figure 8.10).  This absence is due to a combination of movement on the DCA and 

UMU and truncation by the regional unconformity above the Williams Fork.  Thinning to the southwest 

indicates movement on the UU.  Migration of fluvial channels to the east is also evident in this sequence 

(Figure 8.11). 

Movement on these Laramide structures is further confirmed by changes seen in detrital mineral 

composition in relation to sequence boundaries.  Movement on the UU, UMC, and DCA caused erosion 

in the hinterland which resulted in increased supply of sediment with high concentrations of feldspar and 



 

131 
 

lithic contents.  The fluvial system did not have time to rework this sediment due to continued uplift, 

hence why the quartz content did not increase up section.  If uplift had not occurred during deposition of 

these sequences then the lithic and feldspar detrital composition would not have increased in the vertical 

succession.  It would be expected that the fluvial systems would actually have time to rework the 

sediments and therefore the quartz content would increase. 

The last evidence of early movement on the DCA, UU, and UMC is the types of facies stacking 

seen in the western portions of the basin.  Facies in this portion of the basin are primarily amalgamated, 

vertically-stacked fluvial deposits.  These deposits are associated with low accommodation deposition.  

Since this system is not influenced by downstream controls, the upstream controls are the primarily 

influence on the system in this part of the basin.  In this case, the upstream control is tectonic uplift of the 

hinterlands which has controlled sediment supply and channel formation. 

10.4 Controls on Mechanical Properties of Facies 

 Natural fractures are important components of production from fluvial sandstones within the 

Williams Fork Formation.  This study, in conjunction with Lee (2013) identified fourteen facies and six 

facies associations that are naturally fractured.  These associations were (1) high-sinuosity, meandering 

fluvial, (2) isolated, low-sinuosity anastomosed fluvial, (3) undifferentiated floodplain, (4) tidally 

influenced fluvial, (5) estuarine systems, and (6) transgressive marine shorelines. 

 Two main fracture networks have been identified in the Piceance: (1) fractures from local faulting 

and/or folding which can often cut across different lithologies and (2) fractures cause by low magnitude 

regional stresses from high pore pressures with little to no offset (Lorenz and Finley, 1989; Lee, 2013).  

These two fracture networks are mainly controlled by regional stresses however their nature in individual 

associations can be influenced by depositional environment characteristics. 

 Lee (2013) concluded that the fracture spacing within the networks was primarily controlled by 

strain during tectonics.  Secondary controls on fracture spacing are lithology and bed thickness.  

Theoretically fracture spacing is proportional to the thickness of the fractured bedding unit (Van Der 

Pluijm, 2004).  This study, combined with Lee (2013), found that fractures are actually irregularly spaced 

and commonly occur in fracture swarms.  Fractures form when stress reaches a critical stress intensity 

factor, and fracture swarms form when a unit has subcritical stress intensity.  This causes fractures to 

occur in more widely spaced fracture swarms instead of uniform fracture sets (Olson, 2004, Lee, 2013).  

Subcritical stress intensity can also result in multiple fractures forming at once.  Overall the result is 

tighter fracture spacing than the bedding thickness.  In this study it was confirmed that the thicker fluvial 

channels display a higher fracture and fracture swarm spacing (Table 4.5), even though it might not 

necessarily be 1:1.  
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 Facies associations G, D, and C are identified as having the thinnest bedding units, ranging from 

.3m to 5m (.9 ft to 15 ft) thick.  These three facies have some of the tightest spaced fractures (Table 4.5).  

Facies associations A and B have the thickness facies in the Piceance; their fracture spacing was found to 

be the widest spaced (Table 4.5).   

 Fractures were often found to terminate at a sandstone bedding boundary.  This is due to a 

difference in the mechanical properties between the sandstones and finer grained silts and shales of the 

surrounding floodplains (Yurewicz et al., 2008; Lee, 2013).  Shales and finer material are more ductile 

then cemented sand bodies, therefore they may not retain offset or may stop a fracture all together.   

 Sandstone brittleness is also a control on fracture development.  Facies associations A and B were 

both found to have relatively high percentages of calcite and quartz cement which increases the 

brittleness.  These facies have a higher percentage of fractures and tighter fracture spacing.  Facies such 

as floodplain deposits often show less cementation or none at all, this decreases their brittleness and 

therefore the amount of fractures within.   

10.5 Implications for Tight-gas Sandstone Exploration and Production 

 Production from the Williams Fork is highly dependent on reservoir heterogeneity.  

Understanding depositional facies and their connectivity provides an insight into reservoir heterogeneity.  

Based on this study five facies associations have been identified as having the best reservoir potential 

based on their internal heterogeneity and lateral extent.  The facies associations are listed from the best to 

the worst: (1) high-sinuosity, meandering fluvial, (2) isolated, low-sinuosity anastomosed fluvial, (3) 

tidally influenced fluvial channels, (4) regressive marine shoreline, and (5) transgressive marine shoreline 

barrier system. 

Previous work has identified discontinuous, fluvial deposits within the middle and upper 

Williams Fork as the most productive reservoirs with porosities ranging from <5% to 8% (Johnson and 

Roberts, 2003).  While the fluvial deposits have similar porosities and permeabilities, their levels of 

heterogeneity are different.    

High-sinuosity, meandering fluvial deposits are the most favorable facies association for natural 

gas production.  In stacked meandering deposits individual channel bodies have a higher net to gross sand 

ratios.  Amalgamated channels also have more lateral connectivity and tend to form large channel belts, 

which further increase the net to gross sand ratios.  However, these stacked facies were often deposited 

during low accommodation and are interpreted to have cannibalized more floodplain and organic-rich 

deposits.  While the fluvial systems in the middle and upper Williams Fork are significantly higher in the 

stratigraphic section then the main source rocks, there is still evidence that organic rich zones may be a 

secondary source of gas.  The removal of these secondary sources could hinder overall gas migration.  
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Scoured surfaces and conglomerate, clast-rich, poorly sorted sediments at the base of these channels also 

hinders gas migration. Meandering deposits can also form thinner and more isolated sand bodies with 

high proportions of floodplain deposits.  In this case there is very little connectivity between individual 

channels.  This association is seen through the entire middle and upper Williams Fork section and 

distributed throughout the basin.   

Isolated, low-sinuosity anastomosed fluvial channels consists of thicker floodplain fines, deep (4-

8 m) confined channels with minor lateral variability, and a higher preservation of crevasse play deposits.  

Vertical heterogeneity is decrease in these deposits however lateral heterogeneity is greatly increased due 

to the complex interplay of crevasse splay deposits.  Anastomosed systems tend to have very organic rich 

floodplain facies.  Since these floodplain facies have been identified as secondary sources of gas, the 

close proximity of the channels is favorable to overall production from these anastomosed channels.  

When channel amalgamation occurs, the migration of gas can be inhibited by the presence of scoured 

surfaces, clast-rich conglomerates, and poorly sorted sediments.  This association is also identifiable 

through the basin and the stratigraphic section which adds to it favorability as a reservoir. 

While this study did not focus on overall channel dimensions an idea of the sizes of the channels 

seen is presented by work from LIDAR dimensional analysis performed with the lower and middle 

Williams Fork by Pranter et al. (2009).  Mean averages from their study showed crevasse splays to be 5.1 

ft thick, 231.1 ft wide, and a width to thickness ratio of 94.6.  Single-story channel bodies averaged 12.3 

ft thick, 339.5 ft wide, and a width to thickness ratio of 44.7 while multi-story channel bodies average a 

thickness of 19.1 ft, width of 512.3 ft wide, and a width to thickness ratio of 45.8.  These dimensions can 

be related to fluvial channels throughout the middle and upper Williams Fork. 

Thin section analysis of both fluvial systems indicates that the systems have complex internal 

heterogeneities that affected gas migration.  Most of the sandstone analyzed show cement development 

that clogs the pore system.  These cements include quartz cements, carbonate cements, and chlorite 

cements.  While these cements do not fully inhibit gas migration within the individual sands it does 

decrease the overall permeability. 

Tidally influenced fluvial channels have similar channel heterogeneities as the fluvial types 

previously described however the internal heterogeneities are more complex.  Tidal deposits identified in 

this study are typically characterized by flaser, wavy, and lenticular bedding and/or heterolithic strata 

which are highly interbedded with mud drapes.  This type of mud draped bedding acts as barrier and 

baffles to gas flow.  This association is only prevalent in the eastern portions of the basin and is not an 

extensive (laterally or vertically) deposit.  However, this facies association can occur within close 

proximity to incised valley fluvial fills and therefore they might be produced in conjunction with the other 

reservoirs. 
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Marine facies associations (regressive marine shorelines and transgressive marine shoreline 

barrier systems) generally have low reservoir heterogeneity.  These are relatively thick sands with fewer 

barriers to flow then were seen in the fluvial sandstones.  While these sandstones are favorable in terms of 

heterogeneity, they are not extensively seen in the basin.  The only marine system seen in the middle and 

upper Williams Fork is the Lion Canyon Sandstone, located near Meeker, CO.  Since these reservoirs are 

not extensive they can only be produced by few wells and are likely to be depleted quickly, if they have 

not been already. 

Net-sandstone maps generated for the total stratigraphic interval (SB_A to Top Williams Fork) 

statistically compare the amount of sandstone associated with the thicker areas identified on isopach maps 

(Figure 8.1, Figure 8.3, Figure 8.4, Figure 8.6, Figure 8.8, Figure 8.10).  Only some of the thick isopach 

areas correspond with high net-sandstone accumulations.  However some of these high net-sandstone 

accumulations correspond well with producing gas fields (Mamm Creek, Rulison, and Parachute fields) 

(Figure 8.3).  Another potentially productive area identified by net-sandstone accumulations is south of 

White River Dome Field, this area also corresponds to depositional fairways identified in the middle 

Williams Fork (Figure 8.4 and Figure 8.6).   

All of these reservoir types require good fracture networks in order to be economical.  Natural 

fractures allowed for migration of gas from source rocks deeper in the section to fluvial sandstones within 

the middle and upper Williams Fork.  Production from the fluvial reservoirs is also possible due to 

hydraulic fracturing which is designed to stimulate links to the natural fracture networks and promote gas 

migration.  The fractured/ fracture potential, previously discussed, of the associations was taken into 

account when assessing the ranking of the associations identified as reservoir quality sands.  

Another important aspect of production from the middle and upper Williams Fork Formation to 

note is the production of formation water.  It should be noted that fluvial systems with this stratigraphic 

interval tend to produce high amounts of water, up to 1000 BW/MMCFG (Yurewicz et al., 2008).  If 

water production can be handled by surface locations and gas prices are up, then these reservoirs can be 

economical. 
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CHAPTER 11 

 CONCLUSIONS 

 

 The regional sequence-stratigraphic framework of the study interval (middle and upper Williams 

Fork Formation) within the Piceance Basin is based on descriptions of detailed lithofacies and 

interpretation of depositional systems in outcrop.  Sequence-stratigraphic surfaces were identified based 

on these outcrop interpretations and cleaning trends identified in core, and correlated through the 

subsurface.  The conclusions of the study are as follows: 

(1) Twenty seven lithofacies were described, interpreted and grouped into seven facies associations 

representing various fluvial, tidal, and marine environments based on information gathered from 12 

stratigraphic profiles.  The facies from outcrop were compared to data from two cores from Garfield 

County, Colorado.  This allowed for a sound understanding of the stratigraphic changes and 

depositional environments within the basin. 

(2) By utilizing the 12 stratigraphic profiles, two cores, and 154 subsurface data points four regional 

depositional sequence sets were identified within the middle and upper Williams Fork.  Within each 

of the depositional sequences three regional flooding surfaces were identified and correlated 

throughout the basin.  These surfaces were identified by either tidally-influenced facies and/or thick 

high accommodation deposits.  Four sequence boundaries were identified based on facies stacking 

patterns and accommodation changes.   

(3) Four major changes in detrital mineral composition (quartz, feldspar, and lithic percentages) were 

identified throughout the Williams Fork Formation.  Compositional changes related to three sequence 

boundaries within the lower, middle, and upper Williams Fork, which were initially identified using 

traditional sequence-stratigraphic correlation methods.  Due to the relationship these sequence 

boundaries had with the compositional changes they are identified as low order, regional scale 

sequence boundaries. 

(4) Thickness trends are identified in the middle and upper Williams Fork towards the northeast and 

thinning on the eastern flanks of the basin, near the Douglas Creek Arch, the Uinta Mountain Uplift, 

and the Uncompahgre Uplift.  These thin zones provide insight into the timing and development of 

the DCA, UU, and UMU, as well as affected the depositional systems and their geographical 

locations.   The older sequences (sequence A and B) show strong thinning trends on the western 

flanks and the migration of depositional systems is strongly evident in the younger sequences 

(sequence B and C).  Thinning along the western flank of the Piceance Basin could be indicative of 

coeval growth of these structures (DCA, UU, and/or the UMU) during deposition.  These structures 
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also appear to have influenced the paleodrainages and preferential locations of incised valleys 

throughout the total interval.   

(5) Six facies associations were found to be naturally fractured.  These fractures seem to be controlled by 

facies composition and bedding character.  Fracture and fracture swarm spacing is relatively 

proportional to bedding thickness, with thicker beds showing higher fracture spacing then thinner 

beds.  Sandstones with high fractures concentrations are also found to have cementation trends that 

increase the sandstones brittleness.  

(6) Five facies associations  have been identified as having the best reservoir potential based on their 

internal heterogeneity and lateral extent, from the best to the worst: (1) high-sinuosity, meandering 

fluvial, (2) isolated, low-sinuosity anastomosed fluvial, (3)tidally influenced fluvial channels, (4) 

regressive marine shoreline, and (5) transgressive marine shoreline barrier system 
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APPENDIX A 

WILLIAMS PA-424-34 COMPOSITION ANALYSIS 

 

Appendix A contains detrital compositional information from thin sections taken from sandstones 

throughout the Williams PA-424-34 core.  The thin sections were analyzed using the Gazzi/Dickinson 

Point Count method.  QFL diagrams were included to determine the rock type and the provenance of the 

sandstones. 
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APPENDIX B  

MWX-2 CORE DESCRIPTION 

 

Appendix B contains the MXW-2 detailed core description.  This core spans part of the lower 

Williams Fork, the middle Williams Fork, and part of the upper Williams Fork.  Facies indicated 

on the description relate to the 27 facies identified in this study, while the interpretation is a 

general interpretation of the depositional environment.  Facies in red are facies identified by 

Edwards (2010). 
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APPENDIX C 

SUPPLEMENTAL ELECTRICAL FILES 

The following supplemental electrical files include field work data used in this study, core data 

used in this study, well list of wells correlated, and larger plates of correlations.  A list of the 

supplemental electrical files and a brief description is included below. 

 

Correlation Cross-sections (**.pdf) 

Plates of cross-sections presented in this study (A-

A’, B-B’, C-C’, D-D’, E-E’, F-F’, and G-G’).  All 

files are PDFs and are labeled with the appropriate 

cross-section name. 

 

Measured Stratigraphic Columns (**.pdf) 

PDFs of the 12 stratigraphic sections measured in 

this study.  The PDF file names of each section 

are abbreviated and can be deciphered from the 

stratigraphic locations table earlier in this study. 

 

0504510927_Piceance_WilliamsPA_424-

34_CoreDescription.pdf 

Williams PA-424-34 core description completed 

by John Webb of the Discovery Group of the core 

used to complete thin section analysis 

 

Outcrop_GR.xls 

Measured Gamma Ray data points from the 10 

measured outcrop Gamma Rays used in this study.  

Excel (97-2003) spreadsheet 

 

Paleocurrents.xls 

Measured outcrop paleocurrents.  Excel (97-2003) 

spreadsheet. 

 

List of wells used within  PETRAtm  project 

(**.xls) (**.WSN) 

List of wells used throughout this study in both an 

Excel file and a .WSN which can be loaded 

directly into PETRAtm.  The name and location of 

the well is included. 

 

MLW_SeqStra_tops.xls 

Excel  (97-2003) spreadsheet of the formation 

tops picked for the wells used in this study. 
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