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Abstract 

Comparative paleoenvironmental and architectural analyses of the 

Anchor Mine Tongue to Upper Sego interval along the Book Cliffs of 

Utah and the Rangely Anticline of Colorado 

 

Rebecca H Jones, M.S. Geo. Sci. 

The University of Texas at Austin, 2016 

 

Supervisor:  William Fisher 

Co-Supervisor: Peter Flaig 

 

A recent, revised regional sequence stratigraphic correlation indicates that outcrop 

belts along the Rangely Anticline, Colorado contains strata that correlate with the Anchor 

Mine Tongue and upper Sego of the Book Cliffs, Utah. A detailed sedimentologic and 

ichnologic investigation of the Anchor Mine Tongue and upper Sego (Campanian) 

equivalent strata exposed the Rangely Anticline in the Piceance Creek Basin of Colorado 

revealed that these deposits record the evolution of a mixed fluvio-tidal deltaic system with 

a delta front significantly modified by tides. This system prograded over lower Sego tidal 

bars.  Predominant structures that support this interpretation include combined flow ripples, 

trough cross-stratification, low-angle planar-lamination, mud drapes, mud rip-up clasts, 

mud balls, and trace fossils within sands that are interbedded with finer-grained bioturbated 

sediments. Ichnology was utilized to refine paleoenvironmental interpretations, and to 

distinguish between: tidally modified distal and proximal delta fronts and river-dominated 
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deltas; subaqueous tidal channels and distributary channels; interdistributary bays and tidal 

flats; and marine mudstones and mud-rich paleosols.  

The Anchor Mine Tongue and upper Sego stratigraphy that is exposed along the 

Book Cliffs in the Uinta and Piceance Creek was also investigated using a combined 

sedimentologic and ichnologic approach. Deposits record a marine transgression followed 

by renewed progradation of tide-dominated deltas with wave-influence along the distal 

delta front. Paleoenvironments were similar to those of the Rangely area with the addition 

of marine shelf, wave-modified proximal prodelta, and tidally influenced, wave-modified 

distal delta front in the Book Cliffs region. The Anchor Mine Tongue and upper Sego in 

the Book Cliffs preserves the proximal and distal expressions of tide-dominated systems.  

The Anchor Mine Tongue and the upper Sego both along the Rangely Anticline 

and along the Book Cliffs are compared-contrasted.  Deposits along the Rangely Anticline 

exhibit more fluvial-flood dominance than deposits along the Book Cliffs. The Rangely 

stratigraphy represents a mixed fluvio-tidal system whereas the Book Cliffs stratigraphy is 

tide-dominated. The distribution and variation of paleoenvironments supports a northwest-

southwest trending shoreline during the Campanian. 
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surface.   Diagram shows a proximal to distal transect of a tidally 

influenced, wave-modified delta complex including marine shelf; wave 

modified proximal delta front; tidally influenced, wave-dominated distal 

delta front; tidally modified distal and proximal delta front; subaqueous 

tidal channels; tidal barforms and tidal flats, distributary channels and 

floodplain deposits on the lower delta plain.  T2. Schematic diagram and 

conceptual model of the Lower Sego approximately 6 meters above the 

base of the Lower Sego. Diagram shows lower delta plain and flood 

plain deposits prograding over the prograding shallow-marine 

environments. Paleoenvironments between measured sections are 

inferred based on regional facies trends and stacking patterns .......106 
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Chapter 1: Introduction of Projects 

This thesis provides a sedimentologic and ichnologic investigation of the 

Campanian Anchor Mine Tongue and upper Sego equivalent exposed along the Rangely 

Anticline, Colorado and compares that stratigraphy to strata exposed along the Book Cliffs, 

in the Uinta and Piceance Creek Basins. This study is presented as two separate 

manuscripts in the 2nd and 3rd chapter of this thesis.  

The first manuscript investigates the sedimentology, ichnology, sandbody/shale 

geometries and stratal architectures of the Campanian Anchor Mine Tongue and upper 

Sego equivalent strata exposed along the Rangely Anticline in the Piceance Creek Basin 

of Colorado. This area was recently placed into a revised sequence stratigraphic and 

biostratigraphic framework by Burton et al. (2016) which identified a previously 

undescribed section of stratigraphy considered equivalent to the Anchor Mine Tongue and 

upper Sego of the Book Cliffs.  The strata contains facies, geometries, and architectures of 

both shallow marine mixed fluvio-tide dominated deltas and lower delta plain deposits, 

hence ichnology was crucial in refining paleoenvironments.  This interval was compared 

to the underlying lower Sego and Loyd deltas to clarify the long-term paleoenvironmental 

evolution of the region during the Cretaceous.  

The second manuscript combines sedimentology and ichnology to identify deposits 

that record a marine transgression and subsequent progradation of tide-dominated deltas 

with wave-influenced distal delta front deposits in the Anchor Mine Tongue and upper 

Sego stratigraphy exposed along the Book Cliffs in the Uinta Basin of UT and CO.  A 

comparative analysis between the Book Cliffs and the Rangely area was undertaken to 

examine the lateral, temporal, and regional distribution of paleoenvironments in order to 
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reveal probable shoreline trajectories and develop a regional paleoenvironmental 

reconstruction.   

Ultimately, these two studies provide a comprehensive look at the Anchor Mine 

Tongue and upper Sego in the Book Cliffs and the time-equivalent strata along the Rangely 

Anticline in the Uinta and Piceance Creek Basins to understand the regional 

paleoenvironmental evolution of a complex coastline, and the cumulative effects of river-

floods, waves, and tides on the resultant stratigraphy.  
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Chapter 2: A mixed fluvio-tidal coastline at the marine-continental 

transition: Anchor Mine Tongue and upper Sego equivalent strata 

(Campanian) along the Rangely Anticline, Colorado 

ABSTRACT 

A sedimentologic and ichnologic investigation of Anchor Mine Tongue and upper 

Sego equivalent strata (Campanian) exposed along the Rangely Anticline in the Piceance 

Creek Basin of CO, identified deposits that record the evolution from shallow-marine to 

lower delta plain environments along a tidally influenced coastline. Strata are dominated 

by sandbodies containing combined flow ripples, trough cross-stratification, low angle 

planar lamination, mud drapes, mud rip-up clasts, mud balls, and trace fossils that are 

interbedded with finer-grained bioturbated sediments.  A total of 30 different trace fossils 

were identified including 13 fully marine traces, 13 facies breaking traces (traces that can 

be found in a marine, brackish, or freshwater settings), 1 purely freshwater trace, and 3 

continental-terrestrial traces.  Paleoenvironments include tidally modified distal to 

proximal delta fronts, subaqueous tidal channels, interdistributary bays, tidal flats, small 

river-flood dominated deltas, distributary channels, floodplains, and a spring mound.  

These environments overlie lower Sego tidal bars and record the evolution of a mixed 

fluvio-tidal deltaic system with a delta front significantly modified by tides.  Ichnology 

was used to clarify paleoenvironments and helped distinguish between 1) tidally modified 

delta fronts and river-dominated deltas, 2) tidal channels and distributary channels, 3) tidal 

flats and interdistributary bays, and 4) marine mudstones and mud-rich paleosols. 

Deltas in the Anchor Mine Tongue and upper Sego differ from the stratigraphically 

lower and older Loyd delta found along the Rangely Anticline because they exhibit more 

evidence of tidal influence and less evidence of fluvial-flood dominance than the Loyd 

delta.  They differ from the underlying lower Sego deltas and temporally equivalent Anchor 
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Mine Tongue and upper Sego strata in the Book Cliffs because they do not contain stacked 

tidal bars or wave-modified systems.  Additional trace fossils (n=29) were also identified 

in the Rangely area that are not reported from equivalent Book Cliffs strata.  Facies, 

ichnology, and stratal architectures in the Anchor Mine Tongue and upper Sego along the 

Rangely Anticline indicate that Campanian coastline geometries protected deltas from 

waves but not tides, and faulting or sediment loading may have produced additional 

accommodation at some locations. The complex coastline and accommodation regime 

provided an ideal environment for development of a mixed fluvio-tidal deltaic system. 

INTRODUCTION 

The Sego Sandstone Member of the Mancos Shale Formation (Sego) in the Uinta 

Basin (Figs. 2.1, 2.2), and temporally equivalent strata in the Piceance Creek Basin 

preserve deposits of shelfal, shallow-marine, deltaic, and coastal plain environments that 

are widely accepted analogs for tidally influenced systems found within the Western 

Cretaceous Interior Seaway (Figs. 2.1, 2.2) and around the world (Van Wagoner 1991; 

Yoshida et al. 1996; McLaurin and Steel 2000; Willis 2000; Willis and Gabel 2001, 2003; 

Miall and Arush 2001; Hettinger and Kirschbaum 2003; York et al. 2011; Painter et al. 

2013; Burton et al. 2016). The bulk of previous research on the Sego focused on outcrop 

belts located along the southern margin of the Uinta Basin in the Book Cliffs (Fig. 1B).  

Recent work also includes temporally equivalent strata in outcrops along the Rangely 

Anticline in the Piceance Creek Basin near Rangely, Colorado (York et al. 2011; Painter 

et al. 2013; Burton et al. 2016) (Fig. 2.1, 2.2, 2.3).  The Rangely outcrops contain strata 

recently placed within a revised sequence stratigraphic and biostratigraphic framework by 

Burton et al. (2016) that includes the Uinta, Piceance Creek, and Sand Wash basins (Figs. 

2.1, 2.2).  Although strata equivalent to the lower Sego and Loyd formations (Loyd) have 
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been detailed along the Rangely Anticline (Figs. 2.2, 2.3) (York et al. 201; Painter et al. 

2013; Burton et al. 2016; Prather 2016), strata equivalent to the Anchor Mine Tongue of 

the Mancos Shale (Anchor Mine Tongue) and upper Sego have not been described or 

interpreted. This interval is the focus of the study.  

 Describing and interpreting Anchor Mine Tongue-upper Sego equivalent 

stratigraphy along the Rangely Anticline is important because: 1) the paleoenvironments 

and paleoenvironmental evolution recorded in this interval are not clearly defined, 2) strata 

contain facies and geometries that are common to both shallow marine and lower delta 

plain environments; however, abundant trace fossils in the interval can be used to refine 

paleoenvironmental interpretations, 3) deposits of the Anchor Mine Tongue-upper Sego 

can be compared to those of the underlying lower Sego and Loyd formations (York et al. 

2011; Painter et al. 2013; Burton et al. 2016; Prather 2016) to understand the longer-term 

Cretaceous paleoenvironmental evolution of the Rangely area, and 4) a comparative 

analysis with temporally equivalent deposits in the Book Cliffs can reveal local vs. regional 

processes that may control the resultant stratigraphy.  The purpose of this manuscript is 

therefore to: 1) describe the facies, facies relationships, ichnology, and sandbody-shale 

geometries found within Anchor Mine Tongue-upper Sego equivalent strata in outcrops 

near Rangely, Colorado; 2) identify the paleoenvironments and describe the 

paleoenvironmental evolution of the system; 3) discuss the role of ichnology in refining 

paleoenvironmental interpretations, and 4) compare this interval with the Sego and Loyd 

intervals along the Rangely Anticline and the Anchor Mine-upper Sego interval in the Book 

Cliffs of UT to speculate on the relative forcings and coastline geometries that controlled 

the resultant stratigraphy. 
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Figure 2.1: Regional paleogeographic setting of the study area and modern basin geography. A. Approximate 

location of the study area in northwestern Colorado along the Late Campanian paleoshoreline of the Cretaceous 

Western Interior Seaway. The location of the study area is indicated by a black box. (Roberts and Kirschbaum 

1995; Willis and Gabel 2003; Painter et al. 2013). Modified from Prather (2016) B. Regional map of modern 

geography of Laramide age basins and uplifts of northwestern Colorado and northeastern Utah (Gomez-Veroiza 

and Steel 2010). Modified from Prather (2016). 
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Figure 2.2: Published ammonite biostratigraphy and generalized lithostratigraphy for the interval of interest in the 

Unita, Piceance Creek, and Sand Wash Basins of northwestern Colorado (Konishi 1959; Gill and Hail 1975; 

Hetteringer and Kirschbaum 2002; GOmez and Steel 2010) Modified from Burton et al. (2016) and Prather 

(2016). The classification of clastic wedges by Burton et al. (2016) is noted in the diagram including the locations 

of L1-L2, S1-S4, and S5-S7. 
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Figure 2.3: Map of the greater Rangely, CO area including the approximate trace of the Rangely, Anticline, the 

location of all measured sections, and the location of the cross section fence diagram (see Fig. 2.6) constructed 

along a line from A-A'. 
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GEOLOGIC HISTORY AND NOMENCLATURE 

The Cretaceous Western Interior Seaway (CWIS, Fig. 2.1A), a shallow waterway, 

occupied a retroarc foreland basin that developed east of the North American Cordillera 

and Sevier orogenic belt (Fig. 2.1) (Armstrong 1968; Aschoff and Steel 2011a).  The 

Campanian Sego Sandstone member of the Mancos Shale (Sego) of the Mesaverde group 

(Fig. 2.2) was deposited along the wester margin of the CWIS (Burton et al. 2016).  The 

Sego system is interpreted as a predominantly progradational clastic wedge and has 

historically been divided into the lower Sego and upper Sego sand-rich units separated by 

the finer-grained Anchor Mine Tongue (Willis and Gabel 2001; 2003).  The lower Sego 

records two episodes of shoreline progradation followed by the Anchor Mine Tongue 

transgression (Willis and Gabel 2001).  The upper Sego and the transition into the overlying 

Neslen Fm records renewed progradation of deltas and coastal plain systems (Hettinger 

and Kirschbaum 2003; Kirschbaum and Hettinger 2004; Willis and Gabel 2001, 2003; 

Legler et al. 2014; Burton et al. 2016).  The Sego comprises a regionally extensive tidally 

influenced system (Van Wagoner 1991; Yoshida et al. 1996; McLaurin and Steel 2000; 

Willis 2000; Miall and Arush 2001; Willis and Gabel 2001, 2003; Burton et al. 2016).  

Beginning as early as the Campanian and continuing through the Eocene, the foreland basin 

was segmented by a series of Laramide-style uplifts, which created numerous smaller 

isolated basins including the Uinta, Piceance Creek, and Sand Wash basins (Fig. 2.1B) 

(Dickinson et al. 1988; DeCelles 2004; Aschoff and Steel 2011a; Heller et al. 2013).  The 

Sego (Fig. 2.2) is exposed in bluffs along the uplifted margins of these Laramide basins 

(Fig. 2.1B), with the outcrop belt discussed herein found along the Rangely Anticline 

within the Piceance Creek basin near Rangely, Colorado (Figs. 2.1B, 2.3).     
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The Sego along the Rangely Anticline is found stratigraphically above the fluvial 

deposits of the Castlegate Member of the Mancos Shale (Castlegate) and the Buck Tongue 

interval of the Mancos Shale (Buck Tongue) (Fig. 2.2).   The Castlegate is interpreted as a 

braided fluvial system which passes eastward into the Sego and Neslen (Kirschbaum and 

Hettinger 2002) The Buck Tongue records a marine transgression over the fluvial and 

deltaic systems of the Castlegate (Young 1955; Kamola and Van Wagoner 1995; O’Byrne 

and Flint 1995; Taylor and Lovell 1995; Van Wagoner 1995; Willis and Gabel 2001; 

Hettinger and Kirschbaum 2002).  A recent sequence stratigraphic and biostratigraphic 

framework by Burton et al. (2016) correlates the stratigraphy between the Uinta, Piceance 

Creek, and Sand Wash basins, indicates that the Sego near Rangely, CO is along paleostrike 

of the Sego shorelines exposed along the Book Cliffs (Burton et al. 2016 and. identifies 

three 3rd order sequences and nine 4th order sequences from the base of the Buck Tongue 

to the top of the Sego (Figs. 2.2, 2.4).  The basal two 4th order sequences  are identified as 

the Loyd (L1 and L2),and the middle four 4th order sequences (S1-S4) are the lower Sego,  

A finer-grained interval, correlative to the Anchor Mine Tongue, caps S4 regionally 

(Burton et al. 2016).  Overlying the Anchor Mine Tongue, the upper three 4th order 

sequences (S5-S7) are the upper Sego. Burton et al. (2016) indicate that the Loyd 3rd order 

sequences (L1, L2) and the first overlying Sego 4th order sequence (S1) did not prograde 

into the Book Cliffs region (Fig. 2.1B) and are therefore not found in strata of that area.     
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Figure 2.4: Photomosaics of the White River NW and SE outcrop belt. A. Interpreted photomosaic with the 

sequences of Burton et al. (2016) and formation names exposed there. Diagram also includes the location of 

figures 2.7, 2.12B, and 2.19B (insets). B. Interpreted photomosaic with the sequences of Burton et al. (2016) and 

formation names including the location of figures 2.11 and 2.12 (insets). 
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Burton et al. (2016) and Prather (2016) interpret the Loyd to record deposits of a 

tidally-modified river-flood dominated delta overlain by a regional flooding surface.    

Incised valley fill containing stacked tidal bars which pass into aggradational barrier-island 

deposits, back-barrier, and flood-tidal delta deposits with wave-dominated shorefaces (Noe 

1984; Stancliff 1984; York et al. 2011; Painter et al. 2013; Burton et al. 2016) comprise 

what Burton et al. (2016) assign to the S1-S3 (lower Sego).  The uppermost lower Sego 

sequence (S4) comprises tidally influenced delta front deposits dominated by distributary 

mouth bars elongated by tidal currents (Burton et al. 2016).  An aggradational succession 

overlies this interval (S5-S7) that is equivalent to the Anchor Mine Tongue and upper Sego 

of the Book Cliffs (Burton et al. 2016).   All of these deposits grade down dip into lower 

shoreface deposits and marine mudstones (Kiteley 1981; Johnson 2003; Burton et al. 

2016). 

METHODS 

The study area near the town of Rangely, CO includes laterally extensive outcrop 

belts located along the Rangely anticline (Fig. 2.3).  Six stratigraphic sections (Figs. 2.5, 

2.6, Appendix A) were measured along the flanks of the anticline (Fig. 3). Measurements 

begin at 5-10 m below the top of a regionally recognizable sandstone identified as the Sego 

S4 by Burton et al. (2016), which is equivalent to the top of the lower Sego (Figs. 2.2, 2.4, 

2.6, Appendix A) and below the Anchor Mine Tongue flooding surface in the Book Cliffs 

of the Uinta Basin.  Measured sections were terminated at or above the second multi-meter 

thick sandbody containing abundant trough cross-stratification and rare rooted horizons, 

and lacking marine or backishwater trace fossils.  These non-marine sandbodies, 

interbedded with finer-grained commonly rooted horizons were observed to continue 

stratigraphically upward above the measured interval in each measured section.  The goal 
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was to measure from the top of the Sego S4 (Fig. 2.4), through the Anchor Mine Tongue 

and upper Sego equivalent strata (S5-S7) as defined by Burton et al. (2016), and end within 

the overlying continental-fluvial distributary system.  Measured sections were drafted in 

Adobe Illustrator and include grain size, sedimentary structures, contacts, key surfaces, 

ichnology, flora, and fauna (Figs. 2.5, 2.6, Appendix A).  A series of high-resolution 

images were also recorded using GigaPan photopanorma technology, a Nikon D-800 SLR 

camera, and a 200-400 mm Nikkor lens. Photopanoramas were sutured into photomosaics 

using GigaPan-EXF Stitch software to place individual outcrop photos and stratigraphic 

columns within a larger-scale architectural framework.  Photomosaics were used to 

correlate measured sections, identify sandbody-shale geometries, and illustrate stacking 

pattern during an architectural analysis.  All trace fossils were identified and used to clarify 

paleosalinity, sedimentation rate, and depositional energy, and helped to refine 

paleoenvironmental interpretations
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Figure 2.5: Legend for figures 2.6-2.21 and Appendix A, B. 
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Figure 2.6: Generalized measured stratigraphic successions and cross sectional correlation 

of the Anchor Mine Tongue and upper Sego equivalent strata exposed along the flanks of 

the Rangely Anticline, with corresponding interpreted depositional environments. Figures 

includes outcrop coordinates and distances between outcrops. See Fig. 2.3 for location of 

measured sections and transect. T1 and T2 correspond to Fig. 2.22. 
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FACIES ANALYSIS 

Fifteen facies are identified in outcrops near Rangely, CO based on grain size, 

sedimentary structures, contacts, flora, and fauna (Table 2.1).  Facies are grouped into ten 

facies associations (FA) (Figs. 2.6-2.21, Table 2.2) based on inclusive facies, facies 

relationships, ichnology, surfaces, stratal geometries, and stacking pattern. 

Facies Association I (FA-I): Tidally Modified Distal Delta Front 

Description 

FA-I (Table 2.2, Figs. 2.6, 2.7, 2.14, 2.18, Appendix A) is most commonly a 

coarsening-upward succession (0.28-1.3m thick) from carbonaceous shale (F-2) into 

structureless mudstone (F-3a), structureless to current ripple cross-laminated siltstone (F-

4a), and rarely combined flow ripple cross-laminated very-fine to fine-grained sandstone 

with abundant mud drapes, common mud rip-ups, and rare mud balls.  Less commonly, 

FA-I is expressed as interbedded F-2 (0.05-0.6m thick) and fine-grained structureless to 

current or combined flow ripple cross-laminated sandstone (F-6a, 0.05-0.4m thick).  

Carbonaceous material including rare wood and plant fragments is common in F-2.  Trace 

fossils include Asterosoma (As), Cylindrichnus (Cy), Planolites (Pl), Palaeophycus (Pa), 

and Teichichnus (Te) (Figs. 2.20, 2.21).  FA-I overlies FA-II, FA-III, FA-VI, and FA-IXb 

and underlies FA-II.  FA-I is commonly exposed as a laterally extensive recessive slope 

that is 100s of m wide (Figs. 2.4, 2.7). 
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Table 2.1: Facies of the Anchor Mine Tongue and upper Sego equivalent near Rangely, 

Colorado. 
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Table 2.2: Facies associations (environments of deposition) of the Anchor Mine Tongue 

and upper Sego equivalent near Rangely, Colorado. 
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Table 2.2 con’t: Facies associations (environments of deposition) of the Anchor Mine 

Tongue and upper Sego equivalent near Rangely, Colorado. 
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Interpretation 

The coarsening-upward succession and interbedded F-6a and F-2 are interpreted to 

record deposition along a tidally modified distal delta front (c.f. Willis 2005).  Deposits 

similar to these are described from the Lajas Formation by Rossi and Steel (2016). 

Interbedded sandstone and shale such as those found within FA-I suggest frequent, rapid 

alternations in current strength (Reineck & Singh 1980; Nio & Yang 1991; Willis et al. 

1999).  The presence of carbonaceous material (rare wood and plant fragments) suggests 

input by up-dip river systems, likely delta distributaries (Rossi and Steel 2016).  Common 

combined-flow ripples suggest tidal reworking of sediments (Yokokawa et al. 1995).  The 

trace fossil assemblage found in FA-I is interpreted as low-diversity, low-abundance, and 

suggests a stressed environment (brackish salinity, Table 2.3), a high sedimentation rate 

that restricted bioturbation of the substrate (MacEachern et al. 2005; Hansen and 

MacEachern 2007; Ahmed et al. 2014), or a combination of both.  FA-I sandstones are 

likely the distal expression of mouth-bar deposits found up-dip along the tidally influenced 

proximal delta front (FA-II).  Tidally modified distal delta front deposits of FA-I typically 

grade vertically into tidally modified proximal delta front deposits (FA-II) (Figs. 2.6, 2.7, 

2.18, Appendix A), with sand content increasing and mud content decreasing (e.g. Rossi 

and Steel 2016). 
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Figure 2.7: Outcrop image and corresponding measured section from 0-18m 

at White River SE. See figure 6 for location along outcrop belt. Image 

includes interpreted facies associations (environments of deposition) from the 

top of the Sego S4 sequence (Burton et al. 2016) into the basal Anchor Mine 

Tongue-upper SEgo interval. Person is 1.5m tall for scale. 
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Facies Association II (FA-II): Tidally Modified Proximal Delta Front 

Description 

FA-II (Table 2.2, Figs. 2.6, 2.7, 2.8, 2.9, 2.13, 2.14, 2.18, Appendix A) is dominated 

by bedsets (0.4-9.5m thick) of combined flow ripple cross-laminated very-fine to fine-

grained sandstone with abundant mud drapes, common mud rip-ups, and rare mud balls 

(F-11) (Figs. 2.6, 2.7, 2.8, Appendix A).  Beds (0.05-0.7m thick) of low-angle planar-

laminated very-fine to fine-grained sandstone (F-8, Figs. 2.8C, 2.9C) and beds (0.05-0.8m 

thick) of F-6a are also common.  Mud rip-ups, mud drapes, double mud drapes, and mud 

balls up to 10cm wide (longest axis) are abundant (Figs. 2.8B, 2.8F, 2.8H).  Fine-grained 

sigmoidal bedded sandstone (F-9, Figs. 2.8C, 2.8D), current ripple cross-laminated very-

fine to fine-grained sandstone with abundant mud drapes and common mud rip-ups (F-10), 

climbing ripple cross-laminated very-fine to fine-grained sandstone (F-12), and small to 

large-scale trough cross-stratified sandstone with common mud drapes and mud rip-ups (F-

13) are rare (Fig. 2.8).  Sandstones are typically highly carbonaceous, containing abundant 

plant and wood fragments.  Wood impressions up to 30x30cm are found at the top of some 

small-scale trough cross-stratified beds.  Trace fossils include As, Asthenopedichnium (At), 

Conichnus (Co), Cochlichnus (Cl), Crossopodia (Cr), Cy, Helminthopsis (He), Lockeia 

(Lo), Macaronichnus (Ma), Ophiomorpha (Op), Pa, Pl, Rhizocorallium (Rh), Sagittichnus 

(Sa), Skolithos (Sk), Teichichnus (Te), and Thalassinoides (Th) (Figs. 2.19, 2.20, 2.21).  In 

a rare case (30.5m; Oyster Bend, Fig. 2.6, Appendix A) scratch-like elongate traces in 

clusters of three are found at the base of F-11 (Fig. 2.19E).  FA-II is commonly expressed 

as a laterally extensive recessive slope 100s of m wide with intermittent resistant 

sandbodies 10-100s m wide exposed along the outcrop belt (Figs. 2.4, 2.7).  FA-II overlies 

FA-I and FA-IV and underlies FA-I, FA-IV, FA-VI, FA-VII, and FA-VIII. 
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Figure 2.8 
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Figure 2.8: Common facies and sedimentary structures found in the Anchor 

Mine Tongue-Upper Sego interval along the Rangely Anticline.  A.  Outcrop 

image from measured section at Gillum containing interbedded F-11 

(combined flow ripple cross-laminated sandstone with mud drapes) and F-13 

(small scale trough cross stratified sandstone). B. Close up of F-11 with 

abundant mud drapes (MD). C. Outcrop image from measured section at 

Oyster Bend with F-8 (low-angle planar-laminated sandstone) and F-9 

(sigmoidal bedding) within FA-II.  Image includes location of figure 2.8D.  

D. Close up image of F-9 (sigmoidal bedding) from measured section at 

Gillum. E. Detailed outcrop image of F-11 with mud rip-up clasts and mud 

drapes. F. Close up image of double mud drapes from Gillum within FA-II. 

G. Detailed outcrop image of F-13 with mud draped troughs (MD, St). H. 

Close up image of mud ball. Shovel (50cm long) for scale. Pocket knife is 

9cm for scale. 
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Interpretation 

Thick (~1-2m) packages of F-11 interbedded with F-8, F-9, F-10, F-12 and F-13 

are interpreted as tidally modified proximal delta front deposits similar to those found in 

the Ferron Notom delta of the Ferron Sandstone in Western Henry Mountains, Utah 

(Fielding 2010) and in the Tilje Formation of the Smørbukk field, offshore mid-Norway 

(Ichaso and Dalrymple 2014).  Along the proximal delta front, sharp-based bedsets of 

trough cross-stratified sandstone and low-angle planar-laminated sandstone are interpreted 

as proximal mouth-bar deposits deposited as delta foresets (Figs. 2.7, 2.8C, 2.13A) 

(Fielding 2010; Olariu et al. 2010).  Abundant combined flow ripple cross-laminations, 

mud drapes, double mud drapes, and mud balls are evidence of significant reworking of 

the proximal delta front by tidal processes (Yokokawa et al. 1995; McIlroy 2004).  

Flocculation of clays is common in tidally modified systems and these clays are commonly 

reworked by tidally currents creating abundant mud chips, mud rip-ups, and mud balls (Fig. 

8) (McIlroy 2004).  Double mud drapes (Fig. 8F) on combined-flow ripples suggest 

deposition in an environment that experienced bi-directional currents with tidal cyclicity 

(Martinius et al. 2001).  Climbing ripples require a high-suspended sand concentration and 

record deposition of suspended sand-rich sediment during fallout caused by waning flow 

and rapid deceleration of flow, creating an aggradational component to ripple deposition 

(Lanier and Tessier 1998).  Climbing ripples are rarely found on the tops of low-angle 

planar laminated beds and indicate waning flow as sand-rich floods reached the delta front 

(Lanier and Tessier 1998).  Elongate scratch marks at the base of F-11 (Fig. 2.19E) are 

interpreted as tetrapod swim tracks (Lockely et al. 2014) suggesting that tetrapods swam 

along the tidally-influenced delta front (Lockely et al. 2014).  The trace fossil assemblage 

found in FA-II is interpreted as high-diversity, high-abundance and contains both fully-

marine and marginal-marine trace fossils (Table 2.3), suggesting a regular and repeated 
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influx of water with marine salinities along the delta front (McIlroy 2004; MacEchern and 

Bann 2008).  Asthenopedichnium (Fig. 2.19D), a continental trace fossil created by 

mayflies boring into wood, suggests that these materials were derived from an up-dip 

continental setting (Thenius 1979; Thenius 1988; Moran et al. 2010) and were transported 

to the proximal delta front by rivers that also brought that abundant carbonaceous material, 

wood, and plant fragments found within FA-II sandstones. 

Facies Association III (FA-III): Tidal Bars 

Description 

FA-III is dominated by beds (0.1-0.8m thick) of small to large-scale trough cross-

stratified sandstone with common mud drapes and mud rip-up clasts (F-13) (Table 2.2, 

Figs. 2.6, 2.7, 2.9, 2.10, Appendix A).  Fine-grained sandstone with sigmoidal bedding (F-

9, 0.05-0.6m thick beds) is also common (Figs. 2.9, 2.10A, 2.10B).  Oysters are abundant 

in F-9 (Figs.10C, 10D) but are relatively rare throughout FA-III.  Typically, oysters are 

found in a concave down position within a 10 cm thick oyster lag (F-14, ~2m; Gillum, 

Figs. 2.6, 2.9, 2.10C, 2.10D, Appendix A).  Common trace fossils include Cy, Op, Ma, and 

Pl (Fig. 2.21).  Exposed sandbodies extend for 10s to 100s of meters (Figs. 2.4, 2.9) and 

commonly exhibit large-scale sigmoidal bundles separated by bounding surfaces (Figs. 2.9, 

2.10A, 2.10B).  FA-III overlies FA-IV and underlies FA-II, FA-VI, FA-IXc, and FA-IXd. 

Interpretation 

Abundant trough cross-stratification and sigmoidal bedding with common mud 

drapes, mud rip-ups, and double mud drapes, suggest deposition in a tidally influenced, 

high-energy environment, with fluctuating current speeds and current directions (Nio and 

Yang 1991; McIlroy 2004; Willis and Gabel 2001; Willis 2005; Tänavsuu-Milkeviviene 

and Plink-Björklund 2009).  Sigmoidal bedding is commonly draped with muddy layers 
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and these muds “bundle” the sigmoidal beds (Boersma 1869; Kreisa and Moiola 1986).  

The mud drapes are interpreted to represent a pause plane or surface where sedimentation 

stopped during the ebb tide and slackwater (Terwindt 1981; Kreisa and Moiola 1986).  

Sigmoidal bedding with mud drapes is evidence for shallow migrating or reworked tidal 

mouth-bars (Kreisa and Moiola 1986; Rossi and Steel 2016).  This intense reworking and 

development of tidal bars (mouth bars) could have occurred on abandoned delta lobes after 

lobe switching (Steel et al. 2012; Rossi and Steel 2016) or along the highest-energy 

portions of a tidally influenced delta front (Painter et al. 2016) .  The low abundance, low 

diversity trace fossil assemblage could be attributed to the deposition of mud drapes, 

shielding the sandstone beds from colonization (MacEachern and Bann 2008).  This could 

also result from high depositional rates which inhibited colonization (MacEachern and 

Bann 2008).  FA-III differs from FA-II based on the high abundance of large-scale trough 

cross-stratification and sigmoidal bedding found in FA-III. This has previously been 

interpreted by other workers as tidal barforms, including mouth bars, deposited along a 

tidally dominated delta front where there are no active flood-dominated processes 

(Boersma 1869; Kreisa and Moiola 1986; Willis and Gabel 2001; Rossi and Steel 2016).  

Oysters found in lags (F-14, Figs. 2.10C, 2.10D) and are predominantly in a concave down 

position, which is a hydrodynamically stable state. This suggests reworking by tides 

(Emery 1968).  Sharp based shell beds may represent local tidal-ravinement surfaces at the 

base of channels (Dalrymple et al. 2003; Willis and Gabel 2003; Rossi and Steel 2016) or 

could also record storm events along the delta front (Kidwell et al. 1986; Kidwell and 

Cosence 1991; Fürsich and Oschmann 1993; Rossi and Steel 2016). 
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Figure 2.9: Images and corresponding measured section at Gillum including FA-III of Sego sequence S4 (top of 

Lower Sego) and FA-II of the Anchor Mine Tongue and Upper Sego. A. Interpreted outcrop image of FA-III 

capped by FA-II with location of Fig. 2.9B. B. Close-up of FA-III and FA-II and corresponding measured section 

from 0-7m at Gillum with location of figures 2.9C, 2.10A, and 2.10B. C. Close-up of low angle planar laminated 

sandstone in the Sego S4 sequence. 
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Figure 2.10: Highlighted facies within Facies Association FA-III within the Sego S4 

sequence (top of Lower Sego). See Fig. 9 for location along outcrop belt.  A. Un-

interpreted outcrop image of F-9 (sigmoidal bedding) B. Interpreted outcrop image 

of F-9 including location of figure 2.10C. C. Close up image within S4 containing 

bed of F-14 (oyster lag) including location of figure 2.10D. D. Close-up image of 

oysters (Oy) of F-14 preserved preferentially in a concave down position. E. Outcrop 

image of S4 at base of Private Land (see figures 3 and 6) containing F-13 (small to 

large scale troughs) and figure 2.10F. F. Detailed outcrop image of mud draped 

troughs (MD, St). Person 1.5m tall for scale. Shovel is (50 cm long) for scale. 
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Facies Association IV (FA-IV): Subaqueous Tidal Channels 

Description 

FA-IV comprises erosionally based, arcuate shaped sandbodies containing fining-

upward successions dominated by small to large-scale trough cross-stratified sandstone 

with common mud drapes and mud rip-ups (F-13, Table 2.2, Figs. 2.6, 2.11, 2.12, 2.15A, 

Appendix A), and combined flow ripple cross-laminated very-fine to fine-grained 

sandstone with abundant mud drapes, mud rip-ups, and rare mud balls (F-11).  These facies 

typically fine upward into structureless to current ripple cross-laminated siltstone (F-4a), 

structureless mudstone (F-3a), and carbonaceous shale (F-2).  Fine-grained structureless to 

current or combined-flow ripple cross-laminated sandstone (F-6a) is rare.  Mud drapes and 

mud rip-up clasts are common within sandstones, with some mud clasts being up to 11cm 

across along the longest axis.  Soft sediment deformation is also common (Fig. 2.12B).  

Rare horizontal planar-laminated very-fine grained sandstone (F-7), climbing ripple cross-

laminated very-fine to fine-grained sandstone (F-12), and oyster lags (F-14, 17m; Devil’s 

Backbone, Fig. 2.15) occur.  Channel thickness ranges from 0.5m to 5.0m. When exposed, 

channels are typically 2.0-10s of m wide (Figs. 2.4, 2.11, 2.12), although this is a minimum 

estimate due to extensive scree covered intervals. Trace fossils include Arenicolites (Ar), 

Co, Cy, Diplocraterion (Di), Escape structures (Esc), Gyrochorte (Gy), Lo, Op, Pa, Pl, Sa, 

Siphonichnus (Si), Sk, Teredolites (Td), and Th (Fig. 2.20, 2.21).  FA-IV typically pinches 

out laterally into FA-VII and FA-IX which are commonly expressed as recessive, covered 

slopes (Fig. 2.11, 2.12).  FA-IV overlies FA-II, FA-IV, FA-VI, FA-VII, and FA-IXc and 

underlies FA-II, FA-VI, FA-VII, FA-VIII, and FA-IXd. 
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Interpretation 

Arcuate shaped, erosionally based sandbodies comprising fining-upward 

successions dominated by trough cross-stratification with abundant mud drapes and mud 

rip-ups and marine trace fossils have been interpreted as tidally influenced subaqueous 

channels along the delta front  (Nio and Yang 1991; McIlroy 2004; Tänavsuu-Milkeviviene 

and Plink-Björklund 2009) (Fig. 2.11, 2.12, 2.14).  Double mud drapes on combined flow 

ripples (Fig. 2.8F) and troughs within channels (Fig. 2.12B) suggest deposition in subtidal 

environments that experienced bi-directional currents with tidal cyclicity (Martinius et al. 

2001).  Mud clasts within sandstones (Fig. 2.12B) suggest relatively high energies within 

these tidal channels (Willis et al. 1999), high enough to enable reworking or ripping-up of 

nearby muds into mud clasts (McIlroy 2004).  Finer-grained facies (F4a, F-3a, and F-2) 

found at the top of FA-IV successions indicate migration of low-sinuosity channels, or 

straight tidal channels that experienced waning flows or gradual channel abandonment 

(Martinius et al. 2001; McIlroy 2004).  Climbing ripples indicate high suspended sand 

concentration, deposition from fallout, waning flow, rapid deceleration, and aggradation 

(Lanier and Tessier 1998) and suggest waning flow as sand-rich floods traveled in channels 

along the delta front (Lanier and Tessier 1998).  The high abundance,  high diversity 

ichnologic assemblage is classified as Skolithos and proximal Cruiziana, which is 

consistent with subtidal or fully marine deposits (McIlroy 2004; Gingras and MacEachern 

2012) and suggest marine salinities within these channels.  Overlying and underlying facies 

associations include FA-VII (Figs. 2.11, 2.12).  FA-VII (tidal flats) are commonly 

associated with tidally influenced channels, and typically form along the flanks of tidal 

channels (Martinius et al. 2001; Hughes 2012). 
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Figure 2.11: Outcrop image of the uppermost portion of the White River NW measured 

section including the location of figures 2.12, 2.13A, and 2.13B. See figure 2.4 for 

location along outcrop belt.  Person 1.5m tall for scale. 
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Figure 2.12: Images and corresponding measured section from 34-43m in the White River NW measured 

section. See Fig. 2.11 for location along outcrop belt. A. Detailed image of FA-IV encased in FA-VI and 

FA-VII B. Close up of FA-IV with trough cross-stratification (St) and soft sediment deformation (SSD). 

Shovel (50cm long) for scale. 
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Facies Association V (FA-V): River-Flood Dominated Delta 

Description 

FA-V (Table 2.2, Figs. 2.6, 2.7, 2.11, 2.13, Appendix A) coarsens upward from 

carbonaceous shale (F-2) and structureless mudstone (F-3a) into to low-angle planar-

laminated very-fine grained sandstone (F-8) and combined flow ripple cross-laminated 

very-fine to fine-grained sandstone with abundant mud drapes and common mud rip-ups 

(F-11).  Bedsets (1.8m thick) of fine-grained structureless to current or combined flow 

ripple cross-laminated (F-6a) are also commonly found above bedsets (1.2m thick) of small 

to large-scale trough cross stratified sandstone with common mud drapes and mud rip-ups 

(F-13).  FA-V is typically 3-5m thick and 10s of m wide (Figs. 2.4, 2.7, 2.11, 2.13). Trace 

fossils include Co, Cy, Op, Pa, Pl, Sk, and Te.  FA-V overlies FA-VI and underlies FA-VI 

and FA-VII. 

Interpretation 

The relatively small-scale coarsening-upward succession (3-4m thick)  with bedsets 

that thicken upward have a tabular geometry and transition from finer-grained sediments 

(F-2 and F-3a) into coarser-grained sediments that include sands with low-angle planar 

laminations (F-8, F-11, F-13, and F-11). This is interpreted to record a river-flood 

dominated delta similar to that described by Olariu et al. (2010) and Hurd et al. (2014).  

The presence of current ripples (F-6a) and low-angle planar lamination (F-8) in a region of 

unconfined flow suggests unidirectional flow and flood-dominated processes, likely along 

a delta front (Olariu and Bhattacharya 2005).  On a smaller scale these deltas are also 

similar to crevasse subdeltas described by Gugliotta et al. (2015) which occur along river 

dominated deltas within embayments or other environments restricted from tidal and wave 

modification.  This suggests that these deltas were likely deposited with embaynments or 
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other restricted areas along the larger tidally modified delta.  Based on the underlying facies 

association (FA-VI), FA-V is interpreted to record progradation into an interdistributary 

bay (Figs. 2.7, 2.13), with sediment likely sourced from a relatively small up-dip 

distributary channel.  The low-abundance, low-diversity trace fossil assemblage is 

evidence that FA-V was deposited in a stressed marine environment (Table 2.3) that 

received repeated freshwater input (4m to 5m; White River SW) (McIlroy 2004).  In White 

River SE (~4.5m to 7m) and White River NW (~54.5m to 59m) (Figs. 2.6, 2.13, Appendix 

A) the F-8 and F-6a facies at the top of the river dominated delta successions are interpreted 

as small mouth-bar deposits, based on the alternating upper fine-grained dipping F-8 facies 

and the very-fine grained F-6a facies with tabular geometries (Olariu et al. 2010).  FA-V 

differs from FA-I (distal delta front) and FA- II (proximal delta front) because FA-V is 

dominated by sedimentary structures and foreset architectures indicative of predominantly 

river-flood processes; contains sandbodies that exhibit less tidal reworking; exhibits a low-

abundance, low-diversity trace fossil assemblage; and extends only a few 10s of meters 

laterally (Fig. 2.13). 

Facies Association VI (FA-VI): Interdistributary Bay 

Description 

FA-VI (Table 2.2, Figs. 2.6, 2.7, 2.12, 2.13, 2.14, Appendix A) is dominated by 

structureless to current ripple cross-laminated siltstone (F-4a) and carbonaceous shale (F-

2).  Oyster lags (F-14) are found within two relatively thin (0.05-0.2m thick) intervals of 

FA-VI (5.95m to 6m; 7.4m to 7.6m; White River SW, Figs. 6, 7, Appendix A).  Flaser, 

wavy, and lenticular bedded siltstone-mudstone (F-5) is relatively rare as is fine-grained 

structureless to current or combined flow ripple cross-laminated sandstone (F-6a).  

Carbonaceous material is abundant.  Trace fossils include Co, Cy, Gy, and Pa (Fig. 20).  
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FA-VI is typically expressed as a laterally extensive (10s-100s m wide) recessive slope 

(Figs. 4, 7, 12).  FA-VI overlies FA-I, FA-II, FA-III, FA-IV, FA-V, FA-VII, and FA-IXa 

and underlies FA-I, FA-IV, FA-V, FA-VII, FA-VIII, and FA-IXc. 

Interpretation 

Relatively thick (up to 5m) packages of F-4a and F-2 interbedded with F-5 are 

interpreted as interdistributary bay deposits (c.f. van der Kolk et al. 2015).  FA-VI likely 

formed predominantly from suspension fallout of fine-grained sediment away from 

distributary channels.  FA-VI differs from FA-VII (tidal flats) because FA-VI is dominated 

by structureless siltstone (F-3a) and carbonaceous shale (F-2) compared to the abundant 

flaser, wavy, and lenticular bedding in FA-VII.  Flaser, wavy, and lenticular bedding (Figs. 

2.14B, 2.14C, 2.14D) has been shown to also develop in embayed areas, such as 

interdistributary bays, found between channels or delta lobes (Elliot 1974; Phillips 2003; 

Bhattacharya 2010; van der Kolk 2015).  FA-VI also has a lower-abundance, lower-

diversity trace fossil assemblage compared to the high-abundance, high-diversity 

assemblage of FA-VII, suggesting brackish-water conditions.  The lack of sedimentary 

structures in most siltstones suggests near complete bioturbation, which together with the 

presence of oysters also suggests brackish-water conditions (Dame et al. 1984; Gugliotta 

et al. 2015). 
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Figure 2.13: Images of corresponding measured section of FA-V from White River NW. 

See Fig. 11 for location along outcrop belt. A. Image of outcropwith interpreted facies 

associations and location of figure 2.13B. Image contains both a river-dominated delta 

of FA-V and tidally influenced delta front of FA-II. Person is 1.5m tall for scale. B. 

Close up image of FA-V with F-4a, F-6a, F-11, and F-8. 
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Figure 2.14: Images and corresponding measured section from 16-26m in the Private Land measured section. A. 

Wide-angle outcrop image showing stacking of FA-VI, FA-I, FA-II, and FA-VIII along a tidally influenced delta 

including the location of figures 2.14B and 14C. Person is 1.5m tall B. Close up of FA-VIII (distributary channels) 

overlying FA-II (tidally influenced proximal delta front). C. Close up of F-5 (lenticular bedding) within FA-VI. 

Pocket knife (9cm) for scale. 
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Facies Association VII (FA-VII): Tidal Flats 

Description 

FA-VII is dominated by flaser, wavy, and lenticular bedded siltstone and mudstone 

(F-5) (Table 2.2, Figs. 2.6, 2.12, 2.15, Appendix A).  FA-VII ranges from 1-6m thick. 

Carbonaceous shale (F-2) and structureless to current ripple cross-laminated siltstone (F-

4a), sometimes with rhizoliths (F-4b) are also common.  Fine-grained structureless to 

current or combined-flow ripple cross-laminated sandstones (F-6b) are present as 5-50cm 

thick interbedded sand beds within successions of F-5, F-2, and F-4a.  Rarely, current-

ripple cross-laminated very-fine to fine-grained sandstones with abundant mud drapes (F-

10) are present.  Abundant carbonaceous material is found within all facies, commonly as 

full leaf fragments, wood, and other plant debris.  Soft sediment deformation is rare within 

the flaser, wavy, and lenticular bedded intervals.  Syneresis cracks are also rare.  Trace 

fossils include As, Aulichnites (Au), Cy, Lo, Ma, Op, Pa, Phycosiphon (Ph), Pl, Rh, Sch, 

Sk, and Te (Figs. 20, 21).  FA-VII overlies FA-II, FA-IV, FA-V, FA-VI, FA-IXc, FA-IXd 

and underlies FA-IV, FA-VI, FA-IXa, FA-IXc, and FA-IXd. 

Interpretation 

The predominance of flaser, wavy, and lenticular bedding suggests deposition in 

lower-energy environments with alternating deposition of bedload and suspended 

sediments, such as tidal flats found along the flanks of tidal channels (2.Fig. 15) (Reineck 

and Wunderlich 1968; Klein 1977; Kreisa and Moiola 1986; Yoshida et al. 2001; 

Tänavsuu-Milkeviviene and Plink-Björklund 2009).   
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Figure 2.15: Images and corresponding measured section from 11-18m in Devil's Backbone. A Outcrop image 

showing basal scour surface and incision of FA-IV into underlying FA-VII. PErson is 1.5m tall for scale B. Heavily 

bioturbated F-5 (lenticular bedding). C. Moderately bioturbated F-5 (wavy bedding). D. Wavy-flaser bedding. 

Pocket knife (9cm) for scale. 
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Flaser, wavy, and lenticular bedding is preserved on the banks of tidal channels 

during lateral channel migration (Reineck 1967; Terwindt 1981; Van den berg 1982; 

Martinius et al 2001).  Thin (<10cm) beds of F-4a,b and lenticular bedding (F-5, Fig. 2.15) 

typically indicate deposition on a lower-energy muddy supratidal or mixed, upper-

intertidal flat (Dalrymple et. al. 1991; Tänavsuu-Milkeviviene and Plink-Björklund 2009).  

FA-VII encases FA-IV suggesting that tidal channels of FA-IV incised into FA-VII 

(Tänavsuu-Milkeviviene and Plink-Björklund 2009; Hughes 2012).  Tidal flats with higher 

bioturbation indices and a higher abundance and higher-diversity trace fossil assemblage 

are most likely intertidal to subtidal, while those that lack trace fossils are supratidal 

(McIlroy 2004). 

Facies Association VIII (FA-VIII): Distributary Channels  

Description 

FA-VIII is an erosionally based, arcuate shaped, fining-upward succession 

dominated by small to large-scale trough cross-stratified sandstone with common mud 

drapes and mud rip-ups (F-13, Table 2.2, Figs. 2.6, 2.14, 2.16, 2.17, Appendix A).  In some 

instances, mud chips and mud rip-ups in the form of a lag are found at the base of FA-VIII 

above the erosion surface (Fig. 2.16).  Soft sediment deformation is common (Fig 2.6, 

Appendix A).  Sandbodies of FA-VIII are arcuate shaped, typically encased in FA-IX, and 

extend 10’s to 100s of meters laterally (Figs. 2.4, 2.16).  Thicknesses of FA-VIII range 

from 1.8m to 9.2 m. The fill within FA-VIII typically fines upward from F-13 into current 

ripple cross-laminated very-fine to fine-grained sandstone with abundant mud drapes and 

common mud rip-ups (F-10), climbing ripple cross-laminated very-fine to fine-grained 

sandstone (F-12), and fine-grained structureless to current or combined flow ripple-cross 

laminated sandstone (F-6a).  The top of FA-VIII includes structureless to current ripple 
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cross-laminated siltstone (F-4a), structureless mudstone (F-3a), and carbonaceous shale (F-

2).  FA-VIII also contains rare low-angle planar-laminated very-fine to fine-grained 

sandstone (F-8) (26-27m; Gillum, Fig. 2.6, Appendix A).  Abundant carbonaceous material 

is found within some small-scale trough cross-stratified sandstone and structureless 

siltstone.  At one location (~85 meters; White River SW) the trace fossils Lo and At are 

found along with fossilized bone near the base of the channel (Figs. 2.19B, 2.19D).  FA-

VIII overlies FA-II, FA-VI, FA-IXa, FA-IXb, and FA-IXd and underlies FA-IXb, FA-IXc, 

and FA-IXd.  FA-VIII is found at the top of all measured sections in the Rangely area (Fig. 

2.6, Appendix A). 

Interpretation 

Arcuate, erosionally based sandbodies  that contain a fining-upward succession 

from trough cross stratified sandstone into finer grained sandstone, siltstone, and mudstone 

are commonly interpreted as fluvial or distributary channels (Miall 1985; Pontén and Plink-

Björklund 2007; Flaig et al. 2011; Rossi and Steel 2016).  The lack of marine or 

brackishwater trace fossils and the interfingeing of FA-VIII with FA-IX with common 

rhizoliths (floodplain fines and paleosols) indicates these sandbodies are best classified as 

distributary channels on the lower delta plain (Flaig et al. 2011).  The finer-grained fill at 

the top of these channels was likely deposited during channel abandonment (Fielding 2010; 

Flaig et al. 2011).  The presence of At (mayfly borings, Fig 2.19D) also suggests a 

continental setting (Thenius 1979; Thenius 1988; Moran et al. 2010). 



 43 
 

Figure 2.16: Outcrop images from Gillum (see figures 2.3 and 2.6). Figure includes: A. Outcrop image and basal scour 

surface and incision of FA-VIII (distributary channel) incising into FA-II (tidally modified proximal delta front) and 

location of figures 2.16B and 2.16C. B. F-13 (trough cross stratified sandstone) (St) FA-VIII. C. Mud-clast lag at the base 

of FA-VIII. Shovel (50cm long) for scale. Pocket knife (9cm) for scale. 
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Figure 2.17: Images of measured section from 38-43m in Devil's Backbone A. Detailed outcrop image of FA-III, FA-IXa, 

and FA-IXc. B. Close up image of FA-IXc including F-1 and F-2 with FA-IXa above including F-3a, F-4a, and F-6a. 

Shovel (50cm long) for scale. 
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Facies Association IX (FA-IX): Floodplain and Lower Delta Plain 

FA-IX (Table 2.2, Figs. 2.6, 2.7, 2.11, 2.13, 2.17) is dominated by finer-grained 

sediments consisting of coal (F-1), carbonaceous shale (F-2), mudstone (F-3a,b), siltstone 

(F-4a,b), and rare thin (5cm to 20cm thick) sandstone (F-6a,b).  Finer grained sediments 

are highly carbonaceous with abundant wood and plant material commonly preserved as 

macro-scale leaf and plant fragments. Jarosite is common within siltstones.  FA-IX is 

broken down into four sub-facies associations based on typical facies, facies relationships, 

and internal structures. 

Facies Association IXa (FA-IXa): Levee-Splay 

Description 

FA-IXa (Table 2.2, Figs. 2.6, 2.7, 2.17, Appendix A) is typically found as a 

coarsening-upward succession of carbonaceous shale (F-2), structureless mudstone (F-3a), 

and structureless to current ripple cross-laminated siltstone (F-4a).  Fine-grained 

structureless to current or combined-flow ripple cross-laminated sandstone (F-6a), 

horizontal planar-laminated very-fine grained sandstone (F-7), current ripple cross-

laminated very-fine to fine-grained sandstone with abundant mud drapes and common mud 

rip-ups (F-10) are common at the top of successions. Punch-down like structures that 

appear to push sand down into the underlying facies are found at the base of F-6a and F-

10 (Fig. 2.19A).  Intervals of FA-IXa extend 10-100s meters laterally and range from 0.5-

0.9 m thick (Figs. 2.4, 2.7).  FA-IXa overlies FA-VII, FA-VIII, FA-IXc, and FA-IXd, and 

underlies FA-VI, FA-VIII, FA-IXb, and FA-IXd. 
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Interpretation 

Relatively thin, sheetlike, coarsening upward successions within floodplain 

deposits are commonly interpreted as levees and splays (Bown and Kraus 1987; Corbett et 

al. 2011; Flaig et al. 2011, 2013; van der Kolk et al. 2015).  Splays typically form during 

high flood-stage flow via breakthrough of a levee from a nearby channel (Happ et al. 1940; 

Allen 1965; Corbett et al. 2011; van der Kolk et al. 2015).  Levees are found alongside 

stream channels with the thickest portion of the deposit closest to the channel (Allen 1965; 

Flaig et al.  2011; van der Kolk et al. 2015), and levees typically thin away from the channel 

toward the floodplain (Allen 1965; Flaig et al.  2011; van der Kolk et al. 2015).  The 

“punch-down” like structures which downwarp the laminae indicate they were likely 

formed by vertical stress rather than lateral stresses (Loope 1986) and are interpreted as 

dinosaur tracks (Loope 1986; Laporte & Behrensmeyer 1980; Avanzini et al. 1997).  

Preservation of dinosaur footprints depends on the presence of a clay drape or differences 

in sediment texture between the substrate and the filling medium (Lockley and Conrad 

1989; Avanzini et al. 1997).  Vertebrate footprints are commonly found along fluvial 

margins and lake-margins (Laporte and Behrensmeyer 1980) because conditions such as 

low vegetation and un-compacted sediments are common along riverine and lacustrine 

environments (Laporte and Behrensmeyer 1980). 

Facies Association IXb (FA-IXb): Lake-Pond 

Description 

FA-IXb (Table 2.2, Figs. 2.6, Appendix A) comprises 0.2-0.4m thick beds of 

interbedded carbonaceous shale (F-2), structureless mudstone (F-3a), and structureless to 

current ripple cross-laminated siltstone (F-4a).  Rare < 50cm thick beds of fine-grained 

structureless to current or combined-flow ripple cross-laminated sandstone (F-6a) are 
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present.  Commonly, thick (1-4.5m) beds of F-2 (1.8-2.3m thick) and F-4a (1-4.5m thick) 

are present.  Carbonaceous material such as wood and plant fragments (whole leaves) are 

abundant.  FA-IXb is expressed as a recessive slope typically extending 10-100s of 

meters (Fig. 2.4).  FA-IXb overlies FA-VIII, FA-IXa, FA-IXc, and FA-IXd while 

underlying FA-VI, FA-VIII, FA-IXc, and FA- IXd.  

Interpretation 

Interbedded carbonaceous shale, structureless mudstone, and rare ripple cross-

laminated sands with sharp, non-erosive bases are commonly interpreted as ponds or lakes 

(Fielding 1984; Pontén and Plink-Björklund 2007; Flaig et al. 2013).  These fine-grained 

sediments likely filled depressions on the floodplain in a low-energy environment distal to 

channels (Pontén and Plink-Björklund 2007).  The lack of marine traces, the vertical and 

lateral interfingering with other floodplain deposits such as paleosols also support the 

interpretation of FA-IXb as deposits in lakes or ponds (Flaig et al. 2013; van der Kolk et 

al. 2015).   

Facies Association IXc (FA-IXc): Swamp 

Description 

FA-IXc (Table 2.2, Figs. 2.6, 2.17, Apppendix) is dominated by coal (F-1), with 

rare carbonaceous shale (F-2), and structureless mudstone (F-3a).  FA-IXc ranges from 

20cm to 1.6m thick.  FA-IXc overlies FA-III, FA-VI, FA-VII, FA-VIII, FA-IXb, and FA-

IXd, and underlies FA-IV, FA-VII, FA-VII, FA-IXa, FA-IXb, and FA- IXd. 

Interpretation 

The abundance of coal (Fig. 2.17) and rare carbonaceous shale and structureless 

mudstone are common to swamp deposits (Fielding 1985).  Facies Association IXc is 
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interbedded within other floodplain and lower delta plain sub-facies associations 

suggesting FA-IXc formed on the lower delta plain.  Peat, the precursor to coal typically 

accumulates in back-barrier swamps and waterlogged surfaces of abandoned crevasse 

splays, lakes, and bay infills within the lower delta plain (Frazier and Osanick 1969; 

Donaldson et al. 1970; Fielding 1984; Fielding 1985).  Peat in the field area likely 

accumulated in swamps within supratidal to intertidal tidal flats or near the edge of lakes. 

Facies Association IXd (FA-IXd): Paleosol 

Description 

FA-IXd (Table 2.2, Figs. 2.6, 2.19C, Appendix A) consists of interbedded 

mudstone with rhizoliths (F-3b), structureless to current-ripple cross-laminated siltstone 

with rhizoliths (F-4b), and fine-grained structureless to current or combined-flow ripple 

cross-laminated sandstone with rhizoliths (F-6b, Fig 2.19C).  FA-IXd contains abundant 

carbonaceous material, charcoal, and wood fragments.  Beds range from 20cm to 1m thick.  

Jarosite is rare within siltstones of FA-IXd while carbonaceous shale (F-2) is also present 

within some successions.  FA-IXd is typically expressed as a recessive slope extending 

10s-100s of meters (Fig. 4).  FA-IXd overlies FA-III, FA-IV, FA-VII, FA-VIII, FA-IXa 

and FA-IXb and underlies FA-IV, FA-VII, VIII, and FA- IXa, FA-IXb, and FA-IXc. 

Interpretation 

FA-IXd (Figs. 7, 2.19C) is interpreted as pedogenically modified floodplain 

environments (paleosols).  Rhizoliths indicate plant growth during periods of subaerial 

exposure, landscape stability, and non-deposition (Ruskin and Jordan 2007; Tänavsuu-

Milkeviviene and Plink-Björklund 2009; Corbett et al. 2011).  Since sediments of FA-IXd 

are typically drab in color (grey, olive-green, black) with high amounts of ctarbonaceous 



 49 

material, these paleosols are likely best classified as poorly drained gleysols (Mack et al. 

1993; Corbett et al. 2011; Flaig et al. 2013). 

Facies Association X (FA-X): Spring Mound 

Description 

FA-X (Table 2.2, Figs. 2.6, 2.18, Appendix A) is a poorly sorted conglomeratic 

carbonate with lithic fragments (Fig. 2.18D) up to 30cm long and 20cm wide.  Rhizoliths, 

carbonate cement, oysters (Fig. 2.18D), and clam shells are present, as are peloids.  FA-XI 

is only found at one locality (Gillum) where it is 4.8m thick and has a mounded geometry 

that extends for a maximum of 20m horizontally (Fig. 2.18A, 2.18B).  Laterally to FA-X 

are planar-laminated sands with ripples interpreted as tidally influenced proximal delta-

front deposits (FA-II).  FA-XI overlies and underlies FA-II (Fig. 2.18A, 2.18B). 

Interpretation 

FA-X is interpreted as a spring mound (Roberts and Mitchell 1987; Bourke et al. 

2007).  This interpretation is based on the symmetrical mound shaped geometry (Fig. 

2.18A, 2.18B) and the composition including lithic fragments, oyster and bivalve shell 

fragments, carbonate cement, peloids, and a vuggy texture (Bourke et al. 2007) (Fig. 2.18).  

Spring mounds are circular, calcareous, volcano-like structures fed by artesian water point-

sources that rise from aquifers (Roberts and Mitchell 1987).  Although spring mounds are 

typically described in desert environments (Roberts and Mitchell 1987; Bourke et al. 2007; 

Clarke and Bourke 2011), Schröder et al. (2015) describes a microbial carbonate mound 

consisting of oncoid-peloidal rud-grainstones with oysters and echinoderms in the Namibe 

Basin which likley formed when a submarine groundwater spring discharged in coastal 

areas downdip from alluvial siliciclastics. This model is similar to the interpreted 

development and paleoenvironment for FA-X. 
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Figure 2.18: Images from Gillum (see figures 2.3 and 2.6) Figures include: A. Arial image of 

FA-X (Spring Mound) encased within FA-I, FA-II, and FA-III. B. Close up of FA-X incased 

in FA-II. C. Close up of vuggy texture within FA-X. D. Close up of conglomeratic carbonate 

with lithic fragments (LF) and oyster shell fragments (Oy) within FA-X. Lens cap (6cm) for 

scale. 
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Figure 2.19: Trace fossils and bone found in the Anchor Mine Tongue and upper Sego 

equivalent near Rangely, CO. Figures includes A. Dinosaur footprint in sandstone within a 

bed of F-6a; B. Dinosaur bone within bed of F-6a; C. Rhizoliths (Rz) wihtin a bed F-4b in 

FA-IXd; D. Asthenopodichnium (At), a freshwater mayfly burrow within a bed of F-6a. E. 

Tetrapod swim tracks (TST) at the base of a bed of F-11. Shovel (50cm) for scale. Pocket 

knife (9cm) for scale. 
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Figure 2.20: Trace fossils found in the Anchor Mine Tongue and upper Sego equivalent near 

Rangely, CO. Figure includes A. Conichnus (Co); B. Palaeophycus (Pa), within a bed of F-

4a; C. Arenicolites (Ar); D. Teredolites (Td) along the base of bed F-13 E. Planolites (Pl), 

Lockeia (Lo), and Sagittichnus (Sa) at the base of bed F-13; F. Thalassinoides (Th) along the 

base of F-11. Pocket knife (9cm) for scale. Lens cap (6cm) for scale. 
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Figure 2.21: Trace fossils found in the Anchor Mine Tongue and upper Sego equivalent near 

Rangely, CO. Figure includes A. Ophiomorpha (Op);  B. Helminthopsis (He); C. Phycosiphon 

(Ph) and Ophiomorpha (Op); D. Crossopodia (Cr), Cylindrichnus (Cy), and Planolites (Pl) 

within a bed of F-6a.  E. Asterosoma (As); F. Cylindrichnus (Cy) and Schaubcylindrichnus 

(Sch), and Planolites (Pl) within beds of F-5. Pocket knife (9cm) for scale. Lens cap (6cm) for 

scale. 
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DISCUSSION 

Importance of Ichnology in Defining Paleoenvironments 

Combining ichnologic and sedimentologic observations was essential for 

identifying marine, brackishwater, freshwater, and purely continental deposits in the study 

area, and ultimately for refining paleoenvironmental interpretations.  A total of 30 trace 

fossils were identified in the Anchor Mine Tongue and upper Sego equivalent along the 

Rangely Anticline including Arenicolites, Asterosoma, Asthenopodichnium, Aulichnites, 

Conichnus, Cochlichnus, Crossopodia, Cylindrichnus, Diplocraterion, Dinosaur 

footprints, Escape structures, Gyrochorte, Helminthopsis, Lockeia, Macaronichnus, 

Ophiomorpha, Palaeophycus, Phycosiphon, Planolites, Rhizocorallium, Rhizoliths, 

Sagittichnus, Schaubcylindrichnus, Siphonites, Syneresis cracks, Skolithos, Teichichnus, 

Teredolites, Tetrapod swim tracks, and Thalassinoides.  Traces were grouped based on 

their dominant salinity (Table 2.3) resulting in the identification of 13 fully marine traces, 

13 facies breakers (traces that can be found in marine, brackish, or freshwater), 1 purely 

freshwater trace, and 3 continental-terrestrial traces (Figs. 2.19, 2.20, 2.21).  The most 

abundant trace fossils include Co, Cy, Op, Pa, Pl, Rz, and Sk with Ar, As, Cr, Esc, He, Lo, 

Ma, Sa, Sch, Te, and Th being common. Relatively rare traces include At, Au, Cl, Di, 

dinosaur footprints, Ph, Rh, Si, Sn, Td, and tetrapod swim tracks. Ichnology between delta 

types is presented in Table 2.4.  

Ichnology was used specifically to differentiate between 1) tidally modified delta 

front deposits (FA-II) and those of river-dominated deltas (FA-V), 2) distributary channels 

(FA-VIII) and subaqueous tidal channels (FA-IV), 3) tidal flats (FA-VII) and 

interdistributary bays (FA-VI), and 4) marine mudstones  (FA-I, FA-IV, FA-V, FA-VI) 

and mud-rich paleosols (FA-IXd).  Tidally modified proximal delta fronts, subaqueous 

tidal channels, and tidal flats all exhibit a high-abundance, high-diversity trace fossil 
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assemblage (Table 2.2, Fig. 2.6, Appendix A) with the majority of those traces being fully-

marine along with some marginal-marine facies breakers (Table 2.3).  The abundance of 

these environments along the Rangely Anticline along with this high-abundance, high-

diversity trace fossil assemblage suggests the system was frequently flushed with water of 

marine salinities through time, likely from tidal processes (McIlroy 2004).  Distributary 

channels, interdistributary bays, and river-dominated deltas all exhibit a low-diversity, 

low-abundance or non-existent ichnologic assemblage (Fig. 2.6, Appendix A), suggesting 

that freshwater input dominated or was frequent in these environments. 

 

Dominant Salinity Trace fossils 

Marine Asterosoma, Crossopodia, Diplocraterion, 

Gyrochorte, Helminthopsis, Macaronichnus, 

Ophiomorpha, Phycosiphon, Rhizocorallium, 

Schaubcylindrichnus, Teichichnus, 

Teredolies, Thalassinoides,  

Marine, Brackish, or Freshwater Arenicolites, Aulichnities, Cochlichnus, 

Conichnus, Cylindrichnus, Escape Structures, 

Lockeia, Palaeophycus, Planolites, 

Sagittichnus, Siphonichnus, Skolithos, 

Syneresis, Tetrapod swim tracks 

Freshwater Asthenopodichnium 

Continental Dinosaur footprints, Dinosaur bones, 

Rhizoliths 

 

 

 

Table 2.3: Dominant salinities of trace fossils found in the Anchor Mine Tongue and upper 

Sego equivalent near Rangely, Colorado. 
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 Tidal channels and fluvial distributary channels may contain similar facies, facies 

trends, and lateral facies relationships (Fig. 2.6, Appendix A); however, these 

environments can be differentiated based on their ichnology.  For example, the channel 

found at 36.5m to 39.5m in the White River NW section (Figs. 2.4b, 2.6, 2.11, 2.12, 

Appendix A) contains mud rip-up clasts at the base, large-scale trough cross-stratified 

sandstone (F-13), and climbing-ripple cross laminated sandstone (F-12). The channel is 

encased in carbonaceous shale (F-2) which transitions vertically and laterally into flaser, 

wavy, and lenticular bedded siltstone (F-5).  Facies, facies stacking, lateral facies 

relationships, and geometries are similar to those found in distributary channels; however, 

Delta Type Trace Fossils 

River-Dominated Conichnus, Cylindrichnus, Ophiomorpha, 

Palaeophycus, Planolites, Skolithos, 

Teichichnus  

Mixed Fluvio-Tidal  Arenicolites, Asterosoma, 

Asthenopodichnium, Aulichnites, 

Conichnus, Cochlichnus, Crossopodia, 

Cylindrichnus, Diplocraterion, Escape 

Structure, Gyrochorte, Helminthopsis, 

Lockeia, Macaronichnus, Ophiomorpha, 

Palaeophycus, Phycosiphon, 

Rhizorcorallium, Sagittichnus, 

Schaubcylindrichnus, Syneresis, Skolithos, 

Teichichnus, Teredolites, Thalassinoides  

Tide-Dominated Lower Sego (S4) Cylindrichnus, Macaronichnus, 

Ophiomorpha, Planolites  

 

Table 2.4: Trace fossil assemblage for different delta types found in the Anchor Mine Tongue 

and upper Sego equivalent near Rangely, Colorado. 
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the tidal channel contains abundant Op, Cy, and Th as well as Gy, Pa, Sk, Sn, and Esc.  

Although the trace fossil assemblage contains some facies breaking traces, Op, Th, and Gy 

are fully marine traces, indicating that this channel is a marine channel and not an up-dip 

freshwater dominated distributary channel.  The channel also pinches out into facies with 

an ichnologic assemblage that identifies them as tidal flats and interdistributary bay 

deposits.  The interdistributary bay lateral to the channel and overlying it contains Co, Gy, 

and Pa.  Gy is a fully marine trace and this supports the interpretation that the channel was 

encased in sediments also deposited in a marine environment.  The presence of syneresis 

cracks in the channel fill also suggests changes in or mixing of salinities (Pratt 1998).  In 

contrast, fluvial distributary channels contain rare rhizoliths, no marine or brackishwater 

traces, and pinch out laterally into facies that also typically contain rhizoliths (paleosols) 

and lack trace fossils.  The combination of detailed sedimentology, architectural analysis, 

and ichnology distinguishes tidal channels from their fluvial counterparts which contain no 

marine or brackish water trace fossils and instead contain rare rhizoliths and rare freshwater 

traces. Other tidal channels were distinguished from fluvial channels along the Rangely 

Anticline using the same methodology.  

Interdistributary bays and tidal flats can be difficult to differentiate in the rock 

record.  In tide-dominated deltas, interdistributary bays commonly transition landward into 

tidal flats (Van Andel 1967; Morgan 1970; Elliot 1984).  In flood-dominated deltas, 

interdistributary bays tend to have a reduced ichnologic diversity and diminutive 

ichnofauna because flood generated processes dominate interdistributary bay 

sedimentation and create a stressed environment with lowered salinity (Bhattacharya 

2010).  Because the study area contains a mixed fluvial-flood and tidal system, the 

interdistributary bays and tidal flats are affected by both tidal and fluvial-flood driven 

currents.  Interdistributary bays in the study area contain a low-abundance, low-diversity 
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trace fossil assemblage indicating that they frequently were inundated by freshwater-flood 

processes.  Trace fossils Co, Cy, Gy, and Pa are found only in two deposits interpreted as 

interdistributary bays (39.5m to 42.5m; White River NW and 16m to 21.7m; Private Land, 

Fig. 6, Appendix A) while the rest contain no visible ichnology.  The tidal flats along the 

flanks of the subaqueous tidal channels alternatively have a high-abundance, high-diversity 

trace fossil assemblage: As, Au, Cy, Lo, Ma, Op, Pa, Ph, Pl, Rh, Sch, Sk, Sn, and Te.  The 

presence of fully marine trace fossils (As, Ma, Op, Ph, Rh, Sch, Te) suggests that tidal flats 

in the Rangely area were predominantly subtidal and were frequently flushed with waters 

of marine salinities (McIlroy 2004).  

Tidally influenced proximal delta front deposits in the study area exhibit a high 

abundance, high diversity ichnologic assemblage compared to those along the river 

dominated delta fronts.  Traces along the tidally influenced proximal delta front include 

As, At, Co, Cl, Cr, Cy, He, Lo, Ma, Op, Pa, Pl, Rh, Sa, Sk, Te, and Th along with tetrapod 

swim tracks. As, Cr, He, Ma, Op, Rh, Sa, Te, and Th are all fully marine trace fossils.  

Tidally influenced proximal delta front deposits typically overlie tidally influenced distal 

delta front deposits whereas river-dominated deltas stratigraphically overlie 

interdistributary bay deposits.  Bioturbation along the river-dominated delta front is 

relatively rare.  Traces within the river-dominated delta include Co, Cy, Op, Pa, Pl Sk, and 

Te, with much of the bioturbation likely developed during pauses in fluvial input between 

event beds (MacEachern and Bann 2006).  The combination of low-angle planar laminated 

foresets deposited by traction flows and the low-abundance, low diversity trace fossil 

assemblage is also strong evidence for river dominated deltaic deposits in the study area.  

Both marine mudstones and mud-rich paleosols can appear structureless and may 

contain abundant carbonaceous plant material.  The presence of rhizoliths and the lack of 

marine traces in muddy intervals is taken as evidence of muddy paleosols (Flaig et al. 2013, 
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van der Kolk et al. 2015). Mudstones interpreted as marine contained marine trace fossils. 

If they lacked marine traces but were surrounded by facies containing fully marine traces, 

the mudstones were interpreted as marine based on stratigraphic context.  In rare instances, 

rhizoliths were found at the top of tidal channels or tidal flats containing marine trace 

fossils (~19.5m to 20m; 27.5m; Devil’s Backbone).  The presence of rhizoliths indicates 

the tidal channel or tidal flat was subaerially exposed, likely after channel abandonment or 

under supratidal conditions. 

Paleoenvironmental Evolution: Anchor Mine Tongue and upper Sego System 

The Anchor Mine Tongue and upper Sego equivalent along the Rangely Anticline 

record the paleoenvironmental evolution from tidally influenced shallow-marine coastal 

environments to lower delta plain distributary channels and associated floodplains (Figs. 

2.6, 2.22, Appendix A). Bedsets 0.1 m to 9 m thick of combined-flow ripple laminated 

sandstone with mud drapes, double mud drapes, and mud balls are the dominant facies 

throughout the marine part of the succession.  Low-angle planar laminated sandstone; 

small-scale trough cross-stratified sandstone; and flaser, wavy and lenticular bedded 

siltstone are common secondary facies.  The succession contains a diverse ichnologic suite 

with 30 traces (Table 2.3) ranging from fully marine, to brackish water and purely 

continental trace fossils.  The most common stratal architectures include 10-100m wide 

and 0.20 m to 9 m thick tabular sandbodies and 1m to 100 m wide and 0.25 m to 8 m thick 

arcuate channel-forms encased in finer-grained intervals.  These deposits are characteristic 

of a tidally influenced delta front along with subaqueous tidal channels, tidal flats, 

interdistributary bays, and delta plain distributary channels and floodplain (McIlroy 2004; 

Bhattacharya 2010; Fielding 2010).  The predominance of combined flow ripple laminated 

beds and associated low-angle planar laminated beds with abundant double mud drapes 
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and mud balls interpreted as delta front foresets suggest that most deposits were fluvial-

flood driven delta foresets strongly modified by tides during deposition or significantly 

reworked by tides after deposition (Willis 2005; Pontén and Plink-Björklund 2007).  This 

complex interfingering of fluvial-tidal environments is common along a mixed fluvial-

tidally influenced coastline (Willis 2005; Pontén and Plink-Björklund 2007; Tänavsuu-

Milkeviciene and Plink-Björklund 2009). A shallow sea such as the CWIS combined with 

the rugosity of the shoreline may have contributed to the tidal nature of the system.  

Investigated localities along the Rangely Anticline record up-dip versus down dip 

paleoenvironmental relationships.  This is shown in the paleoenvironmental reconstruction 

for two select intervals, time 1 (T1) and time 2 (T2) (Figs. 2.6, 2.22).  For example, during 

the T1 interval depicted in Figure 22 the White River NW, White River SE, and Devil’s 

Backbone localities (Fig. 2.6, Appendix A) are dominated by tidally influenced delta front 

deposits, tidal channels, and tidal flats, with subariel exposure of tidal flats evidenced by 

rhizoliths at the top of tidal flat successions.  These localities are interpreted to preserve 

the most proximal parts of the delta at T1.  In contrast the Oyster Bend, Gillum, and Private 

Land localities (Fig. 2.6, Appendix A) contain tidally modified distal to proximal delta 

front deposits and tidal channels, preserving the most distal portions of the delta at T1.  

Overlying the deltaic succession at both localities are large-scale trough cross-stratified 

sandstones and interbedded fine-grained sediments that lack marine trace fossils, 

suggesting that these environments occupied an up-dip location at the time.  Although some 

architectural elements in this interval such as channels and sheets are similar to those in 

the underlying shallow-marine succession, the lack of marine traces and common rhizoliths 

and footprints indicate that these strata were deposited along the lower delta plain.  

During the T2 interval depicted in Figure 2.22, the Oyster Bend, Private Land, and 

Gillam localities exhibit no strata containing marine traces and abundant evidence for 
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distributary channels and floodplain deposits along the lower delta plain (Fig. 2.6, 

Appendix A).  In contrast, the White River NW and White River SE localities contain a 

second pulse of shallow marine- deltaic deposits interbedded with the distributary channel 

and floodplain deposits (Fig. 2.6, Appendix A).  This interval was identified based on trace 

fossil evidence that includes an ichnologic assemblage containing Ar, Cy, Op, Pa, Pl, Sk, 

and Te.  In sum, the marine successions in the White River are also twice as thick as the 

marine successions at Oyster Bend, Gillum, and Private Land (Fig. 2.6, Appendix A).  This 

over-thickened marine succession combined with the presence of a second marine interval 

interbedded with lower delta plain deposits suggests that additional accommodation was 

present in the White River area.  The accommodation may have been driven by sediment 

compaction (Meckel et al. 2007; Törnqvist et al. 2008; van der Kolk 2015), by fault 

controlled discontinuities in thickness across faults (Bader 2009; Burton et al. 2016), or 

incised valley systems, some of which are documented by Burton et al. (2016) during upper 

Sego deposition in the Rangely area. Because there is no convincing evidence for a 

paleovalley observed along the White River outcrop belt, faulting may have been the main 

control on additional accommodation.  
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Figure 2.22 
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Figure 2.22: Paleoenvironmental reconstruction of the Rangely, CO area during two 

select time intervals, Time 1 (T1) and Time 2 (T2). See figure 6 for stratigraphic 

location of T1 and T2.  Figure includes T1. Schematic diagram and conceptual model 

of the Anchor Mine Tongue and upper Sego paleoenvironments that reflect the regional 

distribution of environments near the base of most measured sections.  Diagram shows 

a proximal to distal transect of a mixed tide-fluvial delta complex including tidally 

modified distal and proximal delta front, subaqueous tidal channels, river-flood 

dominated delta, interdistributary bays and tidal flats, distributary channels and 

floodplain deposits on the lower delta plain.  T2. Schematic diagram and conceptual 

model of the Anchor Mine Tongue and Upper Sego equivalent near the top of most 

measured sections. Diagram shows lower delta plain and flood plain deposits 

prograding over the shallow-marine environments and anomalous marine 

paleoenvironments at White River and Devil’s backbone. Paleoenvironments between 

measured sections are inferred based on regional facies trends and stacking patterns. 



 64 

 The White River area also differs from other measured sections because the White 

River NW contains a 5 m thick river-flood dominated delta in the upper portion of the 

succession (53.8 m to 58.8 m, Fig. 2.6, Appendix A).  This delta is overlain by a tidally 

modified distal to proximal delta front (Figs. 6, 8, Appendix A) that ultimately transitions 

through a tidal channel and interdistributary bays into distributary channels and floodplain 

on the lower delta plain (Fig. 6, Appendix A).  In the White River SE section, a series of 

tidally influenced marine channels (traces include Ar, Op, Pa, Pl) correlate with the tidally 

modified distal to proximal delta front deposits in the White River NW section.  Lower 

delta plain deposits overlie these channels.  This evidence suggests that deposition in 

marine paleoenvironments continued in the White River area well after all other areas were 

dominated by lower delta plain deposits (Figs. 2.6, 2.22, Appendix A) and reinforces the 

interpretation that the area experienced additional accommodation. 

Comparative Analysis: Loyd and lower Sego Deltas (Rangely) 

Deltaic deposits within the Anchor Mine and upper Sego (S5-S7) equivalent 

interval are compared-contrasted with deposits of the Loyd delta (L1, L2, Fig. 2) and 

deltaic strata of the lower Sego (S1-S4, Fig. 2) found stratigraphically lower along the 

Rangely Anticline (Burton et al. 2016; Prather 2016). This comparison is intended to 

demonstrate the spatio-temporal variability of the Loyd and Sego deltas that can be gleaned 

with help from the new regional sequence stratigraphic correlation of Burton et al. (2016).  

The older Loyd delta (L1, L2) is an approximately 30m thick interval that lies 

stratigraphically below lower Sego equivalent strata (S1-S4) in outcrops along the Rangely 

Anticline.  The Loyd is interpreted as a fluvial-flood dominated yet tidally influenced delta 

(Prather 2016; Burton et al. 2016) based on the combination of: 1) abundant sand-rich low-

angle planar-laminated foresets interbedded with flaser, wavy, and lenticular bedded 
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siltstone-mudstone along the delta front; 2) common subaqueous terminal distributary 

channels; and 3) a high diversity, high abundance trace fossil assemblage with deep tiering 

(Burton et al. 2016; Prather 2016).   The Loyd also exhibits rare wave-modification in distal 

parts of the delta (Prather 2016).  Architecturally the Loyd comprises dipping deltaic 

foresets and subaqueous distributary channels overlain by trough cross-stratified channels 

and proximal mouth bars, some of which are rarely wave modified (Prather 2016).  

Although the Loyd and the Anchor Mine Tongue-upper Sego contain some similarities 

they differ in many facies and stacking patterns.  The predominant facies of the Loyd are 

low-angle planar-laminated sandstones with tabular geometries and trough cross-stratified 

sandstones.  The Loyd exhibits a classic coarsening upward succession from prodelta to 

distal and proximal delta front deposits that correlate regionally along the Rangely 

Anticline (Prather 2016).  In contrast the Anchor Mine Tongue and upper Sego contains a 

complex interfingering of depositional environments.  Compared to foresets of the Loyd, 

Anchor Mine Tongue-upper Sego delta foresets are dominated by combined flow ripple 

lamination containing mud drapes, double mud drapes, mud rip-ups, and mud balls.  Low-

angle planar laminated and trough cross-stratified sandstones with mud drapes, mud rip-

ups clasts, and mud balls are secondary structures.  Channels in the Anchor Mine Tongue 

-upper Sego also contain abundant evidence of tidal influence compared to subaqueous 

terminal distributary channels of the Loyd. The Anchor Mine Tongue-upper Sego also 

contain a tidally-modified distal delta front and tidal flats.  There is no indication of wave-

modified features in the Anchor Mine Tongue–upper Sego.  This evidence suggests that 

Anchor Mine–upper Sego deltas in the Rangely area contain delta fronts and channels that 

were more affected-modified by tides than those of the Loyd.  Evidence for rare river-

dominated deltas in the Anchor Mine-upper Sego suggest that, at times, parts of those 

deltas were protected from tides-waves, possibly in embayed areas along the delta front.  
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Lower Sego equivalent strata (S1-S4) that stratigraphically overlie the Loyd and 

underlie the Anchor Mine Tongue-upper Sego (S5-S7) along the Rangely Anticline have 

been interpreted to contain a myriad of paleoenvironments that include: 1) incised valleys 

that contain deposits of distributary channels, tidally influenced delta fronts, tidal bars, and 

estuaries (Painter et al. 2013); 2) barrier islands and flood tidal deltas, shorefaces, swamps, 

lagoons, and tidal flats (York et al 2011; Painter et al. 2013); and tidally influenced deltas, 

tidally influenced valley fills, and estuaries (Burton et al. 2016).  Outcrop observations 

during this investigation and during previous studies (Prather 2016) also suggest that some 

lower Sego equivalent strata may record deposition along wave dominated delta fronts.  

Unlike the river-dominated and tidally influenced Loyd delta, deltas in lower Sego 

equivalent strata (S1–S4) appear to be more tidally influenced (see Figure 15 in Burton et 

al. 2016) and are therefore are more similar to those found in the Anchor Mine Tongue-

upper Sego.  Lower Sego deltas typically have delta fronts dominated by ripple cross 

laminated to trough crossbedded sandstone and flaser bedding, similar to deltas described 

in the study area.  The exception to this are the tidal barforms of FA-III, sometimes referred 

to as tidally influenced mouth bars (Painter et al. 2013), found at the top of the lower Sego 

(S4).  These barforms, composed of small to large-scale trough cross-stratified sandstone 

with common mud drapes and mud rip-up clasts and sigmoidal bedding, are not found in 

the Anchor Mine Tongue-upper Sego, although they are found to underlie the Anchor Mine 

Tongue at the top pf the lower Sego (S4).  Because of their relatively large size and large-

scale sedimentary structures and geometries it is possible that these types of barforms 

require higher energies or a confined setting such as an incised valley in order to form 

(Burton 2011).  The lack of these deposits in the Anchor Mine Tongue-upper Sego may 

indicate a predominantly unconfined system and/or overall lower energies.   
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Combining prior interpretations of the Loyd and lower Sego from the Rangely 

Anticline with data from this study the deltaic systems appear to have transitioned from 1) 

river-dominated and tidally influenced deltas of the Loyd deposited in an environment 

mostly protected from tides and waves to, 2) tidally influenced deltas of the lower Sego 

that may include tidal bars (mouth bars) deposited within incised valley systems or in high-

energy environments along the delta front along with wave-modified deltas and barrier 

island systems to, 3) deltas of the Anchor Mine Tongue-upper Sego that lack stacked tidal 

bars, show some evidence of river-flood dominance, are highly modified by tidal forces, 

and lack any evidence of  wave modification.  These Anchor Mine Tongue-upper Sego 

deltas were likely deposited predominantly in an unconfined system under lower energies. 

Comparative Analysis: Upper Sego Deltas (Book Cliffs) 

Deltas in the upper Sego in the Book Cliffs have also been interpreted as tide-

dominated deltas (Van Wagoner 1991, Willis and Gabel 2001, 2003).  Book Cliffs upper 

Sego deltas contain similar sedimentary structures to those in the Anchor Mine Tongue-

upper Sego in Rangely including: large and small scale trough cross stratification; 

sigmoids; flaser, wavy, and lenticular, bedding;  and abundant single and double mud 

drapes (Van Wagoner 1991, Willis 2000, Willlis and Gabel 2001, 2003).  The sigmoidal 

cross-stratified to trough cross-stratified sandstones with abundant mud drapes are 

interpreted as tidal bars (mouth bars) on the front of tide-dominated deltas (Willis and 

Gabel 2001).  Along the Rangely anticline these tidal bars are only found within the 

uppermost lower Sego (S4) and are not found within the Anchor Mine Tongue-upper Sego.  

In addition, the Sego in the Book Cliffs contains hummocky and swaley cross stratification 

that represent wave-modified sediments (Willis and Gabel 2001, 2003).  There is no 

evidence in the Anchor Mine Tongue-upper Sego of wave structures generated by storms.  
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This may be due to intense tidal reworking of sediments in the Rangely area, or indicate 

that coastline geometries were such that deltas were protected from waves but not tides 

along shorelines.  

The ichnologic suite in the Sego of the Book Cliffs is relatively undocumented 

except for evidence of abundant Ophiomorpha.  The Anchor Mine Tongue and upper Sego 

equivalent strata along the Rangely Anticline also have a high abundance of Ophiomorpha 

but also contain an additional 29 trace fossils.  In the Book Cliffs, the Anchor Mine interval 

is considered a transgressive succession containing tidal sandstones that may record 

increased tidal-current strength associated with changes in basin shape during a longer-

term transgression (Willis and Gabel 2001, 2003).   In Rangely, the Anchor Mine Tongue 

equivalent is expressed as a regionally extensive, thin marine shale (Burton et al. 2016).  

This study provides a new example of how combining sedimentology and 

ichnology in outcrop investigations can help to refine paleoenvironmental interpretations 

along a complex, tidally influenced coastline.  The investigation provides a 

paleoenvironmental reconstruction of the Anchor Mine Tongue–upper Sego interval and 

ties these detailed descriptions and interpretations to the sequence stratigraphic and 

biostratigraphic correlations of Burton et al. (2016) across the Uinta and Piceance Creek 

basins. This investigation ultimately helps to place the Anchor Mine Tongue and upper 

Sego equivalent strata along the Rangely Anticline into both a local and regional 

paleoenvironmental context. 

CONCLUSIONS 

The stratigraphy along the Rangely Anticline in the Piceance Creek basin of 

Colorado described herein is equivalent to the Anchor Mine Tongue and upper Sego (S5-

S7 of Burton et al. 2016).  Identified paleoenvironments include: tidally modified distal to 



 69 

proximal delta fronts, subaqueous tidal channels, interdistributary bays, tidal flats, small 

river-flood dominated deltas, distributary channels, floodplains, and a spring mound.  

Anchor Mine Tongue and upper Sego deposits overlie tidal bars at the top of the lower 

Sego (S4 of Burton et al. 2016) and record the evolution from shallow-marine to lower 

delta plain environments along a tidally influenced coastline.  Predominant sedimentary 

structures include combined flow ripples, trough cross-stratification, low angle planar 

lamination, mud drapes, mud rip-up clasts, and mud balls. These sedimentary structures 

are typical of a mixed fluvio-tidal deltaic system with a delta front significantly modified 

by tides.   

A total of 30 different trace fossils including 13 fully marine traces, 13 facies 

breaking traces, 1 purely freshwater trace, and 3 continental-terrestrial traces were 

identified.  The ichnologic assemblage helped refine paleoenvironmental interpretations 

and helped distinguish between: tidally modified delta fronts and river-dominated deltas, 

tidal channels and distributary channels, tidal flats and interdistributary bays, and marine 

mudstones and mud-rich paleosols. 

 Anchor Mine Tongue-upper Sego deltas differ from the older Loyd delta found 

stratigraphically lower along the Rangely Anticline because they exhibit less fluvial-flood 

dominance and more tidal influence, reflected in the relative abundance of combined flow 

ripple-laminated sandbodies with mud drapes, mud rip-up clasts and mud balls, and the 

relative lack of low-angle parallel laminated foresets found along delta fronts.  Anchor 

Mine Tongue-upper Sego deltas differ from the underlying lower Sego along the Rangely 

Anticline and also differ from equivalent Anchor Mine Tongue and upper Sego strata in 

the Book Cliffs because they do not contain stacked tidal bars or evidence of wave-

modified systems.  A total of 29 additional trace fossils not previously documented in 
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Anchor Mine Tongue-upper Sego strata of the Book Cliffs were identified in the Rangely 

area. 

Coastlines in the Rangely area during Anchor Mine Tongue-upper Sego deposition 

were likely rugose and apparently protected from waves but not tides, with some areas 

experiencing additional accommodation likely related to faulting or sediment loading.  This 

scenario provided an ideal environment for the development of this complex mixed fluvio-

tidal deltaic system.  
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Chapter 3: Reconstruction of the Anchor Mine Tongue to upper Sego 

interval in the Piceance Creek and Uinta Basins of Utah and Colorado 

ABSTRACT  

A sedimentologic-ichnologic investigation that focused on the Anchor Mine 

Tongue and upper Sego stratigraphy exposed along the Book Cliffs in the Uinta Basin of 

UT and CO, identified deposits that record a marine transgression and renewed 

progradation of tide-dominated deltas with wave-influence along the distal delta front.  

Strata are dominated by sandbodies containing combined flow ripples, trough cross-

stratification, symmetrical wave ripples, hummocks and swales, mud drapes, mud rip-up 

clasts, and mud balls. Paleoenvironments were adopted from Jones (Chapter 2) and 

required the addition of marine shelf, wave-modified proximal prodelta, and tidally 

influenced-wave modified distal delta front in the Book Cliffs region.  

Tusher Canyon, Floy Canyon, Sego Canyon through the Dragon Trail and toward 

the Rangely area are more proximal expressions during Anchor Mine Tongue time. The 

most proximal expression is the Dragon Trail section where the Anchor Mine Tongue is a 

coal. Distal expressions of the Anchor Mine Tongue can be seen in Harley Dome, Road to 

San Arroyo, Jim Canyon, and Coal Gulch. In most distal location, Coal Gulch, the Anchor 

Mine Tongue is expressed as wave-modified proximal prodelta, marine shelf, and tidally-

influenced, wave modified distal delta front. During upper Sego time, the Rangely area 

through Dragon Trail to Road to San Arroyo and into Tusher Canyon represent the more 

proximal expression of the upper Sego. The Rangely stratigraphy and the Road to San 

Arroyo are the most proximal expressions of the upper Sego with lower delta plain and 

associated distributary channels dominating the section. Jim Canyon and Coal Gulch are 

considered the more distal expression of the upper Sego which is dominated by distal delta 
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front deposits. The distribution and variation of paleoenvironments supports a northeast-

southwest trending shoreline.  

INTRODUCTION 

The Campanian  Sego Sandstone Member of the Mancos Shale Formation (Sego) 

is typically described from the Book Cliffs of the Uinta Basin (Van Wagoner 1991; 

Yoshida et al. 1996; McLaurin and Steel 2000; Willis 2000; Miall and Arush 2001; Willis 

and Gabel 2001, 2003; Hettinger and Kirschbaum 2003) and is interpreted as combined 

tide- and wave-modified deposits found within a clastic wedge that prograded into the 

Cretaceous Western Interior Seaway (CWIS) from the Sevier Orogenic Belt to the west 

(Van Wagoner 1991; Yoshida et al. 1996; McLaurin and Steel 2000; Willis 2000; Miall 

and Arush 2001; Willis and Gabel 2001, 2003; Hettinger and Kirschbaum 2003).  In the 

Book Cliffs, the Sego is typically divided into lower and upper sands-rich units (lower and 

upper Sego), separated by the finer-grained Anchor Mine Tongue of the Mancos Shale 

(Anchor Mine Tongue) (Young 1955; Van Wagoner 1991; Willis and Gabel 2003; Legler 

et al. 2014).  Recently, outcrops containing lower Sego, Anchor Mine Tongue, and upper 

Sego equivalent stratigraphy have been identified 100 miles northeast of Green River, Utah 

along the Rangely Anticline in the Piceance Creek Basin near Rangely, Colorado (York et 

al. 2011; Painter et al. 2013; Burton et al. 2016, Jones Chapter 2).  A recently developed 

sequence stratigraphic and biostratigraphic framework by Burton et al. (2016) correlates 

Sego strata along the Rangely Anticline to those in the Book Cliffs.  A regional comparison 

can now be made between Sego strata in the Book Cliffs and those along the Rangely 

Anticline to explore local and regional trends in paleoenvironments and depositional 

controls along this complex, Campanian coastline.   
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  Chapter 2 of this thesis describes the Anchor Mine Tongue and upper Sego 

equivalent along the Rangely Anticline.  I interpret this interval to record the progradation 

of a mixed fluvio-tidal deltaic coastal system with environments that include tidally 

influenced distal and proximal delta front, subaqueous tidal channels and tidal flats, 

interdistributary bays and small river-dominated deltas. With the updated regional 

correlation of Burton et al. (2016) the next logical step is to compare deposits of the Anchor 

Mine Tongue and transition into the Upper Sego in Rangely and the Book Cliffs to provide 

academia and industry with a truly regional paleoenvironmental model that bridges the gap 

between the Uinta and Piceance Creek basins during Anchor Mine-Upper Sego time.  

Although Burton et al. (2016) discuss the regional distribution of four sequences of the 

lower Sego (S1-S4) and three sequences of the upper Sego (S5-S7), little attention is paid 

to the Anchor Mine Tongue flooding event overlying the lower Sego sequences, and the 

transition from the Anchor Mine into the upper Sego. Investigating the regional distribution 

of paleoenvironments within this interval should expose the lateral and temporal variability 

in paleoenvironments, and reveal probable shoreline trajectories. In addition this 

comparison will provide a better understanding of regional vs. local processes that may 

control the resultant stratigraphy during this time period.  The purpose of this study is 

therefore to: 1) identify paleoenvironments within the Anchor Mine Tongue and transition 

into the upper Sego at select locations in the Book Cliffs, 2) compare these with equivalent 

stratigraphy detailed by Jones (Chapter 2) in Rangely, Colorado, and 3) compare the 

distribution of paleoenvironments along a transect from the Uinta into the Piceance Creek 

basins and develop a regional model of paleoenvironmental development and shoreline 

trends-trajectories. 
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REGIONAL STRATIGRAPHY 

The Upper Cretaceous Mesaverde Group is exposed in the Uinta Basin of Utah and 

the Piceance Basin of Colorado (Fig. 3.1).  During the Campanian, clastic wedges derived 

from the Sevier orogenic belt episodically prograded eastward toward the western margin 

of the CWIS (Young 1955; Fourch et al. 1983; Van Wagoner 1991, 1995; Olsen et al. 1995; 

Kirschbaum and Hettinger 1998; McLaurin and Steel 2000; Willis 2000; Willis and Gabel 

2001, 2003; Aschoff and Steel 2011a).  The Sego is one of these clastic wedges that overlies 

the Castlegate Sandstone, Buck Tongue of the Mancos Shale, and in the Piceance Creek 

Basin, the Loyd Formation.  In the Book Cliffs, the Sego is divided into lower and upper 

sand-rich intervals separated by the transgressive Anchor Mine Tongue interval (Fisher 

1936; Erdmann 1934; Young 1955; Fourch et al. 1983; Van Wagoner 1991, 1995; Olsen 

et al. 1995; Kirschbaum and Hettinger 1998; McLaurin and Steel 2000; Willis 2000; Willis 

and Gabel 2001, 2003).  Willis and Gabel (2001) interpret the lower Sego to record episodic 

progradation and transgression of tide-dominated deltas.  The Anchor Mine Tongue is a 

poorly documented, overlying transgressional unit that contains finer-grained deposits with 

interbedded sands (Willis and Gabel 2001) and in the Uinta Basin it is considered a marine 

flooding surface (Young 1955; Van Wagoner 1991; Willis and Gabel 2003; Legler et al. 

2014).  In the Piceance Creek Basin, the Anchor Mine Tongue comprises interdistributary 

bays, tidal flats, and tidally influenced distal delta front deposits (Jones Chapter 2). The top 

of the Anchor Mine tongue and base of the upper Sego can be gradational and are therefore 

also poorly defined in the Uinta Basin.  The upper Sego and the overlying Neslen Fm in 

the Uinta Basin are interpreted to record renewed progradation of tide-dominated deltas 

and coastal plains (Hettinger and Kirschbaum 2003; Kirschbaum and Hettinger 2004; 

Willis and Gabel 2001, 2003; Legler et al. 2014; Burton et al. 2016).  In the Piceance Basin 

the upper Sego equivalent stratigraphy comprises subaqueous tidal channels and associated 
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tidal flats, tidally influenced proximal delta front, interdistributary bays, and river-

dominated deltas (Jones Chapter 2). The lower delta plain comprises levee-splay and lake-

pond deposits, swamps, and paleosols (Jones Chapter 2). The stratigraphy records the 

eventual progradation of the lower delta plain over shallow-marine environments (Jones 

Chapter 2). 

 

Figure 3.1: Map of the Book Cliffs and the Rangely area including the approximate 

trace of the Uinta and Piceance Creek Basins, Douglass Creek Arch, the location of all 

measured sections, and the location of the simplified cross section diagram (see Fig. 

3.2) constructed along a line from A-A'. 
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METHODS 

Seven stratigraphic successions (Fig. 3.2, Appendix B) were measured at select 

outcrop locations along the Book Cliffs of the Uinta Basin and one section was measured 

in the Dragon Trail Petroleum Field just north of the Douglas Creek Arch (Fig. 3.2).  

Measured section locations were chosen in order to investigate the variability in 

paleoenvironments in the Anchor Mine Tongue to upper Sego interval both along strike 

and along dip, and ultimately to try to identify the most proximal and most distal deposits 

in the Anchor Mine Tongue interval.  Measured sections were started at 3-20 m below the 

top of a regionally recognizable sandstone-rich interval identified as the lower Sego.  

Measured sections were typically terminated within a continental facies stratigraphically 

above the top of the regionally recognizable sandstone-rich interval identified as the upper 

Sego.  The goal was to measure from the top of the Lower Sego, through the Anchor Mine 

Tongue, and into and potentially through the upper Sego.  Adobe Illustrator was used to 

draft measured sections which include grain size, sedimentary structures, contacts, key 

surfaces, ichnology, flora, and fauna. High-resolution images were recorded using 

GigaPan photopanorma technology.  These photopanoramas were sutured into 

photomosaics using GigaPan-EXF Stitch software.  Photomosaics were used to correlate 

measured sections and identify sandbody-shale geometries and stacking patterns to place 

individual outcrop photos and stratigraphic columns within a larger-scale architectural 

framework.  All trace fossils were identified and used to clarify paleosalinities, 

sedimentation rate, and depositional energy in order to refine paleoenvironmental 

interpretations. 
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Figure 3.2: Generalized measured stratigraphic successions of the Sego and Anchor Mine Tongue strata exposed along the Book Cliffs, with corresponding 

interpreted depositional environments. Figure includes outcrop coordinates and stiances between outcrops. See figure 3.1 for the location of measured 

sections and transect. T1 and T2 correspond to figure 3.11 
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FACIES ANALYSIS 

Nineteen facies were identified in outcrops along the Book Cliffs, UT and CO 

(Table 3.1).  A facies scheme developed by Jones (Chapter 2) was chosen as a baseline to 

which four additional facies were added that were not found along the Rangely Anticline.  

This method was chosen because the bulk of the facies in the Book Cliffs are also found in 

the Rangely area.  The additional facies found in the Anchor Mine Tongue-upper Sego 

interval in the Book Cliffs but not along the Rangely Anticline (Facies with an asterisk in 

Table 3.1) include: symmetrical ripple cross-laminated siltstone-mudstone (F-16); 

symmetrical ripple cross-laminated very-fine to fine-grained sandstone (F-17); hummocky 

to swaley cross-stratified very-fine to fine-grained sandstone (F-18); and herringbone 

cross-stratified fine-grained sandstone (F-19).  One facies (F-4a) was modified from Jones 

(Chapter 2) to include planar laminations found within the siltstone in the Book Cliffs.  

Facies are grouped into thirteen facies associations (FA). The facies association scheme 

developed by Jones (Chapter 2) for the Rangely area was also chosen as a baseline to which 

three additional facies associations were added (Table 2) that include: Marine Shelf (FA-

XI), Wave Modified Proximal Prodelta (FA-XII), and Tidally Influenced, Wave-Modified 

Distal Delta Front (FA-XIII), also noted with an asterisk in Table 3.2. Trace fossils were 

grouped based on dominant salinity and are present in Table 3.3.  
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Table 3.1: Facies of the Sego and Anchor Mine Tongue in the Book Cliffs, Utah. 

The facies scheme was adopted from Jones (Chapter 2) and those with an asterisk 

are new to the study area. 
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FA Facies Association 

  
FA-I Tidally Modified Distal Delta Front 

FA-II  Tidally Modified Proximal Delta Front 

FA-III Tidal Barforms 

FA-IV Subaqueous Tidal Channel 

FA-V River-Flood Dominated Delta 

FA-VI  Interdistributary Bay 

FA-VII  Tidal Flats 

FA-VIII  Distributary Channel 

FA-IX Floodplain on Lower Delta Plain 

       FA-IXa Levee-Splay 

       FA-IXb Lake-Pond 

       FA-IXc Swamp 

       FA-IXd Paleosol 

FA-X Spring Mound 

*FA-XI Marine Shelf 

*FA-XII  Wave Modified Proximal Prodelta 

*FA-XIII Tidally Influenced, Wave-Modified Distal Delta Front 

Table 3.2: Faices associations (environments of deposition) of the Sego and the 

Anchor Mine Tongue in the Book Cliffs, Utah. Facies associations are adopted 

from Jones (Chapter 2) and those with an asterisk are new to the study area. 
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REGIONAL PALEOENVIRONMENTAL DISTRIBUTION  

The Anchor Mine Tongue along the Book Cliffs transect is defined as a regional 

flooding event (Kirschbaum and Hettinger 2003).  The goal of this investigation was to: 1) 

identify the top of the lower Sego; 2) define the base, top, and thickness of the Anchor 

Mine Tongue; 3) define the transition between the top of the Anchor Mine Tongue and 

base of the upper Sego; 4) identify the paleoenvironments within the entire interval.  The 

base of a sharp to erosionally based, coarsening upward succession was commonly 

identified as the top of the Anchor Mine Tongue and base of the upper Sego.  At some 

localities (Tusher Canyon, Jim Canyon, and Coal Gulch), the transition from the Anchor 

Mine Tongue into the upper Sego is transitional-gradational which made it more difficult 

to identify.  A general increase in sand content and a decrease in marine trace fossils above 

Dominant Salinity Trace fossils 

Marine Asterosoma, Bergaueria, Chondrites, 

Crossopodia, Diplocraterion, Helminthopsis, 

Macaronichnus, Margaritichnus, Nereites, 

Ophiomorpha, Phoebichnus, Phycodes, 

Phycosiphon, Rhizocorallium, 

Schaubcylindrichnus, Teichichnus, 

Teredolies, Thalassinoides, Zoophycos 

Marine, Brackish, or Freshwater Arenicolites, Conichnus, Cylindrichnus, 

Escape Structures, Lockeia, Palaeophycus, 

Piscichnus, Planolites, Sagittichnus, Scolicia, 

Skolithos, Taenidium  

Continental Rhizoliths 

Table 3.3: Dominant salinities of trace fossils found in the Sego and the Anchor 

Mine Tongue in the Book Cliffs, Utah 
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paleoenvironments that were interpreted to represent the deepest deposits signified the top 

of the Anchor Mine Tongue and base of the upper Sego at these locations. One additional 

locality, Dragon Trail, was included in this study because it provides a window between 

both the Rangely stratigraphy and the Book Cliffs stratigraphy. It is located 53 km northeast 

of Jim Canyon and 28 km south of the town of Rangely, CO in the Piceance Creek Basin 

(Fig. 1) just north of the Douglas Creek Arch. At Harley Dome, the base of the upper Sego 

was identified as an erosionally based, fining upward succession with increased sand 

content. 

Tusher Canyon 

Description 

The top 3m of the lower Sego at Tusher Canyon (Fig. 3.2, Appendix B) is 

dominated by small-scale trough cross stratified sandstone (10-30 cm thick crossbed sets) 

with abundant mud rip-ups and mud drapes (F-13).  The Anchor Mine Tongue is 3.4 m 

thick and contains a 3m thick coarsening-upward succession which passes from flaser, 

wavy, lenticular bedding (F-5) into combined flow ripple cross-laminated sandstone (F-

11) (Fig. 3) with abundant mud drapes, double mud drapes, and mud rip ups, and F-13, and 

low-angle planar-laminated sandstone (F-8) (Fig. 3.3).  Two separate mud lags are found 

within the first coarsening upward succession, one at the base of a 1.1 m erosionally based 

bedset of F-13 and the other is at the base of F-8.  Ophiomorpha (Op), Palaeophycos (Pa), 

and Planolites (Pl) are rare.  The section continues upward into the base of the upper Sego 

which consists of a 3.1m coarsening upward succession.  Overlying this are a series of 

interbedded bedsets of structureless mudstone (F-3a), structureless siltstone (F-4a), flaser, 

wavy, lenticular bedded siltstone-mudstone (F-5), and structureless to current or combined 

flow ripple cross-laminated sandstone (F-6a).  This succession passes into two, ~2m thick 
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fining upward successions containing F-11 and F-5 overlain by 2-3m thick bedsets of 

interbedded structureless mudstone (F-3a) and F-11, and an ~8m thick deposit of F-4a with 

rare, thin (<5cm) sandstone lenses and rare Pl.   Capping the section is an erosionally based, 

90cm thick deposit of F-13 with a basal mud lag and no trace fossils. 

Interpretation  

The lower Sego at Tusher Canyon contains tidally influenced proximal delta front 

(FA-II) and tidal barforms (FA-III).  The base of the Anchor Mine Tongue was determined 

by the appearance of a carbonaceous siltstone overlying what is interpreted as tidal 

barforms.  This carbonaceous siltstone is interpreted as a tidally modified distal delta front, 

indicating a flooding event.  The Anchor Mine Tongue comprises tidally modified distal 

(FA-I) and proximal (FA-II) delta front with subaqueous tidal channels (FA-IV), identified 

by the basal mud lags. The base of the upper Sego is identified by a second coarsening 

upward succession which overlies an erosion surface (Fig. 3.2, Appendix B at 6.4m).  The 

upper Sego consists of tidally modified distal (FA-I) and proximal (FA-II) delta front, tidal 

channels (FA-IV) and tidal flats (FA-VII).  This passes into the 8m thick siltstone which is 

interpreted as an interdistributary bay (FA-VI).  Distributary channels (FA-VIII) and 

associated floodplain (FA-IX) cap the section. 
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Figure 3.3: Images corresponding to exposed outcrop at Tusher Canyon. A. Outcrop image of tidally 

influenced proximal delta front (FA-II) dominated by combined flow ripples (F-11) with figure 3.3B 

highlighted. B. Close up image of combined flow ripples with mud drapes (F-11). C. Outcrop image of 

tidally influenced proximal delta front (FA-II), tidal flats (FA-VII) and a subaqueous tidal channel (FA-

IV) with figure 3D highlighted. D. Flaser, wavy, and lenticular bedding (F-5) in FA-VII and low-angle 

planar-lamination (F-8) in FA-II. Shovel (50 cm long) for scale. Pocket knife (9 cm long) for scale. 
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Floy Canyon 

Description  

The top of the lower Sego at Floy Canyon (Fig. 3.4, Appendix B) is dominated by 

low-angle planar-laminated (F-8) and sigmoidally bedded (F-9) sandstone with 

interbedded combined ripple cross-laminated (F-11) and small-scale trough cross-stratified 

(F-13) sandstone. Mud drapes, double mud drapes, carbonaceous wood-plant fragments 

and an oyster lag (Fig. 3.4D) are common.  Trace fossils include Arenicolites (Ar), 

Crossopodia (Cr), Cylindrichnus (Cy), Diplocraterion (Di), Helminthopsis (He), 

Margaritichnus (Mr), Op, Phycodes (Ph), and Skolithos (Sk).  The Anchor Mine Tongue 

is 8.5 m thick and contains ~5m of interbedded current ripple cross-laminated sandstone 

(F-10a), combined flow ripple cross-laminated sandstone (F-11), small scale trough cross 

stratified sandstone (F-13), rare oyster lags (F-14) and ~3m of flaser, wavy, and lenticular 

bedding (F-5).  Mud drapes, mud balls, double mud drapes, and wood and plant fragments 

are abundant while soft sediment deformation is rare.  Trace fossils within the Anchor Mine 

Tongue include Asterosoma (As), Ar, Bergaueria (Be), Conichnus (Co), Cy, He, Lockeia 

(Lo), Op, Piscichnus (Pi), Pl, Ph, Rosselia (Ro), Rhizocorallium (Rh), Sk, Teichichnus (Te), 

and Thalassinoides (Th).  An erosionally based sandbody truncates the Anchor Mine 

Tongue, signifies the basal upper Sego, and contains 6.2 m bedsets of F-13 with abundant 

mud drapes and mud rip-up clasts.  
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Figure 3.4: Outcrop images corresponding to exposed outcrop at Floy Canyon. 

A. Wide-angle outcrop image showing lower Sego, Anchor Mine Tongue, and 

upper Sego with figure 3.4B highlighted. B. Outcrop image of FA-II, FA-IV, 

FA-VII of the Anchor Mine and FA-III of the Upper Sego with figure 3.4C 

highlighted. C. Close up image of FA-II, FA-IV, FA-II, and DA-VII with 4D. D. 

Oyster (Oy) lag F-14 at the base of FA-IV. E. Conichnus (Co); Cylindrichnus 

(Cy); Helminthopsis (He); Planolites (Pl); Teichichnus (Te). Shovel (50cm long) 

for scale. Knife (9cm long) for scale. Camera lens (6cm in diameter) for scale. 
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Interpretation 

The lower Sego is interpreted as tidal barforms (FA-III) and tidally modified 

proximal delta front deposits (FA-II).  The Anchor Mine Tongue comprises tidally 

modified proximal delta front (FA-II), subaqueous tidal channels (FA-IV), and a relatively 

thick (3m) succession of tidal flats (FA-VII).  The base of the Anchor Mine Tongue is 

gradational and was identified by an increase in mud content and a higher diversity marine 

trace fossil assemblage.  The base of the upper Sego was identified by the erosionally 

based, large scale trough cross-stratified sandbodies which incise into the underlying tidal 

flats.  These sandbodies are interpreted as tidal barforms of FA-III, suggesting renewed 

progradation of tidally influenced deltas within the upper Sego. 

Sego Canyon 

Description 

The uppermost 5m of lower Sego at Sego Canyon (Fig. 3.2, Appendix B) comprises 

a coarsening upward succession of fine-grained structureless to current or combined flow 

ripple cross-laminated sandstone (F-6a), low-angle planar-laminated sandstone (F-8), and 

small to large scale trough cross stratified sandstones (F-13).  Trace fossils include Ar, Esc, 

Op, Pa, Pl, Schaubcylindrichnus (Sch), Sk, and Th.  The Anchor Mine Tongue is thicker in 

this locality at  21.5 m thick and contains three coarsening upward successions from 

structureless mudstone (F-3a) to current ripple cross-laminated sandstone with abundant 

mud drapes and common mud rip-ups (F-10), and small to large scale trough cross stratified 

sandstones with common single and double mud drapes, mud rip-ups, and mud balls (F-

13).  Mud drapes, double mud drapes, mud balls and carbonaceous material are common.  

An 8.5m thick package, within the Anchor Mine Tongue, comprising multiple fining 
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upward successions containing combined flow ripple cross-laminated sandstone with 

abundant mud drapes and common mud rip-ups (F-11); F-13; herringbone cross-stratified 

sandstone (F-19) (Fig. 3.5); and flaser, wavy, and lenticular bedding (F-5) overlies the 

coarsening upward successions.  Interbedded F-3a and F-11 cap the Anchor Mine Tongue. 

Trace fossils include Ar, Op, Pa, Pl, Sch, Te, and Th. The base of the upper Sego contains 

structureless F-6a with rare mud rip-ups.   

Interpretation 

The lower Sego is interpreted as tidally influenced proximal delta front (FA-II) and 

tidal barforms (FA-III).  The Anchor Mine Tongue comprises three coarsening upward 

successions which represent tidally modified distal delta front (FA-I), tidally modified 

proximal delta front (FA-II) and stacked tidal barforms (FA-III).  Overlying FA-III are 

subaqueous tidal channels (FA-IV) and associated tidal flats (FA-VII) within the proximal 

delta front FA-II.  The base of the Anchor Mine Tongue represents a flooding event which 

is expressed as tidally modified distal delta front (FA-I) overlying the tidal barforms (FA-

III) of the lower Sego.  The top of the Anchor Mine and base of the upper Sego was 

identified by a 6m thick sandbody containing structureless sandstone.  The basal upper 

Sego is interpreted as tidal barforms (FA-III). The base of the upper Sego was chosen here 

and not at the base of stratigraphically lower coarsening upward sequences because the 

Anchor Mine Tongue near this area is known to harbor coarsening upward successions 

before transitioning into the upper Sego (Willis and Gabel 2003). 
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Harley Dome 

Description 

The basal ~7.5 m of the Harley Dome section (Fig. 3.2, Appendix B), which is 

interpreted as lower Sego, contains small to large scale trough cross stratified sandstone 

(F-13) and current ripple cross-laminated sandstone (F-10) with common mud drapes, mud 

rip-ups and rare mud balls, double mud drapes, and mud lags.  The trace fossil Op up to 

30cm long and up to 4cm wide are only found at the top of the lower Sego.  The Anchor 

Figure 3.5: Outcrop images corresponding to exposed outcrop within Sego 

Canyon A. Close up image of mud drapes (MD) and mud rip-ups (MRu) within 

trough cross-stratified sandstone (St, F-13). B. Large scale trough cross-

stratification (St, F-13) within FA-IV. C. Outcrop image showing stacked FA-IV 

with figure 3.5D. D. Close up of herringbone cross-stratification within FA-IV 
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Mine Tongue is 7m thick and contains abundant flaser, wavy, and lenticular bedded 

siltstone-mudstone (F-5) with interbedded F-10 and structureless to current or combined 

flow-ripple cross laminated sandstone (F-6a).  Trace fossils include Cy, Op, Sk, and Th.  

Upper Sego includes 0.4-3m bedsets of hummocky to swaley cross-stratified sandstone (F-

18) with abundant mud drapes, and mud rip-up clasts.  These fine or coarsen upward into 

beds of F-13, F-6a, or F-10.  Two coarsening upward successions near the top of the Harley 

Dome section contain sigmoidal bedded sandstones (F-9) herringbone cross-stratified 

sandstone (F-19), F-13, and F-10.  Trace fossils in this part of the upper Sego include Ar, 

Be, Co, Cy, Lo, Pl, Sk, Sch, and Th.  The top of the measured section at Harley Dome lacks 

trace fossils and contains relatively thin (<5cm) coal F-1 with carbonaceous shale (F-2), 

structureless to current or combined flow ripple cross-laminated or planar laminated 

siltstone (F-4a), and F-6a.  A ~2m thick sandstone containing F-6a, F-13 and lacking trace 

fossils caps the Harley Dome succession. 

Interpretation 

The lower Sego at Harley Dome records tidal barforms (FA-III).  The base of the 

Anchor Mine Tongue was identified by a 1.2m carbonaceous siltstone with wood 

fragments interpreted as tidally modified distal delta front (FA-I) overlying the tidal 

barforms of the lower Sego.  The Anchor Mine Tongue is composed of tidally modified 

distal delta front (FA-I) with subaqueous tidal channels (FA-IV) and a tidally influenced, 

wave-modified distal delta front (FA-XIII). The transition from the Anchor Mine Tongue 

to the upper Sego was identified as the base of a fining upward succession which has a 

higher sand content and more mud drapes, mud rip-ups, and mud balls than the underlying 

facies.  The upper Sego comprises tidally influenced, wave-modified distal delta front (FA-

XIII) and subaqueous tidal channels (FA-IV) which pass into tidal barforms (FA-III).  The 
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progradation of the lower delta plain over shallow marine deposits is expressed as lake-

pond (FA-IXb), a swamp (FA-IXc), and distributary channels (FA-VIII).   

Road to San Arroyo 

Description  

Approximately 27.5m of the lower Sego was measured within the Road to San 

Arroyo section (Appendix B).  The base of the lower Sego comprises a 17m coarsening 

upward succession containing low-angle planar-laminated sandstone (F-8), combined flow 

ripple cross-laminated sandstone (F-11), and small scale trough cross stratified sandstone 

(F-13).  Mud drapes and mud rip-ups are common and rare but large, up to 7cm in diameter, 

mud balls are present (Fig. 3.6).  Overlying this interval is carbonaceous shale (F-2), and 

structureless mudstone (F-3a) which passes into structureless to current or combined flow 

ripple cross-laminated sandstone (F-6a). Trace fossils include Ar, Be, Co, Cr, Di, Esc, Lo, 

Op, Pa, Pl, Ro, Te, and Th.  The Anchor Mine Tongue is 12m thick and contains 

structureless siltstone (F-4a) and hummocky to swaley cross-stratified sandstone (F-18) 

which passes upward into F-6a, F-8, and F-13 with abundant mud rip-ups, mud drapes, and 

rare mud balls. Trace fossils include rare Cy and common Op.  The upper Sego is 

erosionally based and initially coarsens upward in bedsets of F-13 and multiple beds 

(~0.5m to 1.5m thick) of F-3b interbedded with F-6a. Sands contain, Be, Cy, Op, Pl, and 

Th.  Rhizoliths (Rz) are found within mudstones that separate the sandier intervals.    
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Figure 3.6: Outcrop images corresponding to exposed outcrop within San Arroyo 

Canyon. A. Large scale outcrop image of FA-IV with figure 3.6B. B. Thick (1-3cm) 

mud drapes (MD) and mud rip ups (MRu) within small-scale trough cross stratified 

sandstone (F-13). C. Close up image of mud balls (MB) within combined flow rippled 

cross-laminated sandstone (F-11) D. Mud lag at the base of FA-IV in F-13. E. Thick 

(1-2cm) mud drapes (MD) on trough cross-stratified sandstones (St, F-13). F. Close 

up of mud draped (MD) combined flow ripple cross-laminated sandstones (F-11). 
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Interpretation 

The lower Sego is interpreted to contain two stacked progradational sequences of 

tidally modified distal and proximal delta front (FA-I and FA-II) with tidal barforms (FA-

III) and rare subaqueous tidal channels (FA-IV). The base of the Anchor Mine Tongue was 

identified by a structureless siltstone interpreted as wave-modified proximal prodelta that 

overlies the lower Sego tidal barforms representing a transgression.   The Anchor Mine 

Tongue contains this wave-modified proximal prodelta (FA-XII) that grades into a tidally-

influenced, wave-modified distal delta front (FA-XIII) and tidally influenced proximal 

delta front (FA-II) with stacked subaqueous tidal channels (FA-IV) and associated tidal 

flats (FA-VII) that cap the interval.  The upper Sego contains relatively small (3.5m thick) 

tidal barforms that are overlain by lower delta plain deposits (FA-XI) with rare FA-IV.  

The base of the upper Sego was identified by the erosionally based, coarsening upward 

succession interpreted to record tidal barforms. 

Jim Canyon 

Description 

The basal ~2.5m of Jim Canyon (Figs. 3.7, 3.8, Appendix B) represents the lower 

Sego which contains low-angle planar-laminated sandstone (F-8) and small scale trough 

cross stratified sandstone (F-13), all with rare mud drapes.  Trace fossils include Ar, Cy, 

Nereites (Ne), Op, Taenidium (Ta), Te, and Zoophycos (Zo).  The Anchor Mine Tongue is 

12m thick and contains abundant flaser, wavy, and lenticular bedded siltstone-mudstone 

(F-5), interbedded with hummocky to swaley cross-stratified sandstone (F-18), 

structureless to current or combined flow ripple cross-laminated sandstone (F-6a), F-8, F-

13, and symmetrical ripple cross-laminated sandstone (F-17) with abundant mud drapes, 

double mud drapes, and carbonaceous material.  Trace fossils include As, Be, Cy, Di, Esc, 
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He, Lo, Macaronichnus (Ma), Op, Pl, Ph, Ro, Sagittichnus (Sa), Sch, Te, and Th.  The 

upper Sego contains erosionally based, fining upward successions of F-13 and structureless 

mudstone (F-3a).  Mud rip-ups are abundant but mud drapes, double mud drapes, and mud 

balls (longest axis 9cm) are rare.  A slump is found within the upper Sego comprising 

hummocky to swaley cross-stratified sandstone (F-18) with soft sediment deformation.  

Overlying the slump, there are erosionally based bedsets of F-13.  The lower bedset has 

Op and abundant wood fragments along with double mud drapes.  The second erosionally 

based bedset contains large scale F-13 and has Teredolites (Td) at the base. 

Interpretation 

The lower Sego is interpreted as tidally modified proximal delta front (FA-II) and 

tidal barforms (FA-III).  The Anchor Mine Tongue comprises tidally-influenced, wave-

modified distal delta front (FA-XIII) and tidally modified proximal delta front.  The base 

of the Anchor Mine Tongue was identified by a structureless mudstone overlying the small-

scale trough cross stratification within the lower Sego tidal barforms.  The structureless 

mudstone is interpreted to represent part of the wave-modified distal delta front and thus 

represents a flooding event.  The upper Sego contains wave-modified distal delta front (FA-

XIII) and tidal channels (FA-IV) along with overlying distributary channels (FA-VIII). The 

base of the upper Sego is identified by a basal mud lag within a coarse-grained tidal 

channel. 
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Figure 3.7: Interpreted photomosaic of the Jim Canyon outcrop belt with FA-II, FA-XII, FA-IV, and FA-VIII 
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Figure 3.8: Detailed outcrop images from Jim Canyon. A. Outcrop image of FA-XIII overlain 

by FA-IV with a mud lag at the base and figure 3.8B. B. Detailed close up of a mud lag full of 

mud rip-ups (MRu) at the base of FA-IV. C. Close up image of a Cretaceous slump found 

within FA-XIII. D. Close up image of double mud drape (DMD) and Teredolites (Td). E. 

Close up image of mud ball. F. Outcrop image of swaley cross stratification (F-18) Shovel 

(50cm long) for scale. Pocket knife (9cm long) for scale. 
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Coal Gulch 

Description 

The lower Sego at Coal Gulch (Fig. 3.9, Appendix B) is dominated by structureless 

(F-3a), symmetrical ripple cross-laminated sandstone (F-17), and hummocky to swaley 

cross-stratified sandstone (F-18).  Combined flow ripple cross-laminated sandstone with 

abundant mud drapes, common mud rip-ups, and rare mud balls (F-11) is rare.  There is 

abundant carbonaceous material in the form of plant and leaf fragments.  The lower Sego 

contains As, Co, Cy, He, Ma, Op, Pa, Ph, Pl, Phoebichnus (Po), Scolicia (Sc), Sk, Te, and 

Th.  The Anchor Mine 33.8m thick and consists of a series (15m thick) of coarsening 

upward successions (0.6-2m thick) from symmetrical ripple cross-laminated siltstone-

mudstone (F-16) to F-17 and F-18.  Overlying these coarsening upward successions is a 

~3.5m thick, structureless carbonaceous siltstone (F-4a). A second series (15m) of 

coarsening upward successions (1.5-6.5m thick) of interbedded F-16, F-18 and rare F-11 

is found overlying the ~3.5m thick siltstone.  The sandier intervals have abundant single 

and double mud drapes.  The trace fossil assemblage is similar to the underlying coarsening 

upward successions, however, there is a higher abundance of traces.   At 46.8m at Coal 

Gulch (Appendix B), the trace fossil assemblage becomes lower in abundance and 

diversity, and beds of F-11 interbedded with F-18 increase.  This interval coarsens upward 

into F-13 with abundant mud drapes, double mud drapes, and mud rip-ups which are highly 

organic.  Overlying this are structureless siltstone (F-4a), coal (F-1) and carbonaceous shale 

(F-2).  Structureless mudstone (F-3a) with thin (<0.05m) F-1 overlies the carbonaceous 

shale.  Overlying the muds is an incision surface at the base of a sandstone containing small 

to large scale trough cross-stratification (F-13). 
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Figure 3.9: Detailed outcrop images from Coal Gulch A. Wide-angle view of 

hummocky to swaley cross-stratification (F-18). B. Outcrop image of stacked FA-XIII 

with figure 3.9C. C. Close up image of mud draped swales and combined flow ripples 

and figure 3.9D. D. Double mud drapes (DMD) within thinner beds of combined flow 

ripples (F-11). Phycosiphon (Ph). Shovel (50cm long) for scale. Pocket knife (9cm 

long) for scale. 
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Interpretation 

The lower Sego contains a tidally influenced, wave-modified distal delta front (FA-

XIII) and wave-modified proximal prodelta (FA-XII) deposits.  This interval coarsens 

upward into tidally modified proximal delta front (FA-II) and subaqueous tidal channels 

(FA-IV).  The Anchor Mine Tongue is interpreted as wave-modified proximal prodelta 

(FA-XII) overlain by marine shelf (FA-XI). The second set of coarsening upward 

successions is interpreted as tidally-influenced, wave-modified distal delta front (FA-XIII).  

The base of the upper Sego is placed at the 46.8m where the trace fossil assemblage is of  

lower diversity, and lower abundance and F-11 increases, likely indicating less wave 

dominance and more fluvial-flood and tidal dominance.  The upper Sego contains tidally-

influenced, wave modified distal delta front (FA-XIII) at the base and coarsens upward 

into subaqueous tidal channels (FA-IV) and tidal flats (FA-VII).  Coals and mudstones are 

interpreted as lower delta plain (FA-IX) deposits that are overlain by a distributary channel 

(FA-VIII). Coal Gulch represents the most distal measured section within this study based 

on thick successions of FA-XII and FA-XIII. 

Dragon Trail 

Description 

The Dragon Trail section (Fig. 3.10, Appendix B) is located 53 km northeast of Jim 

Canyon and 28 km south of the town of Rangely, CO in the Piceance Creek Basin (Fig. 1) 

just north of the Douglas Creek Arch.  The lower Sego at Dragon Trail contains thin 

(0.05m) interbedded structureless mudstone (F-3a) and structureless to current or 

combined flow ripple cross laminated sandstone (F-6a), with rare small scale trough cross 

stratified sandstone (F-13), and flaser, wavy, and lenticular bedded siltstone-mudstone (F-

5).  The Anchor Mine Tongue is 0.56 m thick and contains structureless siltstone (F-4a) 



 100 

and coal (F-1).  The upper Sego contains abundant combined flow ripple cross-laminated 

sandstone (F-11) with abundant mud drapes, common mud rip-ups, and rare mud balls. F-

11 and F-13 with common F-5 is common in the upper Sego.  Trace fossils include Ar, Cy, 

Esc, Ma, Op, Sch, and Th. 

Interpretation 

The lower Sego contains tidal flats (FA-VII) and overlying subaqueous tidal 

channels (FA-IV).  The Anchor Mine Tongue is represented by a coal (FA-IXc, swamp) 

which suggests that the Dragon Trail location is the most proximal expression during 

Anchor Mine Tongue time (personal communication, Darrin Burton).  The upper Sego 

includes tidally influenced distal and proximal delta front (FA-I and FA-II), subaqueous 

tidal channels (FA-IV) with associated tidal flats (FA-VII) with a rare, thin (0.05m) FA-

IXc within tidal flats. 
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Figure 3.10: Detailed outcrop images from Coal Gulch A. Wide-angle view of 

hummocky to swaley cross-stratification (F-18). B. Outcrop image of stacked FA-XIII 

with figure 3.9C. C. Close up image of mud draped swales and combined flow ripples 

and figure 3.9D. D. Double mud drapes (DMD) within thinner beds of combined flow 

ripples (F-11). Phycosiphon (Ph). Shovel (50cm long) for scale. Pocket knife (9cm 

long) for scale. 
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DISCUSSION 

Comparative Spatial-Temporal Paleoenvironmental Analysis: Book Cliffs, UT to 

Rangely, CO 

Paleoenvironments and the stacking of those environments in the Anchor Mine Tongue 

and transition into the upper Sego are compared-contrasted in outcrops along a transect 

between the Book Cliffs, UT and the Rangely, CO Anticline.  This comparison is done in 

order to investigate the spatial variability of environments both along strike and along dip 

of what appears to have been a combined tidally-influenced and wave modified coastline.  

Shorelines during deposition of both the lower Sego and upper Sego are thought to have 

trended southwest-northeast (Willis and Gabel 2001; Burton et al. 2016).  Examining a 

transect from Tusher Canyon through Coal Gulch along the Book Cliffs, across the 

Douglas Creek Arch to the Rangely Anticline, and including the Dragon Trail Field 

locality provides insight to the variability of paleoenvironments along strike and along 

dip regionally.  

 The Anchor Mine Tongue in the Book Cliffs is dominated by wave-modified 

proximal prodelta (FA-XII), tidally influenced, wave-modified distal delta front (FA-

XIII), tidally influenced proximal delta front (FA-II), and subaqueous tidal channels (FA-

IV) with less common paleoenvironments including marine shelf (FA-XI), tidally 

influenced distal delta front (FA-I), tidal flats (FA-VII), and a swamp (FA-IXc) at the 

Dragon Trail.  The Anchor Mine Tongue generally thickens toward the east with the 

exception of Sego Canyon to Harley Dome.  Moving eastward from Sego Canyon to 

Harley Dome, the Anchor Mine Tongue thins (21.5 m at Sego Canyon to 7 m at Harley 

Dome, Appendix B) and gradually begins to thicken eastward again.  From west to east, 

paleoenvironments gradually become more wave-influenced.  No wave-influence was 

recorded in the Anchor Mine Tongue in Tusher Canyon, Floy Canyon, or Sego Canyon. 
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Paleoenvironments are dominated by tidally influenced distal and proximal delta front 

(FA-I and FA-II), subaqueous tidal channels (FA-IV) and associated tidal flats (FA-VII), 

along with tidal barforms (which are only present in Sego Canyon).  Moving eastward 

into Harley Dome and Road to San Arroyo, wave-influence on deposition was identified 

based on the presence of hummocky to swaley cross-stratification and/or lenticular 

bedding interbedded with thin (0.05m) symmetrical or currently rippled sands.  Wave 

influence continues to increase eastward into Jim Canyon and Coal Gulch.  The Anchor 

Mine Tongue there is dominated by wave-modified sedimentary structures such as 

hummocky to swaley cross stratification and symmetrical rippled silts and sands with 

paleoenvironments including tidally influenced, wave-modified distal delta front (FA-

XIII), wave-modified proximal prodelta (FA-XII), and marine shelf (FA-XI). Marine 

shelf is only found at Coal Gulch.   The presence of more distal paleoenvironments place 

Jim Canyon and Coal Gulch in the more distal position with Coal Gulch being the most 

distal during Anchor Mine Tongue time.  The more proximal paleoenvironments include 

tidal flats (FA-VII), tidal barforms (FA-III), and tidally influenced proximal delta front 

(FA-II) that dominate Tusher Canyon, Floy Canyon, and Sego Canyon, suggest that these 

locations were in a more proximal position.  The Anchor Mine Tongue interval at the 

Dragon Trail is only 0.56 m thick and represented by structureless siltstone and coal, 

making this the most proximal of all localities during Anchor Mine Tongue time.  

  In the Rangely area, the Anchor Mine Tongue is typically 0.4-4m thick and is 

dominated by tidally influenced distal delta front (FA-I), interdistributary bays (FA-VI), 

tidal flats (FA-VII), and rare lower delta plain deposits such as levee-splay and swamp 

(FA-IXa and FA-IXc) deposits (Jones Chapter 2).  There is no evidence of wave 

modification within the Anchor Mine Tongue in the Rangely area but there is evidence of 

river-flood influence, unlike in the Book Cliffs (Jones Chapter 2).   The presence of 
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interdistributary bays, tidal flats, and lower delta plain deposits in the Rangely area 

suggest these were in a more proximal position similar to Tusher Canyon, Floy Canyon, 

and Sego Canyon.  Paleoenvironmental variability along this transect support a generally 

northeast-southwest shoreline trajectory.   

Figure 3.11 at Time 1 (T1) presents a schematic paleoenvironmental 

reconstruction for the region near the interpreted maximum flooding surface during 

Anchor Mine Time.  T1 for Rangely was adopted from Jones (Chapter 2).  During T1, the 

Book Cliffs sections are more distal eastward, away from the inferred northeast-

southwest trending paleoshoreline with the Rangely area being in a more proximal 

position.  

The upper Sego interval in the Book Cliffs contains tidally influenced, wave-

modified distal delta front (FA-XIII), tidally influenced proximal delta front (FA-II), and 

subaqueous tidal channels (FA-IV), tidal flats (FA-VII), tidal barforms (FA-III), lower 

delta plain deposits (FA-XI), and distributary channels.  The upper Sego in Tusher 

Canyon is dominated by tidally influenced proximal delta front (FA-II) and subaqueous 

tidal channels (FA-II) with tidal flats (FA-VII).  Toward the east, Floy Canyon and Sego 

Canyon are dominated by tidal barforms (FA-III).  Harley Dome and Road to San Arroyo 

also exhibit tidal barforms (FA-III) deposits with the addition of tidal channels (FA-IV) 

and lower delta plain (FA-IX) deposits. Jim Canyon and Coal Gulch are dominated by 

tidally influenced, wave modified distal delta front (FA-XIII) which pass into subaqueous 

tidal channels (FA-IV), tidal flats (FA-VII), and eventually into distributary channels 

(FA-VIII) with associated lower delta plain (FA-IX) deposits.  From west to east, 

paleoenvironments again gradually become more wave-influenced.  No wave-influence 

was recorded in the upper Sego in Tusher Canyon, Floy Canyon, Sego Canyon, and Road 

to San Arroyo successions.  Wave influence increases toward Jim Canyon and Coal 
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Gulch. The presence of more distal paleoenvironments suggests that Jim Canyon and 

Coal Gulch were in the most distal position compared to other outcrops to the west.  In 

general, a west to east trend suggests the transition from more proximal areas (Tusher 

Canyon, Floy Canyon, Sego Canyon) to more distal areas (Harley Dome, Jim Canyon, 

Coal Gulch) along the paleoshoreline.  The exception to this is Road to San Arroyo 

Canyon which is dominated by lower delta plain (FA-IX) deposits.  Road to San Arroyo 

was therefore likely in the most proximal position compared to other Book Cliffs sections 

during upper Sego time, which suggests a high in that area (Hettinger and Kirschbaum 

2004).    

The upper Sego interval at the Dragon Trail is dominated by tidally influenced 

proximal delta front (FA-II), subaqueous tidal channels (FA-IV), and tidal flats (FA-VII).  

In the Rangely area, the upper Sego is typically dominated by tidally influenced proximal 

delta front (FA-II), subaqueous tidal channels (FA-IV), tidal flats (FA-VII), distributary 

channels (FA-VIII), and lower delta plain deposits (FA-IX). There is no evidence of 

wave modification within the upper Sego in the Rangely area but there is evidence of 

river-flood influence unlike in the Book Cliffs (Jones Chapter 2).  
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Figure 3.11 
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Figure 3.11: Paleoenvironmental reconstruction of the Book Cliffs, UT area during 

two select time intervals during the development of the stratigraphy, Time 1 (T1) and 

Time 2 (T2). See figure 3.2 for stratigraphic location of T1 and T2.  Figure includes 

T1) Schematic diagram and conceptual model of the Anchor Mine Tongue 

paleoenvironments that reflect the regional distribution of environments near the 

maximum flooding surface.   Diagram shows a proximal to distal transect of a tidally 

influenced, wave-modified delta complex including marine shelf; wave modified 

proximal delta front; tidally influenced, wave-dominated distal delta front; tidally 

modified distal and proximal delta front; subaqueous tidal channels; tidal barforms 

and tidal flats, distributary channels and floodplain deposits on the lower delta plain.  

T2. Schematic diagram and conceptual model of the Lower Sego approximately 6 

meters above the base of the Lower Sego. Diagram shows lower delta plain and flood 

plain deposits prograding over the prograding shallow-marine environments. 

Paleoenvironments between measured sections are inferred based on regional facies 

trends and stacking patterns. 
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The presence of tidally influenced proximal delta front (FA-II), tidal channels (FA-

IV), tidal flats (FA-VII) and lower delta plain deposits in the Rangely area and Dragon 

Trail during Anchor Mine Time suggest that these areas were in a more proximal position 

like Tusher Canyon, Floy Canyon, Sego Canyon, and San Arroyo. The Dragon Trail 

compared to the Rangely area was likely in a slightly more distal position due to the lack 

of lower delta plain (FA-IX) deposits and distributary channels.  The similarities and 

differences between the environments along the transect support a northeast-southwest 

shoreline trajectory with more proximal paleoenvironments near San Arroyo Canyon. 

Figure 11at Time 2 (T2) shows a schematic diagram picked ~6m above the base of the 

upper Sego (Fig. 3.2, Appendix B).  T2 for Rangely was adopted from Jones (Chapter 2).  

Time 2 represents the renewed progradation of the upper Sego tidally dominated deltas. In 

the Rangely area, this renewed progradation is expressed as lower delta plain deposits that 

ultimately prograded over the tidally-influenced shallow marine environments. 

Implications of Regional Evolutionary Paleoenvironmental Model 

The Anchor Mine Tongue and upper Sego of the Book Cliffs and of the Rangely, 

area has the potential to serve as an outcrop analogue for reservoir modelers to examine 

the heterogeneity, lateral and vertical variability in sandbody-shale geometries, and the 

sandbody connectivity within a predominantly tidally influenced system.  Predominant 

geometries found within the Book Cliffs and Rangely are tabular sandbodies expressed as 

proximal delta front, distal delta front, and marine shelf deposits and arcuate channel-forms 

encased in fine-grained intervals that include tidal channels and distributary channels.  

Tidal barforms, are present in the Book Cliffs but are not present in the Anchor Mine 

Tongue-upper Sego along the Rangely Anticline.  The finer-grained sediments encasing 

the channel forms, as well as the abundant muds draping these sands would act as a 
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barrier/baffle to flow between sands.  Based on the Book Cliffs measured stratigraphy tide-

dominated delta fronts and wave-dominated delta fronts may interfinger and transition into 

each other up and down dip (Fig. 3.11).  This adds to the overall complexity of the already 

intricate interfingering of geometries along a tidal-dominated or tidally-modified delta 

front (lobes of tidal barforms, arcuate channelforms of tidal channels, and sheets from 

tidally influenced and wave-modified delta front deposits).     

Willis and Gabel (2001) and Burton et al. (2016) describe and interpret the 

paleoshoreline as northeast-southwest trending during Anchor Mine Tongue and upper 

Sego time.  Evidence of a similar shoreline trajectory is apparent from the results of this 

study.  More proximal sections are found toward the west while more distal sections are 

found in the east of the study area, farther away from the trending shoreline.  The Rangely 

area is generally in a more proximal position compared to the majority of the Book Cliffs 

sections suggesting Rangely is closer to the paleoshoreline which trends northeast-

southwest.  The Dragon Trail section is crucial for comparing the Book Cliffs and the 

Rangely area because it provides a key, proximal data point between the two localities.  

Comparing this outcrop based study with the subsurface dominated study of Burton et al. 

(2016) has helped to further refine paleoenvironmental interpretations and provides a more 

detailed paleoenvironmental reconstruction for Anchor Mine Tongue and upper Sego time 

in the Uinta and Piceance Creek basins.  

CONCLUSIONS 

The Anchor Mine Tongue and upper Sego along the Book Cliffs in the Uinta and 

Piceance Creek basin of Utah and Colorado records a marine transgression followed by the 

renewed progradation of tide-dominated deltas.  Paleoenvironments were adopted from 

Jones (Chapter 2) with the addition of: marine shelf, wave-modified proximal prodelta, and 
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tidally influenced, wave-modified distal delta front.  Anchor Mine Tongue and upper Sego 

deposits overlie tidal bars at the top of the lower Sego.  Predominant sedimentary structures 

include combined flow ripples, trough cross-stratification, symmetrical ripples, hummocks 

and swales, mud drapes, mud rip-up clasts, and mud balls.  These sedimentary structures 

are typical of a tide-dominated delta with wave a modified distal delta front.  

The most proximal expression of the Anchor Mine Tongue is at the Dragon Trail 

section where the Anchor Mine Tongue is a coal. In most distal location, Coal Gulch, the 

Anchor Mine Tongue is expressed as wave-modified proximal prodelta, marine shelf, and 

tidally-influenced, wave modified distal delta front. During upper Sego time, the Rangely 

stratigraphy and the Road to San Arroyo are the most proximal expressions of the upper 

Sego which is dominated by lower delta plain and associated distributary channels. Jim 

Canyon and Coal Gulch are considered the more distal expression of the upper Sego which 

is dominated by distal delta front deposits. The regional paleocoastline from the Book 

Cliffs across the Douglas Creek Arch to the Rangely Anticline during Anchor Mine 

Tongue-upper Sego deposition followed the northeast-southwest trajectory interpreted by 

Willis and Gabel (2001) and Burton et al. (2016).   
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Chapter 4: Final Comments 

CONCLUSIONS 

The two studies of the Anchor Mine Tongue and upper Sego in both the Uinta and 

Piceance Creek Basins of Utah and Colorado presented in chapters 2 and 3 in this thesis 

develop a comprehensive regional paleoenvironmental model and describe paleoshoreline 

trajectories along the the Western Cretaceous Interior Seaway during the Campanian.  

A combined sedimentologic and ichnologic study identified a mixed fluvio-tidal 

coastline with the eventual progradation of the lower delta plain in the stratigraphy 

equivalent to the Anchor Mine Tongue and upper Sego. Thirty different trace fossils were 

identified and helped distinguish between: tidally modified delta fronts and river-

dominated deltas, tidal channels and distributary channels, tidal flats and interdistributary 

bays, and marine mudstones and mud-rich paleosols.   

The same approach was utilized for the Anchor Mine Tongue and upper Sego in 

the Book Cliffs. Paleoenvironments were adopted from chapter 1 with the addition of: 

marine shelf, wave-modified proximal prodelta, and tidally influenced, wave-modified 

distal delta front. The Anchor Mine Tongue records a marine transgression over tidal bars 

on the tide-dominated deltas of the lower Sego and the transition into and progradation of 

the tide-dominated deltas of the upper Sego.  

The Book Cliffs stratigraphy exhibits evidence of both waves and tides, evidenced 

by hummocks, swales, symmetrical ripples, abundant double mud drapes, mud balls, and 

mud rip ups. Campanian coastlines in the Rangely area were likely rugose and protected 

from waves but not tides. Unlike the Book Cliffs, the Rangely area does not exhibit 

evidence of wave modification of sediments. Paleoenvironmental distribution along a 

transect from the Book Cliffs, over the Douglas Creek Arch to the Rangely Anticline 

reinforce interpretations of   northeast-southwest shoreline trajectories during deposition 
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of Anchor Mine Tongue and upper Sego strata in the Campanian, and support data and 

interpretations of Willis and Gabel (2001) and Burton et al. (2016).  

The Anchor Mine Tongue and the upper Sego along the Rangely Anticline and 

along the Book Cliffs differ from the Loyd delta because they exhibit less of a fluvial-flood 

dominance and are more tidally influenced. This is evidenced by the relative abundance of 

combined flow ripple laminated sands with mud drapes, mud rip-ups, and mud balls 

compared to the Loyd which has a higher relative abundance of low-angle planar laminated 

sandbodies along the delta front.  The Anchor Mine Tongue and the upper Sego of the 

Book Cliffs differs from the time equivalent strata in Rangely because there is a higher 

abundance of wave-influenced sandbodies compared to the stratigraphy along the Rangely 

Anticline.  

FUTURE WORK 

Future work that could enhance this field study in the Rangely area would include 

additional field work along the Rangely Anticline.  Investigating strata east of the Private 

Land section could reveal paleoenvironments in more distal position during the 

Campanian. Although every effort was taken to measure the stratigraphy upwards until all 

strata were determined to be continental-terrestrial,  measuring additional stratigraphy up-

section at Devil’s Backbone, Oyster Bend, Gillum, and Private Land could solidify the 

interpretation that the White River sections are true anomalies because they contain an 

additional marine interval not seen elsewhere along the Rangely Anticline. This work 

would also benefit from additional subsurface correllations-comparisons to well logs and 

core available from the Uinta and Piceance Creek Basins. This outcrop-core-wireline log 

investigation would help reservoir modelers visualize the complexity and variations in 
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sandbody and shale geometries in mixed fluvio-tidal environments and tide-dominated 

systems with wave-modification.   
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Appendix A 

This appendix contains the stratigraphic data collected along the Rangely Anticline 

in the Piceance Basin, Colorado for the study in Chapter 2 titled “A mixed fluvio-tidal 

coastline at the marine-continental transition: Anchor Mine Tongue and upper Sego 

equivalent strata (Campanian) along the Rangely Anticline, Colorado.” Plate 1 

“Stratigraphic Cross Section Along the Rangely Anticline, Colorado” is located in a 

supplementary PDF to allow for higher resolution of the figure.  
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Appendix B 

This appendix contains the stratigraphic data collected along the Rangely Anticline 

in the Piceance Basin, Colorado for the study in Chapter 3 titled “Reconstruction of the 

Anchor Mine Tongue to upper Sego interval in the Piceance Creek and Uinta Basin of Utah 

and Colorado.” Plate 2 “Stratigraphic Cross Section Along the Book Cliffs, Utah and 

Colorado” is located in a supplementary PDF to allow for higher resolution of the figure. 
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