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ABSTRACT 

The architecture and evolution of an ancient river-dominated delta in the eastern 

Book Cliffs is documented in a three-dimensional analysis of one parasequence in the 

Iles Formation. The mouth bars of parasequence 3 (PS 3) have three distinct regions, 

which are, from updip to downdip: proximal, medial, and distal. The proximal mouth bar 

is characterized by convex-up units of trough cross-stratified sandstone. The medial 

mouth bar region is characterized by steeply-dipping (ca. 5°) clinoforming units of 

amalgamated, planar-laminated sand that transfer downdip to the distal mouth bar 

region, which is characterized by shallowly-dipping (less than 0.5°), heterolithic strata 

with partial Bouma sequences. This downdip transition in facies is interpreted to reflect 

a transition in depositional process, from bedload and traction in the proximal mouth bar 

to sediment gravity flow in the medial and distal mouth bar. The stacking of mouth bars 

is hierarchical: beds build bedsets, bedsets build stories, and stories build elements. 

Mouth bars stack in different directions according to hierarchical scale: stories stack 

basinward whereas elements stack laterally. 

The stratigraphic architecture of PS 3, which was deposited in a minimum of 15 

meters of water, contrasts with that of a shallower-water (ca. 4 meters) delta 

documented in the Neslen Formation by a companion study. There is significant 

aggradation in PS 3 of the silt-rich bottomset, which reduces the water depth in which 

subsequent mouth bars are deposited. The maximum clinoform angle is 5° and mouth 

bars are predominantly deposited by sediment gravity flow. In contrast, there is little 

bottomset aggradation in the shallower-water delta. The maximum clinoform angle is 3° 

and mouth bars are predominantly deposited by bedload and traction. Mouth bar 
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elements stack more compensationally in the shallower-water delta than in PS 3. 

Finally, this study suggests that bottomset aggradation should be accounted for in 

numerical stratigraphic models of river-dominated deltas.  



v 
 

ORIENTATION 

This thesis is one half of a paired study, the goal of which was to test if 

depositional water depth is an important control on the stratigraphic architecture and 

facies distribution of river-dominated deltas. Chapters 1 to 4, Figures 2 to 15, and 

Tables 1 to 6 constitute the majority of this thesis and were authored solely by Matthew 

Andresen. The purpose of that portion of the thesis is to document a river-dominated 

delta in the Iles Formation that was deposited in primarily deeper water. A companion 

study by Kimber O’Brien, another Masters student at Colorado School of Mines, 

likewise documents a river-dominated delta in the Neslen Formation that was deposited 

in shallower water. Chapter 5 is jointly written by Kimber O’Brien and Matthew 

Andresen, and includes Figures 1 and 16 to 18, and Table 7. This jointly-authored 

section summarizes and compares some properties of the Neslen and Iles deltas, thus 

accomplishing the goal of the paired study. 
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CHAPTER 1 

INTRODUCTION, BACKGROUND, AND METHODS 

This chapter discusses the motivation for the study and important background, 

including the characteristics of the components of river-dominated deltas. Data and 

methodology are then discussed.  

1.1 Introduction 

River-dominated deltas comprise one end member of the river-wave-tide ternary 

classification scheme of Galloway (1975). Fluvial energy, which dominates river-

dominated deltas, includes shear stress at the sediment-water interface, turbulent 

energy of the effluent, and the contrast in density between fluvial effluent and basinal 

water (Wright, 1977).  River-dominated deltas have a common plan-view shape marked 

by the characteristic distributary pattern (Figure 1a). This plan-view shape is commonly 

viewed as scale-invariant, or fractal (e.g., jet deposits of Wellner et al., 2006). However, 

the results of a forward stratigraphic model by Edmonds et al. (2011) indicate that 

deltaic stratigraphy varies by water depth and along a longitudinal transect (Figure 1b). 

Thus, whereas the plan-view shapes of shallower and deeper deltas are similar (Figure 

1a), their stratigraphic architectures are different (Figure 1b).  

This study is part of a stratigraphic comparison that documents differences 

between two ancient deltas deposited in contrasting water depths. The delta 

documented in this study was deposited in the Iles Formation (Figure 2) in a relatively 

deep-water, open-marine setting, whereas the companion study focuses on a delta that 

was deposited in the Neslen Formation in a shallow-water, coastal-plain setting. While 

deeper-water deltas have been extensively studied in the stratigraphic record (Ahmed et 
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al., 2014; Anderson et al., 2004; Enge et al., 2010; Moss-Russell, 2009; Olariu et al., 

2010; Roberts et al., 2004), there is a paucity of high-resolution studies that document 

architecture and facies along strike-oriented profiles (Bhattacharya, 2008).  

Parasequence 3 (PS 3) of the Iles Formation (this study) was deposited in 

relatively deep water by a river-dominated delta (Kirschbaum and Hettinger, 2004). PS 

3 is spectacularly exposed along multiple depositional perspectives at Hunter Canyon, 

Colorado (Figures 2 and 3), and is overall strike-oriented. The companion study was 

deposited in the coeval Neslen Formation (O’Brien, 2015; Figure 2) in shallower water. 

Both studies document the stratigraphic architecture and facies distribution along 

multiple depositional perspectives, interpret water depth during deposition, reconstruct 

paleogeographic evolution, and compile metrics to compare the stratigraphy of mouth 

bars deposited in deeper and shallower water. These observations are used to 

document how water depth is imprinted in deltaic architecture. 

1.2 Geologic Setting 

This study focuses on one parasequence of the Upper Sego Member of the Iles 

Formation (Figures 2 and 4) in western Colorado near Fruita. The Campanian Iles 

Formation, a component of the Mesaverde Group, is a clastic wedge that prograded into 

the Western Interior Seaway and was deposited coevally with the Mancos Shale 

(Figures 2 and 5). The Mesaverde Group was deposited in a foreland basin associated 

with the Sevier thrust belt (DeCelles, 2004; Roberts and Kirschbaum, 1995), along the 

western flank of the Western Interior Seaway. The subsequent Laramide uplift divided 

the extensive foreland basin into multiple smaller basins, including the Piceance and 

Uinta Basins (see inset map, Figure 2). The Mesaverde Group crops out along the Book 
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Cliffs, which are located along the southern periphery of the Piceance and Uinta Basins 

(Figure 2). Multiple regional stratigraphic studies have been conducted throughout the 

Book Cliffs, often with intricate and conflicting stratigraphic nomenclature (e.g., Young, 

1955; Gill and Hail, 1975; Van Wagoner, 1991; Hettinger and Kirschbaum, 2002; 

Kirschbaum and Hettinger, 2004). This study employs the stratigraphic terminology from 

Kirschbaum and Hettinger (2004) which is slightly modified from Young (1955) (Figures 

2, 4, and 5).  

The Upper Sego at Hunter Canyon consists of stacked deltaic and shoreface 

parasequences deposited by successive lowstand systems that prograded into the open 

marine conditions of the WIS (Figure 4; Franczyk, 1989; and Kirschbaum and Hettinger, 

2004). This study examines one deltaic parasequence (PS), PS 3, which has previously 

been defined and interpreted as a river-dominated delta by Kirschbaum and Hettinger 

(2004). PS 3 downlaps the wave-dominated PS 2a (HC in Figure 4), which in Hunter 

Canyon was deposited in the lower shoreface. From Lipan Wash to Adobe Wash (LiW 

and AW in Figure 4, respectively), PS 3 is truncated and overlain by PS 4 and valley fill 

which is herein identified as the Channelized Unit (Figure 4). While a definitive 

relationship with marginal marine strata cannot be established, Kirschbaum and 

Hettinger (2004) interpret the Channelized Unit to be genetically related to PS 5.  

1.3 Data and Methods 

The well-exposed Upper Sego Member crops out in three dimensions in the 

vicinity of Hunter Canyon, which is located about twenty-five kilometers north of Grand 

Junction, Colorado, in the eastern Book Cliffs (Figures 2 and 3). This study area 

extends from Hunter Canyon to two kilometers (straight line distance) to the west 
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(Figure 3). In this area of high outcrop rugosity, features of a river-dominated delta are 

well-exposed along multiple depositional perspectives.  

1.3.1 Data and data integration 

Seventeen measured sections were collected at decimeter resolution (Figures 3 

and 6, Appendix I). Measured sections document lithology, grain size, sedimentary 

structures, paleocurrent direction, biogenic structures, and the nature of stratigraphic 

surfaces. Most measured sections extend from the top of PS 2a to the top of the Anchor 

Coal, which served as bottom and top markers, respectively. The base and top of PS 3 

were also identified throughout the study area. Measured sections were the basis for 

stratigraphic mapping along eighteen photopanels taken at centimeter-scale resolution. 

Photopanels were corrected for distortion. On two of these photopanels, Panels B and 

C (Figure 3), detailed lithologic character was mapped at the decimeter scale. 

Stratigraphic surfaces within the study interval were correlated along 11 kilometers of 

outcrop. 

Photopanels and measured sections were used to interpret styles of deposition 

within PS 3 (Figure 3). Lithology was quantified along one dip-oriented panel, Panel B. 

Panels A – D were combined to create a fence diagram and an orthogonally-projected 

dip and strike diagram of the study area (Figure 3). The panels and fence diagram were 

used to interpret the paleogeographic evolution of PS 3 and evaluate architecture and 

distribution of facies. Results were compared with modern and ancient analogs of 

contrasting water depth, including the companion study in the Neslen Formation 

(O’Brien, 2015). 
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1.3.2 Facies and facies associations 

Sixteen facies were documented in the study area (Table 1). Each facies is 

distinctive in the context of grain size and sedimentary and/or biogenic structures. One 

or multiple facies were grouped into facies associations which were mappable on high-

resolution photopanels. Several facies associations differ primarily by percent 

sandstone (FA-6 and FA-7, FA-7 and FA-8). FA-10 and FA-15 are located only in PS 

2a, 4, or 5. FA-14 is common in PS 2a and PS 4, but is rarely located in PS 3. 

1.4 Components of river-dominated deltas 

Three deltaic components were identified in the study area. These are 

distributary channel, mouth bar, and prodelta (Figure 8). Distributary channels are the 

most updip part of the delta that is exposed in the study area. Distributary channels are 

lenticular in strike profile: their basal surfaces are concave-up and erosional into 

underlying strata. Distributary channels transfer downdip into mouth bars.  

This study uses the term “mouth bar” to refer to a continuous body of sediment 

deposited from a single distributary channel. This inclusive definition has the benefit of 

examining these continuous bodies of sediment as a single depositional body and 

reservoir flow unit.  

Three distinct regions of the mouth bar are identified in this study area: proximal, 

medial, and distal.  The proximal mouth bar, the most updip region of a mouth bar, is 

located at sea level and is therefore visible in map-view images of modern deltas 

(Figure 8). The proximal mouth bar has been called ‘flow expansion bar’ (Wright, 1977), 

‘inner mouth bar’ (Bhattacharya and Davies, 2004), ‘middle-ground bar’ (Wright, 1977), 

‘friction-dominated mouth bar’ (Turner and Tester, 2006; Wright, 1977), and ‘proximal 
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delta front – terminal distributary channel’ (Olariu and Bhattacharya, 2006). The 

proximal mouth bar is convex-up and dominated by trough cross-stratified sandstone 

(FA-3, Table 1). The medial mouth bar is located immediately downdip of the proximal 

mouth bar. The medial mouth bar has been called ‘outer mouth bar’ (Bhattacharya and 

Davies, 2004), ‘upper delta front’ (Enge et al., 2010), ‘inertial-detached mouth bar’ 

(Ahmed et al., 2014), and ‘proximal delta front – mouth bar’ (Olariu and Bhattacharya, 

2006). The medial region of the mouth bar encompasses the shallowly sloping part of 

the clinoform that is immediately downdip of the proximal mouth bar to the base of the 

steeply dipping foreset (Figure 8). This region is sand-rich, dominated by planar-

laminated sand and thin-bedded planar-laminated sand (FA-5 and FA-6, Table 1). The 

distal mouth bar, located immediately downdip of the proximal mouth bar, has been 

called ‘outer mouth bar’ (Bhattacharya and Davies, 2004), ‘frontal splay’ (Ahmed et al., 

2014), ‘lower delta front’ (Enge et al., 2010), and ‘distal delta front – distal mouth bar’ 

(Olariu and Bhattacharya, 2006). The distal mouth bar encompasses the region 

characterized by shallowly dipping, clinoforming surfaces (Figure 8). These clinoforming 

surfaces are the downdip continuation of the more steeply-dipping surfaces of the 

medial mouth bar. This region is heterolithic and more silt-rich (FA-7 and FA-8,Table 1) 

than the two updip regions. 

The prodelta is located immediately downdip of the distal mouth bar (Figure 8) 

and has been called ‘frontal splay’ (Ahmed et al., 2014) and ‘prodelta’ (Enge et al., 

2010; Olariu and Bhattacharya, 2006). The prodelta interval is composed predominantly 

of structureless to laminated siltstone (FA-9, Table 1). 
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1.5 Hierarchy 

A four-tiered hierarchical classification was used to characterize the stratigraphy 

in the field area (Table 2).  From smallest to largest, they are bed and bedset 

(Campbell, 1967), and story and element (Ford and Pyles, 2014) (Figure 9). Each 

hierarchical tier is characterized by its bounding surfaces, facies associations, and 

external shape in strike view (Pyles, 2007). Ford and Pyles (2014) define elements and 

stories for fluvial channels and their genetically-associated overbank deposits. For 

terminological continuity, this study extends the deepwater and fluvial hierarchical 

classifications from Pyles (2007) and Ford and Pyles (2014) to river-dominated deltas. 

Table 2 compares the hierarchical classes used in this study to other selected studies. 

A story is a meso-scale volume of strata formed from genetically-related beds or 

bedsets produced by the migration and fill of a channel (Ford and Pyles, 2014). The 

boundary between stories coincides with relatively minor shifts in the location of the 

depositional axis, paleocurrent direction, and facies resulting from migration (Straub and 

Pyles, 2012). An element is a macro-scale volume of strata formed from the migration of 

and flow expansion from a distributary channel (modified from Ford and Pyles, 2014). 

An element is composed of one or more stories (Pyles, 2007). The boundaries between 

stratigraphically adjacent elements reflect an abrupt and relatively large-scale shift in 

the location of the depositional axis, paleocurrent direction, and facies associated with 

avulsion (Straub and Pyles, 2012).  

This study uses three stratigraphic categories (distributary channel, mouth bar, 

and prodelta) to classify each hierarchical tier. Table 3 compares these stratigraphic 

categories with those of other studies of river-dominated deltas. These categories are 
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used as adjectives for the hierarchical tiers (sensu Straub and Pyles, 2012). Table 4 

lists the facies associations observed in each category. Distributary channel and mouth 

bar stories collectively compose a channel-mouth-bar (CMB) element. CMB elements 

become thinner and finer-grained in the downdip direction as the transfer into the 

prodelta element (Figure 8). An example of the use of this hierarchical classification 

scheme is shown in Figure 9.
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2 CHAPTER 2 

       RESULTS 

Chapter 2 discusses the results of this study, including the characteristics 

common to each type of element and story, and a description of each individual 

element. 

2.1 Element types 

Two types of elements were identified in the study area. These are channel-

mouth-bar elements and prodelta elements (Table 2, Figure 9). This section provides a 

brief overview of the characteristics of channel-mouth-bar and prodelta elements. 

Channel-mouth-bar (CMB) elements are composed of distributary channels and 

their genetically related mouth bars. The strike morphology of a CMB element varies 

from lenticular (updip) to sub-tabular (downdip) (Figure 8). The basal stratigraphic 

surface is concave-up and highly erosional updip where the element is composed solely 

of a distributary channel (Figures 9, 10, and 13). The basal stratigraphic surface 

transitions to flat and conformable in the distal region of the mouth bar (Figure 12). The 

top stratigraphic surface transitions from flat (distributary channel, Figure 11) to strongly 

concave-up (proximal mouth bar, Figure 11) then asymptotically approaches flat (distal 

mouth bar, Figure 12). The thickest part of a CMB element, its axis, commonly contains 

a series of thickening-upward stories (Figure 9).  

The distal-most portion of CMB elements transfer into the prodelta element (north 

end of Panel B, Figures 12 and 13). The prodelta element is composed of prodelta 

stories and is exposed throughout the study area. Its thickness ranges from 0.5 – 1.5 

meters. This variability is primarily due to the uneven top of PS 2a, which the prodelta 
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element conformably overlies. The prodelta element has a width-to-thickness ratio in 

excess of 1000, reflecting its laterally extensive nature.  

2.2 Story types 

Three types of stories were identified in the study area. These are distributary 

channel, mouth bar, and prodelta (Table 2, Figure 9). 

2.2.1 Distributary channel story 

Two distributary channel stories are exposed in strike profile with an average 

width and thickness of 130 and 3.6 meters (width-to-thickness ratio of 36; Figures 10 

and 13, Table 5). Distributary channel stories are predominantly composed of trough 

cross-stratified sandstone or ripple-laminated sandstone (FA-3 or FA-2, Tables 26 and 

4). Distributary channels predominantly composed of trough cross-stratified sandstone 

have bed bases that typically truncate into underlying beds. Silt rip-up clasts and 

contorted bedding are common. Distributary channel stories predominantly composed 

of ripple-laminated sandstone have weakly erosional bed bases and less rip-up clasts 

and contorted bedding compared to those that are composed of trough cross-stratified 

sandstone. The prevalence of FA-3 and FA-2 with silt rip-up clasts and truncation of 

underlying strata is interpreted to indicate alternating flow regimes. Contorted bedding is 

interpreted to result from rapid sedimentation and water escape, leading to slumping. 

2.2.2 Mouth bar story 

Mouth bar stories compose the majority of the study interval (Figures 12 and 13) 

and vary downdip in their strike profile and constituent facies (Section 1.4). The 

proximal mouth bar is lenticular in strike profile. The basal stratigraphic surface is 

weakly erosional into underlying strata. The top stratigraphic surface is convex-up in 
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both strike and dip profiles. The proximal mouth bar is exposed in three mouth bar 

stories in the study area: two partial dip profiles (one shown in Figure 11) and one 

partial strike profile. The dominant facies association is trough cross-stratified 

sandstone (FA-3, Table 1). Most trough cross-strata within these stories are oriented in 

the same direction as the predominant paleocurrent, although a lesser proportion 

indicate sediment transport that is 180° to the predominant paleocurrent. The opposing 

trough cross-strata are mostly located on the stoss side of the mouth bar filling in 

scours. Reactivation surfaces are common; bioturbation is rare. Cross-stratified beds 

commonly build over the previous bar crest and continue over the crest to persist in the 

down-dip direction (Figure 11). Trough cross-stratified and ripple-laminated sandstone 

indicate the predominance of lower-flow regime conditions during deposition (Table 1). 

Sediment transport and deposition are interpreted to be dominated by bedload and 

traction, respectively. 

The most prominent features in the medial and distal regions of the mouth bar 

are clinoforming surfaces that define the top and base of each mouth bar story, and 

internal beds and bedsets within stories (Figures 12 and 13). The basal stratigraphic 

surface can be weakly erosive into underlying strata. The slope of clinoforming surfaces 

relative to the top of PS 2a decreases from a maximum of about 5° to near 0°. Internal 

bedding surfaces are parallel to sub-parallel to the story bounding surfaces. These 

clinoforms are composed of topset, foreset, and bottomset regions, as defined by the 

position and angle along a clinoform. The radial rollover from topset to foreset is 

exposed in two orientations: dip and strike (Figure 8). While mouth bar stories contain 

dip-oriented rollovers, strike-oriented clinoforms dip only to the west (Figure 13). 
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Medial and distal mouth bar regions are composed of three types of strata. The 

first type of strata is composed of event beds dominated by planar-laminated, lower fine 

sand (FA-5 and FA-6). Ripple-laminated fine and very fine sand conformably overlie 

planar-laminated sand in some event beds, while wavy to laminated silt is also present 

at the top of a few event beds. This succession resembles Tb, Tc, and Td (sensu Bouma, 

1962). Event beds thin and become more silt-rich down depositional dip. Wood 

fragments, organic matter, convolute laminae, and flame structures are common at the 

base of beds composed mostly of planar-laminated sandstone (FA-5, Table 1, Figure 

7). Fugichnia is commonly present in bedsets thicker than 0.5m. Vertically-oriented 

Ophiomorpha is common in the medial and downdip parts of these same beds, while 

Skolithos is common in medial to updip parts. The second type of strata is composed of 

convoluted bedding. Intervals are lenticular in dip view. Erosion into underlying strata is 

common under the thickest part of an interval of convolute bedding (Figure 13, northern 

Panel C). These intervals abruptly pinch out downdip and are commonly overlain by the 

same type of strata that underlays them (Figure 13, Panel C). The third type of strata is 

composed of ripple-lamination, cross-stratification, and flaser, wavy, and lenticular 

bedding. Paleocurrents are typically bidirectional. These intervals thicken and become 

more heterolithic in medial and downdip portions of the mouth bar (Figure 12) and are 

dominated by flaser to lenticular bedding. Hummocky cross-stratification was observed 

only in a gutter cast in the distal portion of one mouth bar clinoform. . Swaley cross-

stratification was not observed. 

The first and second types of strata are interpreted to be deposited by turbidity 

currents and slumps, respectively. Evidence for the first includes the predominance of 
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planar-laminated sand; the upward and lateral transfer from planar-lamination to ripple- 

and wavy-lamination to silt within event beds; and the progressive deamalgamation, 

thinning, and fining of beds downdip (Figures 12 and 13). These characteristics are 

consistent with deposition by turbidity currents (Bouma, 1962). Evidence for the second 

type of strata includes the characteristic lens shape, contorted bedding, and erosion into 

underlying strata (Figure 13). The third type of strata is interpreted to be the result of 

wave reworking and wave-influenced sedimentation. Wave energy is interpreted to be 

low because hummocky or swaley cross-strata were rarely observed in mouth bar 

stories. Bioturbated intervals of ripple-laminations and flaser to lenticular bedding are 

interpreted as evidence of periods of decreased or no river outflow. The intercalation of 

strata deposited by sediment gravity flow and wave influence indicates temporal 

variation in river discharge and wave energy. 

2.2.3 Prodelta story 

Unlike CMB elements, the prodelta element cannot be subdivided into 

depositionally meaningful stories because no continuous stratigraphic surfaces could be 

identified as these strata are rich in mud and don’t crop out as well as sandstones. 

However, single prodelta stories can be conceptualized as thin (<<0.1m), laterally-

extensive sheets of structureless to laminated siltstone (Figure 9). Laminated silt is 

interpreted to have been deposited by waning flow of the deltaic turbidity currents 

responsible for deposition of the majority of the mouth bar stories. 

2.3 Downdip and axis-to-margin changes within mouth bar stories 

The downdip transition from proximal to medial and distal regions of mouth bar 

stories reflects characteristic downdip changes in architecture, facies, and interpreted 



14 
 

depositional processes. From updip to downdip, mouth bar stories decrease in sand 

content. Mouth bar beds deamalgamate as they thin and become more silt-rich. 

Dominant bedforms transfer from trough cross-stratified sandstone to planar-laminated 

sandstone and finally flaser, wavy, and lenticular bedding with intervals of laminated silt 

(Figures 12 and 13). Interpreted depositional processes transition from bedload and 

traction (proximal mouth bar) to sediment gravity flow (medial and distal mouth bar). 

Coincident with these transitions, the bounding surfaces of mouth bar stories 

asymptotically decrease in slope from 5° to almost 0° (Figure 12). 

2.4 Stratigraphy of Elements 

The following section outlines the element-scale characteristics of the study area. 

The characteristics of the delta compare favorably with other ancient river-dominated 

deltas (Table 6). 

2.4.1 Channel-mouth-bar element 1 

Channel-mouth-bar element 1 (CMB 1) is exposed on Panels A and B (Figures 

12 and 13; Figure 3 for location). The lower boundary of CMB 1 is conformable with the 

top of CMB 0 (not studied in detail) on Panel A (Figure 13, Appendix B-1). West from 

this location, the lower boundary of CMB 1 is conformable with, and laterally transfers 

into, the prodelta element (Figure 13). The maximum thickness of CMB 1, 8 meters, is 

on Panel A, halfway between measured sections 3 and 4 (Figure 13). The location of 

the axis of CMB 1 cannot be precisely determined because CMB 1 is truncated 

wherever it is not overlain by CMB 2 (Figure 13). Truncation has removed the proximal 

mouth bar and the topsets of the medial mouth bar, leaving only the medial and distal 

mouth bar regions (Figure 13, between measured sections 3 and 4). Thus, original 
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clinoform relief was greater than the truncated relief of 10 meters. CMB 1 is at least 900 

meters wide with an exposed (partial) length of 800 meters. CMB 1 is composed of 

mouth bar stories that thicken and become more sand-rich from one to the next in an 

upward transect (Figures 9 and 12). The stories and bedsets composing CMB 1 laterally 

decrease in thickness and sand content from the location of greatest thickness (the 

axis) to the western margin. While the majority of CMB 1 is composed of fining-upward 

beds deposited by waning turbidity currents, wave-influenced intervals are also present. 

Facies and interpreted processes are described in more detail in Section 2.2. 

The mean paleocurrent direction is 041°. Clinoforming stratigraphic surfaces are 

steepest on Panel A – about 5° relative to the top of PS 2a – where CMB 1 is first 

overlain by CMB 2, to the southwest. Exposures with steeply dipping clinoforms are 

locally oriented normal to the mean paleocurrent direction (Figure 13, dotted line on top 

of Panel A); thus, the steeply dipping clinoforms represent an axis-to-margin 

perspective. The distal mouth bar region of CMB 1 is exposed along Panel B (Figure 

12). The average slope of the top of CMB 1 relative to the top of PS 2a is 0.15°, which is 

an estimate of the minimum slope of the distal mouth bar relative to the top of PS 2a. 

2.4.2 Channel-mouth-bar element 2 

Element CMB 2 is the best-exposed element in the study area, where it crops out 

on Panels A, B, C and D (Figures 12 – 10). The lower boundary of CMB 2 is locally 

erosional into the underlying CMB 1 on Panel A from where it first overlies CMB 1 

southwest to measured section 6 (Figure 13). CMB 2 is conformable along the 

remainder of Panel A and all of Panel B. CMB 2 is erosionally overlain by CMB 4 along 

the final 100 meters of the northern part of Panel B and erosionally overlain by CMB 3 
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on Panels C and D (Figures 12 and 13). Truncation (Figure 12) has removed the 

proximal mouth bar and most of the topsets of the medial mouth bar, leaving only the 

medial and distal mouth bar regions. Thus, original clinoform relief was greater than the 

current 11-meter relief. CMB 2 is about 1200 meters wide with a maximum exposed 

(partial) length of 540 meters – the length of dip-oriented Panel B. Processes of 

deposition and upward and lateral trends in facies are the same as in CMB 1.  

The mean paleocurrent direction is 021°. Maximum clinoform slopes are 5° 

relative to the top of PS 2a. Panel B represents a dip profile through an axial part of 

CMB 2 (Figure 12). The sand-rich medial mouth bar region of each story is located 

down-paleocurrent of the medial mouth bar region of the previous story (Figure 12). 

This dip-oriented stacking pattern indicates progradation of CMB 2 through time. Mouth 

bar stories become thinner as story boundaries become more gently dipping along the 

north end of Panel B. Gently-dipping parts of CMB 2 represent bottomset aggradation of 

approximately 4 meters at the north end of Panel B (Figure 12). Panel D-nw represents 

a strike profile through the northwest fringe of CMB 2; the northwest pinchout of CMB 2 

is located approximately 150 meters to the north of Panel D-nw. CMB 2 thins as 

stratigraphic surfaces dip gently to the west along Panel D-nw (Figure 10).  

A distributary channel story is exposed on Panel C (Figure 13). The lower 

boundary is concave-up and erosional into the mouth bar stories of CMB 2. The 

exposure is roughly laterally symmetrical. Soft sediment deformation in the underlying 

CMB 2 is present directly below the middle of the distributary channel (Figure 13). The 

width and maximum thickness of the distributary channel story are 3.7 and 120 meters, 

respectively. This corresponds to a width-to-thickness ratio of 32. The distributary 
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channel story is largely inaccessible, and no reliable paleocurrents could be collected. 

The approximate lateral symmetry of CMB 2 on Panel C (Figure 13, Appendix B-3) 

suggests that the channel is oriented into Panel C (ca. 320°). 

2.4.3 Channel-mouth-bar element 3 

CMB 3 is composed of a distributary channel story and mouth bar stories. Both 

types of stories are described before examining their interrelationship. 

Mouth bar stories crop out on Panels C, D, and E (Figures 13, 10, and  

, respectively; Figure 3 for locations). The nature of the lower boundary changes 

dramatically along its exposure. At the north end of Panel C (Figure 13), the lower 

boundary of CMB 3 truncates stratigraphic surfaces of the underlying CMB 2. The lower 

boundary of CMB 3 becomes conformable halfway to the southern end of Panel C 

(Figure 13). The maximum thickness of CMB 3 is 7 meters (on Panel C, Figure 13), 

while the total clinoform relief is 15 meters. The topsets of the medial mouth bars are 

well preserved over a portion of Panel C (Figure 13). CMB 3 is 850 meters wide with an 

exposed length of 700 meters. The western margin of CMB 3 is located immediately 

west of Panel E; Figure 11 shows the 1.5-meter-thick distal mouth bar (bottomset) of 

CMB 3. Processes of deposition and upward and lateral trends are the same as in CMB 

1 and CMB 2, with one addition: slumps (Section 2.2.2; FA-13, Table 1) in CMB 3 are 

exposed in overlying the location of maximum apparent erosion into CMB 2 (shown in 

purple in Figure 13). The mean paleocurrent direction is 025°. Clinoform angles and 

upward vertical trends of stories and bedsets are similar to those of CMB 1 and CMB 2. 

A distributary channel story within CMB 3 is exposed on Panel D-nw (Figures 9, 

13, and 10). The lower boundary of this distributary channel story is erosional into older 
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mouth bar stories of CMB 3 (Figure 9). The east channel margin is exposed on Panel D-

nw (Figures 13 and 10). While the west margin has been removed by modern erosion, 

the base of the channel is sloping upward (Figures 13 and 10), suggesting that the 

western margin of the distributary channel was close to the western edge of Panel D-

nw. The width and thickness of the channel are 140 and 3.5 meters, respectively, with a 

width-to-thickness ratio of 40. This distributary channel has the characteristics of 

distributary channel stories dominated by trough cross-stratified sand (FA-3, Table 1; 

Section 2.2.1). 

The concave-up, erosionally-based distributary channel story transfers downdip 

to amalgamated, clinoforming bedsets of planar-laminated sandstone (FA-5, Table 1; 

MS15, meters 5-8, Appendix 1) with the vertical and horizontal trends observed in the 

medial region of a mouth bar story. This facies transition is interpreted to be the 

downdip transfer from a distributary channel story to a mouth bar story. This transition 

occurs over the 130 meters between Figure 10 (lenticular distributary channel) and 

Figure 14. 

2.4.4 Channel-mouth-bar element 4 

Channel-mouth-bar element 4 is exposed on Panel B (Figures 12 and 13), where 

it is entirely composed of mouth bar stories. The lower boundary is erosional into CMB 2 

in locations dominated by planar-laminated and cross-stratified sand, while becoming 

conformable to the north. The top bedset of CMB is intensely bioturbated, 

predominantly by Ophiomorpha. CMB 4 is overlain by intensely bioturbated sand and 

flaser, wavy, and lenticular bedding of PS 4 (Figure 12). CMB 4 has a maximum 

exposed thickness and length of 2 and 90 meters, respectively. The clinoform topset of 
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CMB 4 is preserved (Figures 12 and 13, Appendix I), indicating that CMB 4 is well-

preserved. The top of CMB 4 is a maximum of 10.2 meters above the top of PS 2a (See 

Appendix 1). Lateral facies trends are the same as those described in the medial and 

distal regions of mouth bar stories (Section 2.2.2). One paleocurrent was measured 

(cross-stratification) with a sediment transport direction of 033°. 

2.4.5 Channel-mouth-bar element 5 

Channel-mouth-bar element 5 (CMB 5) is exposed on Panel E (Figure 11) in the 

western part of the study area (Figure 3). From MS 16 to the northeast, CMB 5 overlies 

the western distal mouth bar region of CMB 3. While the lower boundary of CMB 5 is 

largely conformable, erosion is present underneath the story highlighted by white arrows 

in Panel E (Figure 11). The thickness of CMB 5 is about 6 meters at MS 16 (Appendix 

1). The mean paleocurrent direction is 347°. 

Two types of stories were observed in CMB 5: mouth bar stories (proximal 

region, Section 2.2.2) and distributary channel stories (Section 2.2.1) dominated by 

ripple-laminated sandstone (FA-2, Table 1). The mouth bar story highlighted by white 

arrows in Figure 11 is a relatively complete dip-oriented exposure of its proximal mouth 

bar region. The upper stratigraphic surface can be traced over the convex-up bar-form 

(white arrows in Figure 11) and demarcates a change from predominantly trough cross-

stratified sandstone to predominantly ripple-laminated sandstone (median grain size, 

lower fine sand). This boundary is interpreted as the boundary between the proximal 

region of a mouth bar story and a distributary channel: a juxtaposed distributary channel 

must be located updip of the proximal mouth bar as a sediment source. Superposition of 

the ripple-laminated sandstone indicates that it was deposited after the mouth bar.  
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The trough cross-strata of the mouth bar indicate greater depositional energy 

than in the ripple-laminated distributary channel. Distributary channels typically show 

higher depositional energy than mouth bars: flow in distributary channels is laterally 

confined whereas flow on mouth bars is decelerating due to vertical and horizontal flow 

expansion into the basin (Edmonds and Slingerland, 2007; Wright, 1977). However, 

superposition of the distributary channel indicates that the distributary channel was 

deposited after the mouth bar. One potential explanation for this apparent reversal in 

depositional energy is that the distributary channel was abandoned and subsequently 

filled with lower-energy ripple-laminated sandstone.
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3 CHAPTER 3 

   PALEOGEOGRAPHY AND WATER DEPTH 

The paleogeographic evolution of PS 3, shown in Figure 15, was reconstructed 

using superposition and cross-cutting relationships of stratigraphic surfaces, as 

documented in photopanels A – E (Figures 11, 12, and 13; Appendices A and B). The 

paleogeographic map was constructed using the assumption that the total length of 

CMB elements are twice their measured width, based on the average length-to-width 

ratios documented by Reynolds (1999) and Wellner et al. (2005).  

Successive CMB elements in the study area sidelap each other, resulting in the 

westward stacking of the system through time (Figure 16). This unidirectional lateral 

stacking pattern between elements contrasts with observations from the modern Wax 

Lake Delta, in which elements stack predominantly basinward. Wellner et al. (2006) 

document that the processes of bifurcation and channel abandonment result in an 

architecture in which patterns at the bedset scale are also seen in the story, element, 

and complex scale (i.e., fractal architecture). The architecture of PS 3, in contrast, is 

hierarchical or scale-dependent because stories stack predominantly basinward 

whereas elements stack predominantly laterally (Sections 2.2.2 and 2.4, Figures 13 and 

15).  

Understanding the evolution of water depth during the deposition of a study 

interval provides important context in interpreting its paleogeographic setting and the 

interval’s context within rising, falling, or static sea level. Two assumptions were made 

when estimating the water depth of the CMB elements. 1. The height of the convex-up 

proximal mouth bar can be used to estimate water depth into which it was deposited. 
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The results of the numerical model of Edmonds and Slingerland (2007) indicate that 

bifurcation of a distributary channel is initiated when a proximal mouth bar aggrades to 

60% of the water depth. Bifurcation results in bypass of the effluent of the proximal 

mouth bar. Abandonment of one arm commonly occurs, whereby the formerly-active 

proximal mouth bar is amalgamated with neighboring proximal mouth bars by lower-

energy sedimentation (i.e., Figures 12 – 17 of Wellner et al., 2005). Panel E (Figure 11) 

exhibits a bar-form composed predominantly of trough cross-stratified sandstone, which 

is surrounded by lower-energy ripple-laminated sandstone. The stratigraphic surface 

separating the two (indicated by white arrows in Figure 11) is interpreted to be the 

record of bifurcation about a subaqueous proximal mouth bar and subsequent 

abandonment of the distributary channel. Further aggradation within CMB 5 continued 

under lower-energy conditions. This is not to suggest that PS 3 was entirely 

subaqueous: further aggradation between and atop laterally amalgamated mouth bar 

stories could have led to subaerial exposure. The total relief of CMB 5 is interpreted to 

be greater than the depositional water depth (shown as the dashed grey line in Figure 

11).  2. Where only medial and distal mouth bars are exposed, water depth is estimated 

by the total height of the clinoforms. The total height of truncated clinoforms (CMB 1 and 

CMB 2, Figures 12 and 13) was estimated by calculating the average radius of 

curvature of the transition from foreset to topset of fully-preserved clinoforms (CMB 3). 

This radius of curvature was used to calculate the height at which the truncated 

clinoform would have achieved zero degrees relative to PS 2a. This method estimates 

the minimum depositional water depth. The medial to distal regions of a mouth bar can 

be deposited significantly below sea level (Ahmed and Bhattacharya, 2014). Further, 
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this estimate does not account for the additional water depth that the updip proximal 

mouth bar region requires (see above).  

The key conclusion is that the field area exposes different mouth-bar regions that 

were deposited in contrasting water depths. The proximal mouth bar region was 

deposited in approximately 5.5 meters of water, while the medial to distal mouth bar 

regions were deposited in deeper water. The minimum water depths of CMB elements 

1, 2, and 3 (medial to distal regions), estimated using the second assumption (above), 

are 13.5, 12, and 15 meters. While the water depth of CMB 4 cannot be accurately 

determined, the bottomset aggradation of CMB 2 (dotted grey line in Figure 12; Section 

2.4.4) has decreased the water depth of CMB 4. The water depth of CMB 5 (proximal 

region) is estimated at 5.5 meters using the first assumption (above).  

The variability in interpreted water depth between CMB 1 – CMB 3 and CMB 5 

(15 vs. 5.5 meters) could be created by westward-shallowing topography of PS 2a. The 

eastern Book Cliffs are generally viewed as a dip-oriented exposure of the Mesaverde 

Group (Zapp and Cobban, 1960). Evidence of westward shallowing in the study area is 

consistent with these interpretations. The 1.5 meters of bottomset aggradation from 

CMB 3 (Figure 11) is not a significant contributor to this discrepancy. Alternatively, 

falling sea level cannot be ruled out: CMB 5 is composed entirely of the proximal mouth 

bar region in Panel E (Figure 11), where it downlaps the distal mouth bar region of CMB 

3. This apparent basinward dislocation in facies could be interpreted as evidence of 

falling sea level. Additional study is necessary to further constrain the interpretation. 
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4 CHAPTER 4 

COMPARISON OF DELTAS DEPOSITED IN CONTRASTING WATER DEPTHS 

The purpose of this section is to test the implications of Edmonds et al. (2011) 

model based on the results from two outcrop studies in the Neslen and Iles Formations, 

conducted by Kimber O’Brien and Matthew Andresen, respectively (Figures 2, 4, and 

16). A stratigraphic comparison between the Neslen delta and the Iles delta validates 

the prediction of Edmonds et al. (2011) model that mouth bars have different 

architectures based on water depth. This comparison suggests modifications that can 

increase the accuracy and of the model. The result of this stratigraphic comparison 

validates the prediction that water depth influences deltaic architecture (Wright 1977; 

Edmonds et al., 2011). This comparison supports the assertion of Wright (1977) that 

bed friction is relatively more significant in shallow-water and reduces the turbulence of 

the outflow. Enhanced bed friction in shallow water results in tractive depositional 

conditions, whereas reduced bed friction in deeper water results in a higher proportion 

deposition from suspension. The following discussion compares and contrasts the two 

deltas.  

The Neslen and Iles deltas are ideally-suited for this paired study. The deltas 

were deposited in contrasting water depths of 4 m and 15 m, respectively (Table 7). 

Within each partial delta complex, both deltas are river-dominated and exhibit minimal 

influence or modification by waves or tides due to a relatively high proportion of 

lithofacies deposited by tractive currents. Deposited in the Campanian, the deltas are 

roughly coevally deposited shallow-marine systems that represent strata deposited 

along a depositional profile from the coastal plain to open marine (Figure 2). Thus, the 
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results are indicative of the variability within a depositional landscape. Finally, the deltas 

are exposed spectacularly in three dimensions so that the distinctive architectures can 

be studied from multiple depositional perspectives.  

Both studies use the same types of data and the same methodology to document 

the stratigraphic architecture and spatiotemporal evolution of partial delta lobes. Data 

include: 1) stratigraphic columns, 2) high-resolution photopanels, 3) sediment transport 

directions, and 4) locations of deltaic features on a topographic map (Figure 3). Both 

studies use a five-tier hierarchy modified from existing fluvial and deep-water 

hierarchies. From smallest to largest, the hierarchical components are: bed, bedset, 

story, element, and complex (Figure 8, Table 2).  

The dominant lithofacies in the Neslen delta is composed of 57 percent rippled 

sandstone, whereas the Iles delta is composed of 49 percent planar-laminated 

sandstone exhibiting partial Bouma sequences (Figure 16). The Neslen delta also 

contains planar-laminated sandstone (11 percent); however, it is interpreted to be 

deposited by traction because the bedsets have erosional boundaries without any 

gradational transition to ripple-laminated sandstone as opposed to the planar-laminated 

sandstone in the Iles delta. The difference in dominant lithofacies is the result of 

different flow processes building mouth-bars in each delta. The dominant flow 

processes for the Neslen and Iles deltas are interpreted to be lower to upper flow 

regime traction plus suspension deposition. However, there is no evidence of deposition 

purely by suspension in the Neslen delta. Preserved graded beds and Bouma 

sequences in the Iles delta indicate that there is preserved deposition from suspension 

and the system was more prone to the formation of turbidites.  
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The lateral and longitudinal variations of lithofacies result in distinct architectural 

styles in each delta. On average, the constituent beds within the Neslen delta are more 

vertically amalgamated than the Iles delta (Figure 17) and more amalgamated 

throughout the body of the delta (Figure 16). The Neslen delta has a higher proportion 

of sand-rich lithofacies along its fractional length with comparatively fewer shale breaks 

than the Iles delta (as demonstrated by the table in (Figure 18). There is little bottomset 

aggradation in the Neslen delta whereas the Iles delta has laterally persistent and 

aggradational bottomset (prodelta) strata (Figure 17). The average element width is 540 

m and 1000 m for the Neslen and Iles deltas, respectively. The element aspect ratios 

(width/thickness) are greater in the Neslen delta than the Iles delta, 140 and 110, 

respectively. The overlap of stratigraphically-adjacent bodies averages 55% and ~90% 

for stories in the Neslen and Iles deltas, respectively, and 15% and 57% for elements 

(Figure 18), indicating that the Neslen delta stacks more compensationally. More 

overlap of mouth bars in the Iles delta indicates the mouth bars stack more vertically 

than their shallow-water counterparts. The Neslen delta stacks more compensationally 

because of the limited accommodation space created by the shallow-water depth and 

the low gradient. The higher gradient in the Iles delta results in higher accommodation 

space and thus a higher propensity for mouth bars to stack vertically. The higher 

gradient in the Iles delta is also the likely cause for the presence of turbidites because a 

higher gradient indicates a higher probability of slope failure.  

According to this comparison, shallow-water deltas are dominated by tractive 

deposition, have minimal bottomset aggradation, and stack highly compensationally 

(Table 7). The deltas also share several important similarities. The stratigraphic 
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architecture in the proximal portions of the deltas is similar because they are deposited 

in similar water depths near the apex of the river. For example, proximal portions of the 

deltas have similar proportions of topset strata and similar compensational stacking 

patterns. These similarities are attributed to the similar water depth of the deltas in the 

up-current part of the systems (Figure 1). It is hypothesized that if the Neslen delta 

continued to prograde into deeper-water it would eventually become stratigraphically 

similar to the Iles delta. 
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5 CHAPTER 5 

       CONCLUSIONS 

1. Parasequence 3 of the Upper Sego was deposited by a river-dominated delta. 

Distributary channel, mouth bar, and prodelta stories and channel-mouth-bar 

and prodelta elements were identified in the study area. Channel-mouth-bar 

elements were deposited in at least 15 meters of water. Wave influence in PS 3 

was minor. 

2. Mouth bar stories have three stratigraphically-distinct regions: proximal, medial, 

and distal. The proximal mouth bar region is convex-up and lenticular in shape 

and is composed of amalgamated, trough cross-stratified sandstone. Deposition 

occurred via bedload under tractive conditions. The medial and distal mouth bar 

regions are composed of clinoforming surfaces that define the top and base of 

intervals that become increasingly silt-rich downdip. The medial mouth bar is 

dominated by amalgamated, planar-laminated sandstone, while the distal mouth 

bar is dominated by thinner-bedded, heterolithic strata. Event beds are 

commonly composed of partial Bouma sequences. Deposition was primarily by 

turbidity currents with some slumping. Wave energy periodically reworked mouth 

bars. Mouth bar stories are characterized by significant bottomset aggradation 

which reduced the slope and water depth for subsequent stories. 

3. The stacking pattern of mouth bars differs according to hierarchical tier. Mouth 

bar stories stack parallel to the predominant intra-element paleocurrent. In 

contrast, mouth bar elements stack perpendicular to the mean overall 

paleocurrent, 021°. In strike view, each mouth bar element side-laps the next 
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older mouth bar element located to its east. Axis-to-margin clinoforms dip only to 

the west. The stratigraphic architecture of PS 3 varies by scale, and is thus 

hierarchical, not fractal. 

4. The results of this study and O’Brien (2015) support the hypothesis that deeper-

water and shallower-water mouth bars exhibit characteristic differences in their 

stratigraphic architecture and facies distribution. Deeper-water mouth bars are 

more likely to be deposited by sediment gravity flow, with a high proportion of 

turbidite and/or mass failure deposits. In contrast, shallower-water mouth bars 

are more likely to be deposited by bedload, resulting in tractive facies such as 

ripples and trough cross-strata. Deeper-water mouth bar elements are likely to 

be larger, exhibit far greater bottomset aggradation, and stack less 

compensationally than shallower-water mouth bar elements.  

5. This study documents significant bottomset aggradation in PS 3. Bottomset 

aggradation locally shallows the depth and slope of the surface onto which 

subsequent mouth bars are deposited. As such, this study suggests that 

bottomset aggradation be accounted for in future numerical stratigraphic models 

of river-dominated deltas. 
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FIGURES 

 

 

 

Figure 1. A. Map view photography of two deltas showing similarity in their plan-view 
characteristics: left, Okavango Delta, deposited in ca. 3 meters of water depth; right, 
Mississippi Delta, deposited in 25+ meters of water depth. B. Schematic longitudinal 
cross-sections illustrating how deltas deposited in shallower water (top) differ from their 
deeper water (bottom) counterparts (concept from Edmonds et al., 2011). Shallower 
water deltas have a higher proportion of topset-dominated strata along a dip profile than 
their deeper-water counterparts. 
 



31 
 

 

Figure 2. Stratigraphic cross section of the Book Cliffs, Utah and Colorado. The study 
area is located in the Iles Formation, whereas a companion project is located in time-
equivalent strata deposited in a coastal plain environment, in the Neslen Formation. 
Both are formations within the larger Mesaverde Group. Green River (GR) and Grand 
Junction (GJ) are shown on the index map for reference. Cross-section from Hettinger 
and Kirschbaum (2002). 
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Figure 3. Topographic map showing the spatial location of PS 3 (black line) and data collected in this study. The rugosity 
of the outcrop exposes PS 3 along multiple perspectives. See Figure 2 for the regional location of the study area.
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Figure 4. Stratigraphic cross section of the Iles Formation in the Grand Junction area 
(Kirschbaum and Hettinger, 2004). Stratigraphic architecture and interpreted 
depositional environment are based on outcrop and subsurface data. This study is 
focused on Parasequence 3, which was deposited by a river-dominated delta during a 
sea-level lowstand. See Figure 2 for larger context. 
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Figure 5. Stratigraphic chart of Upper Cretaceous strata in the Uinta and Piceance Basins, including Campanian 
ammonite zones of the Western Interior. This study focuses on one parasequence within the Upper Sego member of the 
Iles Formation in Colorado. Stratigraphic nomenclature is modified from Young (1955), Hettinger and Kirschbaum (2002), 
and Kirschbaum and Hettinger (2004). Stratigraphic chart modified from Franczyk (1989). 
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Figure 6.  Measured section (MS 3) depicting a vertical profile through PS 3, PS 4, and 
the Channelized Unit. The location of MS 3 is depicted in Figure 3. See Table 1 for a 
description of facies associations, and Appendix A for additional examples of measured 
sections. 
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Figure 7. Pictures of facies associations that are most common in Parasequence 3. See Table 1 for a list and description 

of all facies associations. 
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Figure 8. Schematic diagram of a portion of a delta, showing a tear-drop-shaped mouth 

bar elongated in the down-paleocurrent orientation. Four strike-oriented cross sections 

(A-D and one dip-oriented cross section (E) show the idealized architecture and 

distribution of facies associations (see Table 1). Within the mouth bars, two clinoform 

“rollovers” are defined: strike-oriented (highest point in C) and dip-oriented (approximate 

midpoint of FA-5 and FA-6, in E). The dip-oriented rollover is the boundary between the 

lower-angle topset and higher-angle foreset. An idealized location and scale of the 

diagram is shown by the black box in the aerial photograph to the upper-left. 
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Figure 9. Stacking patterns according to hierarchical tier. Orange arrows indicate 
coarser grain size upward, whereas blue arrows indicate finer grain size upward. Ovals 
indicate very thin bedsets and stories with stacking patterns that are too small to 
graphically represent. (A) encompasses the top of PS 2a and most of PS 3, and is the 
site of measured section 3 (Figures 3 and 6). (B) is located on Panel D-nw (Figure 3). 
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Figure 10. Photopanels D-s and D-nw projected according to outcrop orientation. 
Panels are oriented along depositional dip and strike, respectively. Element CMB 3 
overlies CMB 2; both are primarily composed of mouth bar stories. A distributary 
channel story within CMB 3 incises into older mouth bar stories also within CMB 3. 
Vertical exaggeration is 9x and viewing direction is 060°. Legend included in Figure 12. 
See Figure 3 for location.  
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Figure 11. (a) Uninterpreted and (b) interpreted photograph of Panel E (Figure 3). Within element CMB 5, three stories are 
exposed: one distributary channel story and the proximal part of two mouth bar stories. White arrows indicate the top of 
one mouth bar story. A distributary channel story overlies the stratigraphic surface indicated by white arrows (Section 
2.4.5). A second mouth bar story overlies the first. Reactivation surfaces are common along bed boundaries. Estimated 
depositional water depth, 5.5 meters, is shown as a dotted line in (b) toward the top of PS 3. Paleoflow is from left to right. 
Vertical exaggeration (VE) is 2x.
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Figure 12. Cross-section of Panel B, which is a longitudinal profile through elements P, CMB1, CMB2, and CMB4 of PS 3. 
The outcrop is oriented precisely north-south, while the mean sediment transport direction, 025°, is from right to left and 
obliquely into the page. Facies percentages for each element and all of PS 3 exposed on Panel B are listed in the table 
beneath the cross-section. See Figure 3 for location.
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Figure 13. Fence diagram illustrating the 3-D stratigraphic architecture of PS 3. The diagram is oriented normal to the 
sediment transport direction, which is 025°. Note that only FA-5 (planar-laminated sandstone, Table 1), which was 
deposited by upper flow regime sediment gravity flows, has been mapped on Panels A and D. Undistorted panels are 
shown in Appendix II. See Figure 12 for legend.  
.
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Figure 14. Photopanel D-b annotated with stratigraphic surfaces. Within PS 3, two elements, CMB 2 and CMB 3, are 
exposed. The white arrow highlights the location of the downdip transition from a distributary channel story to a mouth bar 
story within CMB 3. Panel D-b is located immediately north of Panel D-nw (Figures 13 and 10; see Figure 3 for location). 
Vertical and lateral parallax has not been corrected. Legend for stratigraphic surfaces is included in Figure 12. 
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Figure 15. A. Map showing the paleogeographic evolution of PS 3 in the Hunter Canyon area. B. Rotated image of Wax 

Lake Delta showing one paleogeographic model for the deposition of PS 3.   
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Figure 16. Dip-oriented cross-sections through the Neslen delta (top) and Iles delta 
(middle). Detailed facies are mapped on the cross-sections. For the location of the study 
areas, see Figures 2 and 3. 
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Figure 17. A comparison of vertical transects through the Neslen delta (O’Brien, 2015) 
and the Iles delta (this study). Mouth bar beds in the Neslen delta are more vertically 
amalgamated than mouth bar beds in the Iles delta.  
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Figure 18. Diagram comparing the story-scale characteristics for the Neslen delta (left) and the Iles delta (right). The 
mouth-bar stories in the Iles delta are more heterolithic and larger than mouth bars in the Neslen delta.
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TABLES 

 

 

 

 

 

 

 

 

Table 1 (next page). (a) Facies and (b) facies associations identified in the study area. Facies that compose facies 
associations are listed in the second column from the right in (b). The colors included in the first column of (b) are the 
same as those depicted in the interpreted photopanels (Figures 12 and 13). 
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Table 2. Table comparing the hierarchical tiers used in this study with those used in 
studies of other depositional environments. 
 

 
 

 

Table 3. Table comparing the components mapped in a hierarchical construct in this 
study to that of selected other studies. 
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Table 4. Facies associations comprising each parasequence (outside of PS 3) and type 
of story (within PS 3). See Table 1 for descriptions of facies associations. 
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Table 5. Table with dimensions of elements and the amount of overlap between them. 
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Table 6. A comparison of the delta worked in this study, selected ancient deltas that were also deposited in the Western 
Interior Seaway, and the well-studied Lagniappe Delta from subsurface Gulf of Mexico. 
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Table 7. Comparison among Iles Formation elements CMB 1 – CMB 3, Iles Formation 
element CMB 5, and Neslen Formation elements (O’Brien, 2015). 
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APPENDIX A  

MEASURED SECTIONS 
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Figure A-1. Cross-section and measured sections on Panel A and to the north.  



63 
 

 

 
 

Figure A-2. Cross-section and measured sections of Panel B.  
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Figure A-3. Cross-section and measured sections west of Panel B.   
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APPENDIX B  

INTERPRETED PHOTOPANELS IN ORTHOGONAL VIEW 

 

 

 

Figure B-1. Panel A, uncorrected for parallax.  
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Figure B-2. Panel B, uncorrected for parallax.  
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Figure B-3. Panel C, uncorrected for parallax. 
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Figure B-4. Panels D-nw (A) and D-s (B), uncorrected for parallax.  


