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ABSTRACT

Shallowwater, lowraccommodation, coastplain deltas are deposited in wetlands
detached from the coeval shoreline associated with broaeyriaavent settings and are an
underappreciated architectural style in marginal marine systems. The goal afdiis b
document the stratigraphic architecture and evolution of a shalbter delta in the Neslen
Formation, Floy Canyon, Utah and compare it to modern analogs deposited in a similar water
depth.A further goal is to contrast the shallavater delta dcumented to a comparatively
deepeitwater delta to test the implications of the numerical model developed by Edmonds et al.,
(2011).

The delta analyzed in this study was deposited in a ~ 4 m deep wetland that was located
about 65 kilometers landward dfet coeval shorelindheoutcrop of the delta is highly rugose
and exposes, in three dimensions, a large portion of the delta: from the feeder channel to the
delta front. Upward and laterides variations of the delta stratigrapdmg evidentThe feede
channels contain fingrained, crosstratified sandstone. These channels transfer longitudinally
to the axial parts of mouth bars that are composed of amalgamatepicined, upward
coarsening and thickening beds that contain predominantly rippledéions. The beds de
amalgamate and become thinner and forained towards the lateral and distal margins of the
delta. Stratigraphically adjacent elements in the Neslen delta stack highly compensationally.
Within the elements, stratigraphically adjacstaries stack laterally and rotate relative to one
another to form a radially dispersive pattern. Younger stories stack progradationalty down
current.

The shallowwater delta documented in this study has similar longitudinal lithofacies

trends and stacking patterns to modern analog deltas deposited in similar water depths (such as



the Okavango and Wax Lake deltas). When compared to a relatively-aespedelta, such as
the delta documented by Matthew Andresen in the lles Formatiolithibfacies trends and
stacking patterns are differefior example,he shallowmwater delta (Neslen delta) has bottomset
aggradation only at the distal part of the systdra clinoform angles are shalldivto 3
degrees)the foresets were deposited primarily by tractional proceasdsthe moutbars stack
more compensationally. Conversely, the comparatively deggir delta has bottomset
aggradation throughout the deposit, the clinoform angles are steeper, the fosrsateposited

primarily by gravitational processes, and the mouth bars stack less compensationally.



ORIENTATION

This thesis is half of a paired study, the goal of which is to test the prediction that the
initial water depth influences the stratigraparchitecture and lithofacies distribution of river
dominated deltas. Chapters 1 through 4 document and analyze a shatkEwriverdominated
delta deposited on a coastal plain in the Neslen Formation. A companion study by Matthew
Andresen, another Masgestudent at the Colorado School of Mines, documents a river
dominated delta deposited in a deepater setting in the agequivalent lles Formation.
Chapter 5 is cavritten by Matthew Andresen and me. Chapter 5 summarizes and analyzes the

properties othe Neslen and lles deltas, thus accomplishing the goals of the paired study.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

This chapter discusses the importance of this study and introduces the problems and
objectives that are addressadpbrtant background information, including the components of
river-dominated deltas and current models for deltaic stratigraphy, are discussed, followed by an
overview of the data and methodology necessary to conduct the study.
1.1  Introduction

Deltas aralefined as a mass sédiment that forms at the mouth of a river where the flow
enters a standing body of wat&afrell, 1912). Deltas can be divided into different end member
types on the basis of the dominant process that deposit the sedimentriverthieles, and
waves Galloway, 197% High river energy relative to the energy from tides and waves results
in a riverdominated system where the behavior of the river effluent is determined by the outflow
inertia, bed friction, the flux of water asédiment, and the outflow buoyancy (Wright, 1977).
Deltas have three components: topset, foreset, and bottohieeste components are alternately
known as the delta plain, delta front, and prodelta, respectively. The topset consists of
distributary chanrie and interdistributary mugdsvhereagoresets are composed of dominantly
mouth bars (Edmonds et al., 2011). The bottomset is composed opdistaltamuds and sands
(Figure 1A)

Edmonds (2011) categorized rivéominated deltas on the basis of initiater depth
and angle of the lower bounding surface, in which deejaéer deltas contain a higher fraction
of foreset strata than their shallavater counterparts (Figure 2). Whereas shalland deep
water deltas appear morphologically similar in pléew (Figure 3); Edmonds geometric model

proposes that the stratigraphic architecture is different and varies longitudinally (Edmonds et al.,



2011) in contrast to previous studies that did not show longitudinal variations in architecture
(Bhattacharya, 2@®) (Figure 1B). We modified Edmonds (20Tipdée to include bottomset
strata to account for the aggradation of the sediwater interface, which reductge gradient
through deposition (Figure Zpeepwater, foresetlominated deltas have been studiethan
greater detail than shallewater deltas because they are easily recognizable systems at the
shoreline with numerable modern analogs (McGowen, 1971; Le Blanc, 1975; Xue, 1993;
Overeem, 2003; Stefani et al., 2005; Fielding et al., 2005; Fielding 20856; Olariu et al.,

2006; Wellner et al., 2006; Olariu et al., 2012; Shaw et al., 2013).

Key insights of the model developed by Edmi®2011) are the following. First, the
stratigraphic architecture of deltas varies longitudinally and with water @€igtire 1A and
Figure 2). Secondhe gradient of the sedimewater interface influences the distance at which
the delta transfers from a topsEiminated to farsetdominated delta (Figure 2). Thirdly, the
novel characteristic of topsdbminated deltass the distributary channels commonly incise into
pre-deltaic material (Figure 2). Lastly, shallomater deltas have a higher proportion of topset
strata whereas deepsrat er del tas have a higher mpdeloporti o
provides new isight into delta architecture; however, it has not yet been tested in a natural
systempnor does it consider any smaltale characteristics, such as lithofadssributions and
internal stacking patterns (i.e. compensational stacking)

To t est nbdelbinstldysisesn@&xceptional three dimensional exposofran
ancient river deltan the Neslen FormatiomiFloy Canyon, Utah (Figure 4) in order to document
the stratigraphy and evolution othallowwater, @d-member deltaResults of thistsidy are
compared to those of modern delta analplys Okavango delta and the Wax Lake dedta) to

a companion studfconducted by Matthew Andresen, of a deepater delta in the age



equivalent lles Formation in Hunter Canyon, Colojadithe key conclusion is that while the
planview morphologic expression of rivelominated deltas appears fractal the stratigraphy
stacks hierarchically. A further conclusion is that while thelaw morphologies of deltas
deposited in different watelepths areimilar (Figure 3), theircross sectional geometries,
stacking patterns, and lithofacies distributions are notably different.
1.2  Geologic Setting

This study is focused on an outcrop of the Neslen Formation, in which a shadkew
delta is eposed in three dimensions (Figures 4 and 5). The study doeatisd nortbast of
Green River, Utah, in Floy Canyon, within the
109A51632.970W). The delta doc umdpofleddgreeto t hi
the northeast but the paloeflow of the delta is from west to east. The depositional gradiént is 0.4
A corresponding study of a comparatively deepater delta by Matthew Andresen was
conducted 65 kilometers east (downdip) in the-@gevalent lles Formation at Hunter Canyon,
near Fruita, Coloradd={gure 5.

Fluvial systems transported sediment eastward from the Sevier highlands to the coast,
and coafforming wetlands developed in the coastal plain during the Late Cretaceous (@tetting
and Kirschbaum, 200ZJigure §. TheMesaverde group (Figure 6) is a clastic wedge of
sediment that prograded eastward into the Western Interior basin, a foreland basin that developed
on the east side of the Sevier Orogenic belt as a consequenc&ebideOrogenyThe Sevier
Orogenic belt was active between 140 Ma to 50 Ma during which time the oceanic Farallon Plate
subducted under the North American Plate (DeCelles, 2064)younger Laramide orogeny

fragmented the Western Interioasin nto seeral smaller basins, including the®ance and the

S



Uinta basins, and acants for the structure presentthe area todagDeCelles, 2004) (See inset
map in Figure 5).

The Campanian Neslen Formation was first
still used today (Fisher, 1936). The Neslen is a-tesring formation of alternating sandstone
and slopgorming mudstone packages (Fisher, 1936). Hettinger and Kirschbaum (2002)
document the regional stratigraphy of the Book Cliffs (Figure 5). The Naskbthe
longitudinally equivalent lles Formations were interpreted to be coastal plain and shoreface delta
environments, respectiveliRpberts and Kirschbaum, 19%3ettingerand Kirschbaum, 2002
(Figure 6). The location documented in this study is imé&tegl to be 65 kilometers away from
the shoreline during the deposition of the delta in the Neslen Formigtisahbaum and
Hettinger (2004) interpret theadlen Formation in Floy Canyaa consist of alternating
estuarine compxes with bay head deltasat prograded into an incised valley (Figure 5 and 7)
Shiers et al., (2014) documents tidally influenced fluvial successions in the Neslen Formation,
but not the deltas that formed on the coaglain. The Neslen Formation also has been
interpreted to cesist of crevasse splay bodies near Rangely, Colorado (Anderson, 2005),
however, this study identifies the deposit in the Neslen Formation deposits in Floy Canyon on
the opposite side of the basin as coggstain deltas because the channels become digpenso
other lithofacies and there is no large channel that scales to the body of the delta that bypasses
the area.
1.3 Data

The data used to address the goals of this study include: 1) stratigraphic columns (Figure
4 and Appendix), 2) high resolution Gigapan photos, 3) a geologic map with GPS locations

(Figure 4), and 4) sediment transport directions. Detailed stratigraphimiesldocument



centimeterscale stratigraphic characteristics such as physical and bicgggimentary
structurestexturesgrain size, sorting, bedding styles, type of fossils presenpaladcurrent
measurments. The locations of the 30 stratigraptotumns collected in this study are orange
dots in Figuretd. High resolution photopanels provide mapping templates for mapping lithofacies
distributions and trends, stratal boundaries, and paleocurrents. GPS measurements were used to
constrain the locatianof stratigraphic columns and the locations of notable lithofacies
transitions cross referenced with the Gigapan photos (Figuféd3e data wereollectively
used to magpnd correlate the stratigraphy across the field area, and measure the diménsions o
depositional units. Dimensions of storigsre collectedt an orientatioperpendicular to the
sediment transport directiomdividual mouthbar and channel stories were mapped in 3D based
on their contacts on each face of the outcrop and drawn bagbkdindminant flow direction.
The distance between the thickest part of each story and the point at which the story thins to a
thickness of zero was measured and extrapolated to help constrain the dimensions of each story.

These raw data were used teate a secondary dataset, which includes: 1) cross sections
of each exposed face, 2) measurements of amalgamation(tla¢idsickness of amalgamated
sand divided by the total thickness of the depositional unit), 3) an isopach map of the delta, 4)
lithofacies, 5) lithofacies proportions and distributions, 6) dimensional data for stories and
elements, 7) measurements of overlap between stratigraphically adjacent stories and elements,
and 8) the ratios of santth lithofacies to mudich lithofacies per sty.
1.4  Hierarchical Framework for Deltaic Strata

This study uses a hierarchical frameworKk
classification and is modified from Pyles (2007) (submarine fans), Pyles et al. (2010) (deep

water channels), Straub and Py26812) (submarine fans), and Ford and Pyles (2014) (fluvial



systems). The approach used in this study combines aspects fromateepnd fluvial regimes
and applies them to marginal marine regimes to provide a common mode of comparison and
classification of different depositional environments. Table 1 compares the hierarchical
classifications of this study to selected other studies. Alével hierarchy is used. From
smallest to largest the hierarchical components are: bed, bedset, story, elemamt)@es. A
demonstration of this approach is depicted on a stratigraphic column and photo in Figure 8.
Each hierarchical level represents different depositional units based on the time span of
existence, size of stratal packages, crosscutting relatpmsind number of superimposed
stratigraphic units (Pyles, 2007). A bed refers to a single depositional event (Campbell, 1967). A
bedset is a genetically related group of beds that have similar lithofacies, sediment transport
directions, and geometries (@pbell, 1967). Beds and bedsets amalgamate aadtdégamate
depending on their location relative to the axis of the units. Stacked beds and bedsets have
coarsening and thickening upward patterns with similar lithofacies and paleoflow directions
separatedby relatively smaliscale erosional surfaces and comparatively minor offset of the
location of the axis of deposition. These stacked beds and bedsets are referred to as stories
(Straub and Pyles, 2012). A story is a genetically related group of bedswigiogrsimilar
lithofacies and sediment transport directions where story boundaries record abandonment and
smaltscale avulsion of the river system. An element is a group of genetically related stories
containing similar lithofacies and sediment transpoctions characterized by its external
shape in depositionatrike view that forms the fundamental building blocks for larger
stratigraphic units (Pyles, 2007 p. 5). The boundaries between adjacent elements records
significant offset in the locationd the axes of stratigraphically adjacent elements (Straub and

Pyles, 2012). Genetically related elements group to form complexes.



Stratigraphic columns document detailed,-Bedle vertical stratigraphic trends and high
resolution photopanels document ks, stories, and elements in three dimensions and are
discussed in the following sections. The stratigraphic architecture of the delta is documented in
three dimensions on the photopanels.

1.5 Lithofacies

This study utilizes the definition of facies stated by Cross and Homewood (1997 p.

1620) transl ation of Amanz Gressly (1838) whi
biological properties of rocks that collectively permit objective description, as well as
distinctions among rocks of difiernt t ypeso. The term | ithofacies
not indicate the environment of deposition and is not specific to time. Rather, lithofacies give

insight into the hydrologic processes active during deposition. Lithofacies can change laterall

along discreet beds (Cross and Homewood, 1997). Seven lithofacies are identified in this study;
four are composed of sandstone, two are mudstone and siltstone, and one is mudstone.
Photographs of each lithofacies are documented in Figure 9. For btieeiphysical

characteristics, sedimentary structures, lithofacies names, and interpreted hydrodynamic

processes are in Table 2. Tablies8s the criteria used to determine the bioturbation indéx (B

for each lithofacies. Detailed descriptions of lithaéscare documented in the appendix. The

lithofacies are mapped on photopanel® Across the outcrop in three dimensions (Figure 10).

The uninterpreted photopanels and their locations on the topographic map are labeled in Figure

4.



CHAPTER 2
RESULTS

This chapter discusses the results documented in this study, including the characteristics
of the different types of stories and elements, and the paleogeographic evolution of the complex.
2.1  Stories

The delta in the Floy Canyon study area is composed ahethatories and moudbar
stories. The story types are differentiated based on 1) external morphology, 2) lithofacies
associations, 3) sediment transport directions relative to the morphology, and 4) interpreted
energy of deposition.

Channel stories hawrosional lower bounding surfaces that incise into older rioath
stories (Story 3H in Figure 10A and 10B). The upper bounding surfaces are both erosional and
conformable. When viewed along depositional strike in esessional view, the external form is
concave up at the base, flat at the top (Story 3H in Figure 10B), and elongate in theud@nnh
directionwith aspect ratios (width/thickness) ranging from 11 to 25 (Table 4). Channel stories
are thickest at their axis and thin towards their mardihs.most abundant lithofacies in channel
stories are rippled sandstone (L4) and-kgle crosstratified sandstone (L6) (Table in Figure
10A). Lithofacies transfer vertically from larger grain sizes to smaller grain sizes. Channel
stories transfer dowourrent to moutkoar stories.

These stories are interpreted as channels. This interpretation is based on collective
observations of a lenticular external shape and low aspect ratios (Table 4) characteristic of
channels, internal lithofacies associationg #ws decreasing upward flow strength, the
position of the story relative to older stories, and mainly unidirectional sedina@sport

directions.



The characteristics of moutyar stories are documented based on the surfaces mapped on
the photopaneldqgure 10BD). Mouth-bar stories have erosional lower bounding surfaces at
their axes and have conformable lower bounding surfaces at their margins (Figure 10B). The
upper bounding surface is either gradational into silt, marked by a sharpipjaleel suface
(Figure 10B see SC20 and SC2), marked by a burrowed layeT an¢lalolitesand Skolithos
(Figure 11), or rarely erosional (Figure 10B see SC 7). The-sezg®nal form, both in
depositional strike and diview, is a sigmoidal shape (Figure 10B;rsge 3H3I in Figure 10C).
Mouth-bar stories are lobate in plarew with aspect ratios (width/thickness) ranging from 50 to
250 (Table 4 The stories are thickest at their axis and thin toward their lateral and distal edges
where sand deamalgamates amaddsfers to mud. The most abundant lithofacies in mbath
stories is rippled sandstone (L#igure 13. There is proportionally more interbedded mud and
silt (L2) relative to rippldaminated sandstone (L4) towards the margin and distal edge of
mouthbar stories (Tables in Figure 16B). The overlap between stratigraphically adjacent
mouthbar stories averages 54 percent, meaning mouth bars are stacking compensationally as
opposed to vertically stacking (Table 5). On average, rAoaitistories are comped of 82
percent sandich amalgamated lithofacies and 18 perceraai@lgamated mudch lithofacies
(Table 6). The oldest stories in Element 3{3B) are more amalgamated than their younger
counterparts (3BF) (Figure 13).

These stories afiaterpretel as moutkbars This interpretation iased orihe collective
observations of sigmoidal external shape and elongatev@anshape characteristic of mouth
bars, internal lithofacies associations showing upward coarsening and thickening of beds, high
aspect ratios relative to channels, the position of the axis of stories relative to older stories, and

radially dispersive sedimeirtansport directions.



2.2 Elements

Elements are composed of genetically related channel stories andlmaostories
compogd of similar lithofacies trends. Most of the following discussion focuses on Element 3,
which is composed of nine mouth bar stories (Figure-D0gtories 3A3l). The lower bounding
surface of Element 3 is erosional near the axis and conformable nearttheast margin and
erosional near the south west margin (Figure 10B). The upper bounding surface is marked by a
wave rippled surface that is overlain by interbedded mud and silt (Figur®X&& complex
boundary). The crossectional shape in strike wes sigmoidal shaped. The base and top of
elements are relatively flat. All three elements are thickest near the axis and thin near the margin.
The plan view morphology of the elements is elongate in theument direction and lobate
downcurrent. The rast abundant lithofacies is rippled sandstone (L4), interbedded mud, and silt
(L2), and amalgamated ripplaminated sandstone with fyp clasts (L3). The aspect ratios
(width/thickness) range from 141778 (Table 7). The measurement of the overlap of
straigraphically adjacent elements averages 15 percent, meaning the elements stack more
compensationally than moutiar stories (Table 8). The thickest part of the delta complex is
where the maximum overlap and the maximum incision intalpheaic strata coicide. As a
result, the thickest parts of the delta are located from the feeder channel to sligaxig aff
Element 3, where it overlaps with Element 1 according to the isopach map of sand thickness
(Figure 14) and where the amalgamation ratios of mbat stories are high (Figure 13).

These elements are interpreted to make up part of a delta complex that is not fully
exposed. One fully exposed element (Element 3) and two partially exposed elements (Elements 1
and 2) form the basis for theterpretation of the evolution of a delta lobe deposited in a coastal

plain setting.
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2.3 Evolution of the Complex
The purpose of this section is to place stories and elements into a larger context by
documenting the paleogeographic evolution of the deltaplex within a shallovwater,
coastalplain setting. Paleogeographic interpretations of the Neslen delta, including elef3ents 1
which collectively comprise a chanamlouth bar complex, and stories-3Aare presented in
Figure 15. The maps represemglausible interpretation of the outcrop based on the synthesis of
the collected data, including mapped photopanels, sediment transport directions, and measured
thicknesses. These data allow for the documentation of the evolution of a partial delta complex.
The presence of mudstone and carbonaceous shale (L1) in every stratigraphic column
throughout the study interval indicates that a freslter coastal plain was present prior to the
deposition of the delta (Figure &dd Figurel6) (Kirschbaum and Hettieg, 2004, their Figure
6 on column 2 at 100 m). The accommodation space that allows for the deposition of the delta
could have been created by flooded incised valleys, or rising water table during backstepping of
the shoreline, but the cause is beyondsttegpe of this investigation.
The erosional contact between elemenr8ahd the underlying coastal plain, the height
of the mouth bars, and the presence of braekishesh water trace fossils indicates the delta in
the studied interval prograded intslzallow body of water, probably initiated by avulsion.
Channel stories in the northwest portion of the study area transitioncovent to the mouth
bar stories of Elements3 based on crosautting relationships and superposition (Figures 10A,
and 15) Elements 1 and 2 were deposited first and Element 3 was deposited in the topographic
low between the older elements (Figures 10B and 15). The six oldest-bavigtories in
Element 3 (3A3F) stack laterally away from Element 1 to the North East (st8Adkrough 3F

in Figure 10B; Figure 15). The average paleocurrent direction for stori@®34 150° and for

11



stories 3E and 3F is 130°. Following the deposition of the laterally stacked stories younger

mouth bars (3k8l) are deposited in the dovaurrentdirection, indicating a transition from

lateral stacking to progradational stacking, and are associated with small channels that incise into
the older mouttbar stories (stories &H in Figure 10C). Story 3H is the most fully exposed

mouth bar in the stydarea. Following the deposition of motliar story 31 marks the final

deposition of the delta based on vertical and doument lithofacies transitions to mudstone.
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CHAPTER 3
DISCUSSION

The purpose of this section is to document thetighaphic architecture and the water
depth of the delta. The paleogeographic reconstruction of the complex shows that stratigraphic
architecture varies laterally and longitudinally, as predicted by Edmonds (2011) model (Figure
2). An observation shared ather studies, for example, by Olariu and Bhattacharya (2006) and
Gani and Bhattacharya (2007), which is at odds with Waltherian Stratigraphy (Figure 1B).
Wal terds Law states that vertically adjacent
laterally given there are no unconformities (Middleton, 1973). This study documents high
variability in vertical transects throughout one genetically related delta complex, and lithofacies
deposited vertically were not necessarily deposited laterally (Fig)rén this study, the
shallow initial water depth limits vertical accommodation space and results in a greater tendency
for the shallowwater delta in this study to stack compensationally, and increases lateral
variability.

An idealzed model of a stgr(Figure 17 is constraind from observations of Story 3H,
and documents the plaew shape of mouth bars documented in this study. The characteristics
summarized in Figure 17, including the dominant lithofacies per story, the maximum
amalgamated santickness, and the relative abundance of gafidlithofacies to silrich
lithofacies along a longitudinal transect, indicates the delta was dominated by tractive deposition.
The downcurrent and lateral thinning of mouliar stories and the dowaurrenttransition to
mud indicates waning flow, because the energy of deposition decreases as the average grain size
decreasess the distance from the apafxthe feeder channel increases (Figure 17) (Wellner et

al., 2006).
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3.1 Compensational Stacking

Compenational stacking is the tendency of sediment to fill in topographic lows resulting
from avulsion of the sediment into areas where the relief is greatest (Mutti and Normark, 1987).
Compensational stacking patterns have been recognized and quantifiedangstwdies in
channelized sedimentary deposits (Straub et al., 2009) and submarine fans (Pyles, 2007; Straub
and Pyles, 2012). The cross sections in Figure 10 shows the delta in Floy Canyon stacks
compensationally, as demonstrated by the d@apping sufaces of the moutbar stories. The
compensational stacking is quantified on the basis of the measurements of average percent
overlap between stratigraphically adjacent depositional bodies; 54% for stories and 18% for
elements (Tables 5 and 8). The ovedégtratigraphically adjacent bodies is used as a proxy for
the amount of compensation in the delta; a high percent overlap indicates low compensation
while a low percent overlap indicates more compensation. The stories have a higher average
percent ovedp between stratigraphically adjacent units than the elements because they represent
smallerscale avulsions over a shorter distance relative to elements. Element 3 stacks
compensationally into a topographic low between Elements 1 and 2, resultingignagihat
architecture that is partially dependent on the existing topography. Similarly, the stories within
Element 3 stack laterally away from Element 1 and rotate relative to older stories. Element 3 has
an erosional contact with Element 1 and a confbtenaontact with Element 2. This difference
in contacts is attributed to local differences in flow that resulted in a greater degree of erosion to
the south. Compensational stacking is also evident at the bedset scale; increasing lateral
heterogeneity witim stories, as evidenced by the bedset attacking patterns in the heterolithic

strata northwest of the study area (Figure 18).
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The stacking style of architectural elements and stories in the Floy Canyon delta
demonstrate the lateral and longitudinal vatitytof the delta. The plaiwview morphologic
expression of rivedominated deltas in shallow and deepater settings appears fractal, but, as
demonstrated by this study, the stratigraphy stacks hierarchically, indicating thateplan
morphology doesat necessarily reflect the stratigraphy.

3.2  Water Depth

The initial water depth can be estimated by observing the maximwnt ledithe mouth
bars because mouttar stories can only build to the top of the water column. The maximum
relief of elements dmumented in this study is 4 m, indicating the maximum water depth was 4 m
at the end of deposition. The water level likely fluctuated during deposition due to seasonal
fluctuations in the flow of the river, but the delta was subaqueous until the encdbeftibep
based on the lack of rootlets, mud cracks, or other subaerial exposure indicators at the upper
contact between stories documented by the lithofacies (Tabl@&)imited vertical
accommodation and the tendency for sediment to fill topogrdpis results in the sigmoidal
crosssectional shape of moutyar stories dagnented in this study (Figure 10
3.3  Brackish-Water Influence

The three elements are interpreted to be depositetiestawater to brackistwater
environment. The brackish watefluence in the Nesh Formation was interpretég Fisher
(1936) and later confirmed by Kirschbaum and Hettinger (2004) based on documentation of both
freshwater and brackish water fossils in the Neslen Formation. This study documents similar
brackishwater trae fossil assemblages (Figure 11 and FigujeTlee low diversity of trace
fossils andSkolithoss an indicator of a brackish water or marginal marine environment

(Pemberton, 1992).
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Brackishwater influence can result from four different possibtenarios: 1) proximity
to the shore, 2) salt water intrusion, 3) storm surge from the coeval shoreline, and 4)
transgressive estuary valley fill (Kirschbaum and Hettinger, 2004). The proximity to the
shordine is not likely to be the cause of the bratkiwater because the shoreline during the
Campanian has ba documented as approximately 65 kilomefiens) the locéion of the study
area (Figure 6 The salt water intrusion hypothesis would provide salt for a brackish water
influence but it does not asent for the marine to brackish trace fossil assembiHuye.
preferred hypothesis is thatambination of storm surge and transgressive estuary valley fill is
responsible for the brackish water influence. Storm surge reftéhe tgper surface of a water
body that is elevateflom the low barometric pressure amdh speed, landward directed wind,
such as thatrom a hurrican®r a low pressure syster8torm surges occur when the water level
is greater than high spring tiddsstorm surges are combinedth high tides, known as storm
tides, the water level is even higher and the water can be pushed farther backaasthsuch
as observed in modern Hurricanes like Hurricane Rita in 2005, which flooded 80 kilometers
inland, effectively inundating theoastalplain with marine water (Berenbrock et al., 2009

Williams, 20009).
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CHAPTER 4
MODERN ANALOGS
In an effort to understand the role of water depth on delta architecture, the study interval
analyzed within the Neslen Formation is compareti¢dern analogs deposited in similar initial
water depths (Bm) (Table 9 and Figure 20); the Okavango delta in Botswana, and the Wax
Lake Delta in the Atchafalaya Bay in Louisiana.
4.1  Okavango Delta, Botswana
The Okavango delta and the Neslen delta skewveral similarities. The first similarity
between these deltas is the depositional water depth. The Okavango Delta, located in Northern
Botswana, is a shallowater, inland delta with a maximum water depth of 3 m (Table 10 and
Figure 20); similar to thevater depth documented in this study (~4 m). The second similarity is
the depositional gradient. The Okavango Delta covers an aerial extent of 25,000 square
kilometers from the meander belt feeder channel to the termination of the distributary system and
alow gradient (0.02% or 1:35,000) (McCarthy et al., 1988; McCarthy et al; 1991; Stanistreet and
McCarthy, 1993). The delta documented in this study has a dip°ehbuit is on a smaller
scale than the Okavango delta, covering 1 square kilometer. ifdhsithilarity is the climatic
control on deposition. The sediment influx of the Okavango delta is controlled by seasonal
climatic fluctuations and dominated by meandering and low sinuosity channels (McCarthy,
1993). Similarly, the Neslen delta is interj@@ to be dominated by climatic changes that
influence the flux of the river because of feredolitesmats of wood that form on the tops of
beds that are buried during the deposition of subsequent stories. The fourth similarity is the
dominant flow procss building mouth bars. Neither delta has mouth bars built by sediment

gravity flows. Bedload is the dominant mode of sediment transport and traction is the mode of
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sedimentation for both the Okavango delta and the Neslen delta (McCarthy et al., 2002). The
Okavango delta is completely detached from the oceanic shoreline and has no marine influence;
creating a virtually closed system (McCarthy et al., 2002), whereas the Neslen delta k& fresh
brackish water influence. The Okavango River feeds large af@a@smanent swamps and the

thick vegetation invades channels and stabilizes channel banks (McCarthy et al., 1992). The
roots of the vegetation in the swamp and the presence of permeable organic material mixed with
mud allow the water to leak through tleeées into the adjacent swamps (McCarthy et al., 1991).
The distributary channels in the Okavango and Neslen deltas have similacdemt patterns.

The similar water depth, gradient, climatic control, and flow processes between the
Okavango delta andhi¢ Neslen delta indicate the stratigraphic architecture of both deltas should
be similar since they are deposited in similar water depths (Edmonds et al., 2011) (Figure 20),
however the Okavango delta is dominated by channel stories and adjacent swaetiswhi
Neslen delta is dominated by motlihr stories (Figure 15). This difference can be attributed to
the scale of the studied intervals. The Okavango delta is at the complex scale whereas a partial
complex is documented in the Neslen delta. The vegatat the Okavango delta stabilizes
channels and limits dispersive deposition of mouth bars. It is possible that the Neslen delta is
also amid peat swamps due to the evidence of coal in the Neslen, but a larger study interval
would be needed to make thanclusion.

4.2 Wax Lake Delta, Louisiana, USA

Several similarities exist between the Wax Lake delta in the Atchafalaya Bay in
Louisiana and the Neslen delta (Table 9 and Figure 20). The first similarity is the initial water
depth. The water depth of théax Lake delta is approximately 6 m and the aerial extent is 145

square kilometers whereas the Neslen delta was deposited in 4 m water depth and covers an area
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of 1 square kilometer. The relative size of Wax Lake delta to the Neslen delta may be a more
relevant comparison based on the similar scales. The second similarity is the morphology of
mouth bars. Wax Lake delta is interpreted to be composed of morphologically similar mouth
bars (Wellner et al., 2006) with coarser sediment in theungent directiorthat gradually fine
downstream from the apex of the river mouth. The mouth bars are elongate parallel to the
sediment transport direction with thicknesses-8frh. The Neslen delta also has mouth bars
elongate parallel to the sediment transport direaiiith an average thickness of 2 m. The third
similarity is the relative proportion of topset and foreset strata along a longitudinal profile. The
Wax Lake delta and the Neslen delta have a ratio of channel depth to mouth bar height greater
than 1, meaninthat the Wax Lake delta and the Neslen delta are dominated by topset
stratigraphy (i.e. interdistributary mud and distributary channels) (Edmonds et al., 2011). The
fourth similarity is the dominant flow process. The dominant flow process forming mosth bar
on the Wax Lake delta and the Neslen delta is traction based on the dominance of lithofacies
deposited by traction, i.e. ripplaminated sandstone, cressatified sandstone, and planar
laminated sandstone.

The Wax Lake and Neslen deltas have the séon@nant process building mouth bars,
but the dominant lithofacies for each delta is different. The mouth bars in the Wax Lake delta are
dominated by crosstratified and laminated sand capped by ripples (Wellner et al., 2006)
whereas the mouth bars iretNeslen delta are composed of ripples; indicating the flow
processes building mouth bars are both dominated by traction, but the mouth bars in Wax Lake
delta have a mixed mode of sediment deposition: traction ardufedfom suspension, resulting
in theformation of turbidites (Wellner et al., 2006). Turbidite deposits are not found in the

mouth bars in the Neslen delta.
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The distributary channels in the Wax Lake and Neslen deltas have similaicdownt
patterns. The channels bifurcate and their esestional area decreases after each bifurcation
(Olariu and Bhattacharya, 2006). Channels erode into the older deltaic material within the
bifurcating river network (Shaw et al., 2013), as observed in the Wax Lake and Neslen deltas.
One branch of the digbutary channel network becomes dominant after bifurcation and diverts
the flow away from the abandoned channel (Shaw and Mohrig, 2014), resulting in subsequent
mouth bars building on top of the inactive channel, which can account for the overlapeasf stori
observed in both deltas. Channel erosion and seaward shallowing of channels has been predicted
by numerical modeling (Figure 1) (Edmonds et al., 2011). Multiple terminal distributary
channels are common in low accommodation settings, such as the Weaddltk(Figure 16)
(Olariu and Bhattacharya, 2006) and the Neslen delta, and have similar lobatewlan
morphologies. The terminal distributary channels in the Wax Lake deltazane deep and are
often below the mean sea level whereas proximal oigary channels are much deeper but do
not incise into praleltaic material. The Neslen delta has channels that shallowcawnent and
do not incise into preeltaic material in the study area. The average thickness of distributary
channels in the Neslatelta is 2.5 m and the aspect ratios ar®30 The Wax Lake delta is a
close modern analog for the Neslen delta based on the similar morphologies, dimensions of

mouthbar and channel stories, and flow processes in both deltas.
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CHAPTER 5

COMPARISON OF COEVAL DELTAS: NESLEN AND ILES FORMATIONS

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 lles Formations, conducted by
Ki mber OO0BTr i eAndreaen,dspedtadlyt(Ageres 5, 6 and)2A stratigraphic
comparison between the Neslen delta and the lles 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 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 teiasof Wright (1977)
that bed friction is relatively more significant in shallewater and reduces the turbulence of the
outflow. Enhanced bed friction in shallow water results in tractive depositional conditions,
whereas reduced bed friction in deepeter results in a higher proportion deposition from
suspensionThe following discussion compares and contrasts the two deltas.

The Neslen and lles deltas are ideallyted for this paired study. The deltas were
deposited in contrasting water depths of 4nd 15 m, respectively (Table Maith gradients of
0.4° and 0.6°, respectively. Within each partial delta cometh deltas are rivatominated
and exhibit minimal influence or modification by waves or tides due to a relatively high
proportion of lthofacies deposited by tractive currents. Deposited in the Campanian, the deltas
are roughly coevét deposited shallownarine systemthat represent strata deposited along a
depositional profile from the coastal plain to open marine (Figure 5). Thugsihlés are

indicative of the variability within a depositional landscape. Finally, the deltas are exposed
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spectacularly in three dimensions so that the distinctive architectures can be studied from
multiple depositional perspectives.

Both studies use treame 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) higiesolution photopanels, 3) sediment transport directions, and 4)
locations of deltaic featurem a topographic map (Figure)2Both studies use a fiveer
hierarchy modified from existing fluvial and deegter hierarchies. From smallest to largest, the
hierarchical components are: bed, bedset, seyeynent, and comgk (Figure 3.

The dominant lithofacies in the Nesldelta is composed of 57 perceippled sandstone,
whereas the lledelta is composed of 49 percgtnarlaminated sandstone exhibitingrpal
Bouma sequences (Figure)2The Neslen deltalso contains plandaminated sarstone (11
percen}, however, it is interpreted to be deposited by traction because the bedsets have erosional
boundaries without any gradational transition to rigptainated sandstone as opposed to the
planarlaminatedsandstone in the lles delta. The difference in dominant lithofacies is the result
of different flow processes building moditiars in each delta. The dominant flow processes for
the Neslen and lles deltas are interpreted tower toupper flow regime tretion plus
suspension depositiorlowever, there is no evidence of deposition purely by suspension in the
Neslen delta. Preserved graded beds and Bouma sequences in the lles delta indicate that there is
preserved deposition from suspension and the sysestmare prone to the formation of
turbidites.

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

amalgamate than the lles delta (Figure 2and more amalgamated throughout the body of the
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delta (Figure 21)The Neslen delta has a higher proportion of saitdlithofacies along its
fractional length with comparatively fewer shale breaks than the lles delta (Asdeated by
the table in Figure 23There is little bottomset aggradation in the Neslen delta whereas the lles
delta has laterally persistent and aggradational betto(prodelta) strata (Figure)2The
average element width is 540 m and 1000 m foN&&len and lles deltas, respectively. The
element aspect ratios (width/thickness) aeater in the Neslen delthhan the lles deltal40 and
110, respectivelyThe overlap of stratigraphicaldjacent bodies averages 55% and ~90% for
stories in the Ndsn and lles deltas, respectively, and 1&9d 57% for elements (Figure)23
indicating that the Neslen delta stacks more compensatioNtdhg overlapof mouth barsn the
lles delta indicates the mouth bars stack more vertically than their slvedircounterparts.
The Neslen delta stacks more compensationally because of the limited accommodation space
created by the shallowater depth and the low gradient. The higher gradient in the lles delta
results in higher accommodation space and thus a higheemsity for mouth bars to stack
vertically. The higher gradient in the lles 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 comarison, shallowvater deltasare domimted by tractive deposition,
have mininal bottomset aggradation, and stack highly compensatiofialyle 10).The deltas
also share several important similarities. The stratigraphic architecture in the proximal portions
of the deltass 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 attrtbutezlsimilar water

depth of the deltas in the woirrent part of the systems (Figure 2). It is hypothesized that if the
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Neslen delta continued to prograde into deepester it would eventually become

stratigraphically similar to the lles delta.
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CHAPTER 6
APPLICATION
Results from this study, including lithofacies data, dimensions of stories and elements,
and the documented paleogeographic evolution can be used as an analog for hydrocarbon
exploration in subsurface reservoirs in similardaecomnodation depositional environments.
The measurements of the overlap of stratigraphically adjacent bodies can be used as a proxy for
reservoir connectivity for hydrocarbon reservoirs deposited in similar settings. Reservoir
connectivity is the length of sarahsand contacts between two stratigraphically adjacent
elements normalized by the total length (Funk et al., 2012, Moody et al., 2012). The data
collected from this study helps narrow the technology gap of the prediction of reservoir
connectivity at anntraparasequence scale by documenting ss@lle lithofacies changes in
three dimensions. The variability of lithofacies proportions, dimensions, and juxtapositions
influences how fluid will move through a reservoir and how those fluids can be produced
efficiently.
This study proposes a hierarchy to classify deltaic systems from the source of the river to
deepwater systems. The five tier hierarchy for deltaic systems can be used to promote objective

comparisons between fluvial, deltaic, and degper systems (Figar8 and Table 1).
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CHAPTER 7
CONCLUSIONS
. The study interval documented in the Neslen Formation is identified as a shaltewdelta
deposited on a coastal plain with brackghter influence. It is a rivedlominated delta
composed of channel antbuth-bar stories that form the building blocks for channel and mouth
bar elements. The lithofacies architecture, or lateral and vertical distributions of lithofacies,
reflects the depositional processes and the evolution of the complex.
. Tractive depositin was the dominant depositional process in the Floy Canyon delta.-Ripple
laminated sandstone is the dominant lithofacies, indicating the delta was deposited in a low flow
regime.
. Architectural analysis of the three dimensional exposure documents tllaitdnstacked highly
compensationally. Element 3 is composed of nine mbathstories that first stack laterally,
rotating relative to older stories, then progradationallye€&deltaelementsareidentified inthis
study and thegollectively build a conplex The three elemds are composed of channel and
mouthbar stories.
. The planview morphologic expression of rivelominated deltas appears fractal but the
stratigraphy stacks hierarchically.
. Edmonds (2011) model predicts delta architecture to chdogg a longitudinal transect from
topsetdominated to foresetominated. This study confirms, through 3D characterization of a
shallowwater delta, the prediction to be plausible. The delta in the Floy Canyon study area has a
complicated architecture thadries longitudinally because the lithofacies proportions change

radially from the axis of the system to the margins.
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6. Similarities between the Okavango delta, Wax Lake Delta, and the Neslen delta support the
conclusion that water depth influences the gjraphic architecture of deltas.

7. The comparison of the delta in Floy Canyon delta with modern deltas, such as the Okavango
delta and the Wax Lake delta, indicates that shall@ter deltas (deposited inR&@m water
depth) share several architectural sinfl@s including mouth bars built by traction,
compensational stacking, and high lateral and longitudinal variability due to high compensational
stacking and sediment dispersion.

8. The comparison of quantitative data from this study to a study of a deef@erdelta in Hunter
Canyon, Colorado documents that water depth influences the resultant stratigraphic architecture
of deltas. Riveildominated deltas deposited in different water depths have similaviphan
morphologic expressions, but the stratigrag@nizhitectures are different. This study documents
several significant differences between the shallater delta in Floy Canyon (Neslen delta)
and the deepewater delta in Hunter Canyon (lles delta): the shalwater delta has, 1) lower
clinoform angles2) a higher percentage of amalgamated sand, 3) bottomset aggradation only
near the terminations of moubfar stories, and 4) less overlap between stratigraphically adjacent
stories than their deepwrater counterparts. The critical conclusion is thatisawater deltas
stack more compensationally than their deepater counterparts; resulting in more lateral
variability of sand bodies.

9. Shallowwater deltas are more amalgamated than their deeggier counterparts because the
proportion of preserved iatstory mud is lower than in deepeater deltas, thus resulting in a

higher proportions of amalgamated, erosional, sargland contacts in the shallemater delta.
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FIGURES
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Figure 1 A) Diagram showing a diyoriented cross section of the stratigraplelta from

Edmonds et al. (2011). B) Schematic diagram of a delta by Bhattacharya (2006) documenting the
previous interpretations of deltas. The key distinction between A and B is the thickness of the
topset in A is based on channel depth, which isliggted with a dashed line, indicating that

topset thickness decreases along the depositional profile. The previous model (B) by
Bhattacharya (2006) does not account for longitudinal variations in stratigraphy.
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Figure 2:Diagrams documenting the spatial variations of a shallow (A) and comparatively
deepetwater (B) delta based on Edmonds et al. (2011). Key predicted distinctions between
shallowwater and deepeavater deltas are: 1) shallewater deltas have a higher propan of
topset strata (i.e. distributary channels and interdistributary muds) whereaswatgpeateltas
have a higher proportion of mouth bars, and 2) the fractional length of-thppeétated strata is
greater in shallowvater deltas than deepemater cltas.
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\/Vater depth 3 g Water depth: 25 m

Figure3: Aerial photograph of the Okavango Delta, Botswana (left) and the Mississippi River

Delta, Louisiana (right). Both deltas are deposited in different water depths but the plan view
morphologies are similar. Despite the morphologic simnifari e s Edmond&és model p
have different internal stratigraphic architecture (see Figure 2).
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Figure 4 Location of the outcrop analyzed in this study. The study area is looatesl Book
Cliffs, Grand @unty, Utah, S31 T20S R19E. Ahe location of the study on a topographic map.

B) A geologic map of Floy Canyon, which is composed of the Cretaceous Mesaverde Group.
The specific study interval is in the Neslen Formation.
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Figure 5: Stratigraphic columns and inset map shgiuhe stratigraphy of the Book Cliffs of Colorado and Utah (modified from
Hettinger and Kirschbaum, 2002). The Neslen and lles Formations are time equivalent stratigrapBieaiRitgure 7 for a detailed
cross section of the field area.
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Figure 6:Paleogeographic map of the Neslen and lles Formafldwslocations of this study in
Floy Canyon, Utah and the companion study in Hunter Canyon, Colorado are .|dlhelédoy
Canyon study area was deposited at the interface between fluvial and ceastaaliao
environmentgpersonal communication, Mark Kirschbaum
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