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Abstract

Most outcrop-based studies of fluvial successions predominantly focus on sand-
prone channel complexes; less attention has been directed towards fluvial
overbank successions. Crevasse-splay deposits represent an important
component of the stratigraphic record of fluvial overbank systems and yield

information about the size, form and behaviour of formative fluvial systems.

Quantitative facies and architectural-element analysis was undertaken on
outcrop successions from the Morrison Formation (Upper Jurassic) and the
Castlegate and Nelsen formations, Mesaverde Group (Upper Cretaceous), this
was then supported by analysis of 10 modern fluvial systems to better constrain

the planform variations in overbank areas,

Lithofacies arrangements are used to establish the following: (i) recognition

criteria for splay elements; (ii) criteria for the differentiation between distal parts
of splay bodies and flood plain fines; and (iii) empirical relationships with which
to establish the extent (ca. 280-500 m long by 180-1000 m wide) and planform
shape of splay bodies in the Morrison Formation (teardrop) and Castlegate and

Neslen formations(semi-elliptical).

A nested, hierarchical stacking of the deposits of fluvial overbank successions
are recognized and records accumulation of the following components: (i)
lithofacies; (ii) individual event beds comprising an association of lithofacies; (iii)
splay elements comprising genetically related beds that stack vertically and
laterally and represent the deposits of individual flood events; (iv) splay
complexes comprising one or more genetically related elements that have a

common breakout point and represent the deposits of multiple flood events.

Splay accumulations occur as parts of larger successions in which floodplain-
dominated intervals accumulate and become preserved in response to longer-
term autogenic controls, such as rate of lateral migration and avulsion
frequency of parent channels, and allogenic controls, such as changes in
subsidence, climate, base-level and sediment supply. Sandy splays contribute
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link otherwise isolated primary channel bodies, thereby contributing to reservoir

connectivity.
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Chapter 1 Introduction

This chapter sets out the rationale of the research programme, the aims and
objectives of the thesis, and describes its structure. The research questions that
are used to fulfil the overall aims of the work are introduced and the methods
used to address these questions are also introduced. Brief summaries of the
geological evolution of the site of main data collection, the Cordilleran foreland
basin and the Western Interior Seaway of the Western United States and the
outcrop expressions studied thered the Morrison Formation, Castlegate
Sandstone and Neslen Formation are presented.

1.1 Project rationale

In fluvial systems, overbank river floods are common natural events. The
deposits formed due to these floods can make up significant proportions of
preserved successions (Wright and Marriott, 1993; Walling and He, 1998;
Walling et al., 1998; Bristow et al., 1999; Anderson, 2005; Colombera et al.,
2013). Therefore, understanding the pre-requisite conditions, processes, and
products during sediment transfer from fluvial channels to floodplains is
important to better understand this sedimentary archive, and can help to refine
depositional models. The primary components of fluvial-overbank settings are
crevasse-splays, crevasse-channels, levees, abandoned channels and
floodplains (Coleman, 1969; Farrell, 1989; Smith et al., 1989, Miall, 1996), the
corresponding deposits of which have been recognised for their importance as
aquifers, placer deposits, and hydrocarbon reservoirs (Mjgs et al., 1993;
Ambrose et al., 2008; Stuart et al., 2014; van Tooreneburg et al., 2016). The
wide range and complexity of fluvial systems, including in overbank areas,
results in a wide-range of preserved architectures that can make accurate

prediction of facies distributions and connectivity in the subsurface challenging.

The majority of studies of the stratigraphic architecture of fluvial successions
have focused on channel belts, with less attention historically given to overbank
deposits despite their potential to archive past environmental variability (Cecll,
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1990; Nanson and Croke, 1992; Mack and James, 1994; Kraus, 1999) and their
ability to act as stratigraphic connectors between generally higher quality
reservoir rocks (Bos and Stouthamer, 2011; Stuart et al., 2014; Sahoo et al.,
2016; van Tooreneburg et al., 2016). Numerous studies make passing
comment on overbank deposits, while focussing on major fluvial channel-fills
(e.g. Friend et al., 1979; Allen, 1983; Miall, 1985, Alexander, 1992; Bridge et al.,
1995, Hornung and Aigner, 1999, Holbrook, 2001, Donselaar et al., 2008; lelpi
and Ghinassi, 2014; Shiers et al., 2014; Hampson, 2016). However, there has
been increasing interest in overbank deposits and the various roles they can
play in fluvial reservoir models (Anderson and Carr, 2007; Boerboom et al.,
2016; van Toorenenburg et al., 2016). However, research on overbank deposits
in outcrop has generally remained qualitative in nature, with some exceptions
(e.g. Mjgs et al., 1993; Anderson, 2005; van Toorenenburg et al., 2016;
Gulliford et al., 2017), and with less research done on the sedimentological
relationships and stacking style present in such successions (van
Toorenenburg et al., 2016; Gulliford et al., 2017). Furthermore, past studies that
have foccussed upon overbank deposits tend not have linked the stratigraphic
architecture to the broad-scale allogenic controls and also to autogenic

processes occurring at the time of sedimentation (Stuart, 2015).

The purpose of this study is to address these shortcomings through the detailed
analysis of three fluvial successions: the Jurassic Morrison Formation and the
Cretaceous Castlegate Sandstone and Neslen Formation. Each succession
comprises significant amounts of overbank deposits that warrant study (Mullen
and Freeman, 1957; Franczyk et al., 1990; Miall 1993; Hettinger and
Kirschbaum, 2002; Turner and Peterson, 2004; Mclaurin and Steel, 2007,
Robinson and McCabe, 2007; Shiers et al., 2014; Owen et al., 2015). The
primary focus of this study on the fluvial overbank setting has been the analysis
of crevasse-splay components partially due to increased preservation potential
in the rock record and partially due to common occurrence in the studied
successions. Crevasse splay deposits are the product of a exceeding or
breakout at a levee of floodwaters during a river flood event (Coleman, 1969;

Elliott, 1974 ;). Crevasse-splays are distinct from avulsion splays that are



inherently linked and precede avulsion of the main channel (Smith et al., 1989;
Slingerland and Smith, 2004; Jones and Hajek, 2007), and terminal splays
which are deposited at the terminus of distributive fluvial systems with no need
for river flooding events or levee confinement (Fisher et al., 2007; Fisher et al.,
2008). To achieve this goal, a set of detailed sedimentary graphic profiles and
architectural-element analysis panels have been recorded in strategically
located sites across each of the three studied formations. The interpretations of
these sites will aid in understanding the spatial distribution of the overbank
elements and their relationship to the fluvial channel elements. These data can
then be compared to a series of case examples, with comparable allogenic
controls, from the literature via the Fluvial Architecture and Knowledge Transfer
(FAKTS) database, an in-house database containing an extensive catalogue of
case studies from the scientific literature and on-site fieldwork compiled at the
University of Leeds (Colombera et al., 2012, 2013). This allows the impacts of

allogenic factors on fluvial overbank architectures to be better understood.

1.2 Aims and Objectives: Research questions

The aim of this study is to develop a series of depositional models with which to
account for and understand the complexity and variability found in the
preserved stratigraphic architecture from a variety of fluvial floodplain settings,
including coal-bearing successions developed in humid settings and

successions developed in semi-arid settings.
Specific objectives of this research are as follows:

) To document the lithofacies types and organisation of these
lithofacies present within overbank successions;

(i) To define a series of overbank elements based on Miall (1985, 2014),
guantify the dimensions, geometries of these elements and to
establish the stacking patterns of these elements within successions.

(i)  To assess the controls on the stacking and occurrence of these

elements together within successions.



Specifically, this project seeks to address these aims through consideration of

following research questions detailed in the next section.

1.2.1 Question 1: What is the detailed morphology, sedimentology

and depositional architecture of overbank elements?

Rationale: Fluvial architectural elements schemes were first proposed by
authors such as Friend (1983), Allen (1983), and Miall (1985). Elements that
were deposited beyond the confines of the main channel were defined by these
same authors at first using the terms extra-channel, also called overbank
settings (Friend, 1983; Miall, 1985). Extra-channel or overbank elements are
defined as crevasse-splay, crevasse-channel, levee, floodplain fines and
abandoned channels (Miall, 1994). These terms have been used by many
workers in the study of many different fluvial successions (e.g. Willis, 1993;
Olsen et al., 1995; Corbeanu et al., 2001) and have been built upon by others
(e.g. Colombera et al., 2013). However, past research on overbank elements in
ancient successions has mostly been as part of studies on intra-channel
deposits, albeit with some notable exceptions from individual systems (e.qg.
Mijgs et al., 1993; van Toorenburg et al., 2016; Gulliford et al., 2017). There
remains a lack of quantification of overbank elements, particularly those
interpreted to be from humid settings. There is far less research that considers
overbank deposits in the Castlegate and Neslen formations than the intra-
channel deposits (Miall, 1993; Adams and Bhattacharya, 2005; Hampson et al.,
2005; Cole, 2008; Hampson, 2016). Similarly, in the Morrison Formation, the
channel deposits have been the focus of attention of many authors (e.qg.
Cowan, 1992; Hartley et al., 2015; Owen et al., 2015), with overbank research

focussed on palaeosol analysis (Demko et al., 2004).

Work on the morphology, sedimentology and depositional architecture of
overbank elements can aid in development of better understanding of the
stratigraphic architecture of extrachannel areas in fluvial successions and
development of more accurate, quantitative models for fluvial successions as a
whole. Work on morphology and sedimentology of such elements can provide
information on floodplain dynamics at the time of deposition, and on the floods

that have produced these deposits. Work on depositional architectures can also
4



aid in understanding the morphologies of the elements that produced such

deposits and conditions on the floodplain at the time of deposition.

1.2.2 Question 2: What is the stratigraphic organisation of fluvial

overbank successions?

Rationale: Fluvial overbank successions are composed of various components
that are present at a variety of scales. How these different componentsd from
facies-scale, to element-scale, to complex-scaled build together will have
important implications for the models that decribe such successions as will the
internal complexity of these different components.

Research on the organisation of overbank sediments within a stratigraphic
succession tend have been the incorporated in studies of the stratigraphic
organisation of fluvial successions in general (e.g. Miall, 1985; Hornung and
Aigner, 1999; Holbrook, 2001), with a few studies focusing on overbank
successions deposited under ephemeral settings (van Toorenenburg et al.,
2016 and Gulliford et al., 2017) and related deltaic settings (Mjgs et al., 1993;
Gugliotta et al., 2015). Some studies of the hierarchical organisation of fluvial
successions also comment upon overbank deposits (e.g. Sprague et al., 2002;
Ford and Pyles, 2014). However, there are no published studies entirely
dedicated to an investigation of the hierarchical organisation of overbank

successions.

The different stratigraphic architectures of overbank elements within a
succession will have implications for the reservoir potential of that succession: if
sand-prone overbank elements cluster together, such as sandstone-rich
crevasse-splay or channel elements, this will result in a better reservoir quality
part of the succession. However, if silt-prone overbank elements, such as
siltstone-rich crevasse-splay elements, abandoned channels or floodplain
elements, cluster this will result in a gross- part of the succession. Different
planform morphologies of overbank elements will also have an impact on
stratigraphic organisation and connectivity, on how sand-prone parts of
overbank elements interact with other sand-prone or silt-prone parts of the

overbank, and their relationships with sand-prone channel deposits (Stuart et
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al., 2014; Sahoo et al., 2016). This has implications for reservoir quality and for
connectivity in fluvial successions from an applied geology standpoint (Keogh
et al., 2008; van Toorenburg et al., 2016).

1.2.3 Question 3: What are the spatial and temporal controls on

splay deposition?

Rationale: Sedimentation in fluvial settings has long been ascribed to the
interplay of allogenic controls, such as climate, tectonism and base-level
changes (Allen and Posamentier, 1993; Ethridge et al., 1998; Blum and
Torngvist, 2000; Ambrose et al., 2009; Abels et al., 2013). Autogenic controls
have also been highlighted (Goldhammer, 1978; Goodwin and Anderson, 1985;
Muto et al.,2007; Hampson , 2016; Colombera et al.,2015, 2016; Shiers et al.,
2017). However, less attention has been paid to how such controls affect the
preserved stratigraphic architecture of fluvial overbank successions.

Climate variations are known to exert an influence on floodplain development
(Fielding, 1986; Benedetti, 2003), particularly the occurrence of palaeosols and
coals (Blum and Price, 1998; Abels et al., 2013; Shiers et al., 2017). However,
the impact of climate variations on other elements of the overbank, such as
crevasse-splays, are less known. Tectonism has a very important impact on
sedimentation through uplift of the source area to generate sediment and
control drainage basin configurations (Miall, 2014), and through generation of
accommodation space through subsidence (Leeder, 1993). However, these
controls on splay sedimentation are understudied. Changing base level and its
effects on crevasse-splay deposition are relatively well documented (Bristow et
al., 1999). Avulsion has been proposed as having a major role in bringing
coarse-grained deposits onto the floodplain (Perez-Arlucea and Smith, 1999;
Miall, 2014). Crevasse splays sometimes can act as initiation for full avulsion
events (Perez-Arlucea and Smith, 1999; Morozova and Smith, 2000; Buehler et
al., 2011; Weissmann et al., 2013). However, more work is needed to identify
the role that splay deposition can play in inducing and shaping avulsion events.
Duration of river flooding events will also influence splay deposits, i.e. evolution
of a splay from simple to more complicated morphology and corresponding

composite deposit will increase with time. Spatial controls, such as the lateral
6



juxtaposition of splays next to floodplain deposits, also have important
implications for the prediction of stratigraphic complexity in fluvial overbank

successions.

Many different factors will influence the type and rate of splay deposition
occurring at a given time and location and that in turn results in different
amounts of sand transported to the floodplain. This work endeavours to

understand these controls in terms of how they influence splay deposition.

1.2.4 Question 4: How do splays and their deposits impact fluvial

hydrocarbon reservoirs?

Rationale: Fluvial floodplain deposits have been characterised in a qualitative
manner by various authors (e.g. Fisher et al., 2007; Hampton and Horton, 2007;
Jones and Hajek, 2007; Nichols and Fisher, 2007; Keogh et al., 2007 ; Gulliford
et al., 2014). In addition, heterogeneous fluvial intervals, which can include
overbank deposits, have been quantified within reservoir-architecture studies
(e.g. Keogh et al., 2007; Pranter et al., 2008; 2009; McKie, 2011; Ford and
Pyles, 2014). Each of these studies have introduced the idea that crevasse-
splay deposits can contribute to reservoir volumes, but a more direct
assessment of the reservoir potential, in terms of addition to net sand volume or

as connectors between sand-rich channels, is missing from the literature.

Work on the sedimentation of crevasse splays can aid in developing petroleum
models for fluvial successions with a greater understanding of how such splay
deposits will appear in core, whether splays can act as connectors to larger

channel bodies, and how splays can be defined within 3D space.

1.3 Methodology

1.3.1 Dataset

Data were collected during 3 field seasons between 2013 and 2015, totalling 5
months of work in field. This fieldwork was undertaken in Eastern Utah (Fig.
1.1) and Western Colorado (Fig. 1.1), and focused on the Jurassic-age

Morrison Formation and the Cretaceous-age Castlegate Sandstone and Neslen
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Formation. Additional data were derived from literature using the Fluvial
Architecture and Knowledge Transfer System (FAKTS) database an in-house
database with an extensive catalogue of case studies from the scientific
literature and on-site fieldwork at the University of Leeds (Colombera et al.,
2012; 2013). These additional data complement the primary field data collected

as an important part of this study.
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Figure 1.1: (A) Map showing location of study area in USA; (B) Map
depicting the main sites of data collection in the Cretaceous
Mesaverde Group, Utah, (green stars) and in the Jurassic Morrison
Formation, Utah and Colorado (yellow stars), USA Abbreviations for
each canyon or site are thus: Tuscher Canyon two sites (tsr); Horse
Canyon (hrs); Floy Wash (fly); Crescent Canyon two sites (cc);
Yellow Cat Canyon (yc); Slick Rock (sr); Atkinson Creek (ak); Naturita
(nr); Colorado National Monument (cn).

1.3.2 Field techniques

Sedimentary graphic measured logs

In total, 114 vertical sections were measured recording 1241 m of sedimentary
succession (Appendix A). Sixty-two logs were measured in the Book Cliffs, and
Eastern Utah in the Castlegate Sandstone and Neslen Formation (Fig. 1.1, 1.2).

Forty-two logs were measured across Western Colorado in the Morrison

8



Formation (Fig. 1.1, 1.2). The resolution of logging was dependant on size and
detail required. Regional logs were measured to place each succession in
context of the formation; detailed local logs were recorded to capture measured
facies and their associations and successionswithin individual architectural

elements and to record the stratigraphic arrangement of these elements.

Architectural diagrams

Architectural panels have been created from direct field measurement,
supported by analysis of photographs and in-field sketches (Appendix B).
These panels aid in determining the distribution of different architectural
elements in each of the studied overbank successions in the studied
formations. The panels were constructed by lateral tracing and subsequent
correlation of key stratal surfaces. By in-field walking out of key surfaces, these
observations are then supported by subsequent analysis of the high-resolution

photopanels.

Palaeocurrent analysis

Palaeocurrent data have been collected to aid in determination of spatial trends
of flow direction in overbank successions. One-thousand, one-hundred-and-
eighteen palaeocurrent indicators were collected from the Book Cliffs study
area encompassing the Castlegate Sandstone and the Neslen Formation. Nine-
hundred palaeocurrent indicators were collected from Western Colorado from
the Morrison Formation. These palaeocurrent data were collected from various
sedimentary structures, including cross-bedding foresets, ripple cross-
lamination, ripple-forms on bedding surfaces and low-angle-inclined accretion
surfaces. The low degree of tectonic tilt negated the need to restore

measurements.
1.3.3 Modern satellite imagery

Satellite imagery of modern systems was collected using GoogleEarth software.
Data were collected from 9 modern rivers: the Helodrano Mahajambe,
Madagascar; the Okavango River, Zimbabwe; the Lli River, Kazakhstan; the

Paraguay River, Argentina; the Saskatchewan River, Saskatchewan; the
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Betsiboka River, Madagascar; the Peace River, Alberta; the Mississippi River,
Mississippi; the Saloum River, Russia. Various data types were collected: (i)
lengths perpendicular to flood breakout point and trunk channel; (ii) widths
parallel to flood breakout point and trunk channel; and (iii) planform geometries

of splays and their associated trunk channel sizes.

1.4 Brief overview of tectonic setting.

The North American Cordilleran foreland basin was a north-south trending
basin (>3000 km long, 300-600 km wide) that spanned much of the length of
North America,; it developed from the Late Jurassic through to the Palaeocene
(Beaumont, 1981; Jordan, 1981; DeCelles, 2004; Aschoff and Steel, 2011a)
(Fig. 1.3). The basin was subject to mutiple transgressions and regressions of
the Western Interior Seaway, which at times extended as far north as the Arctic
Circle and as far south as the Gulf of Mexico (Fillmore, 2010).

The North American Cordilleran foreland basin developed in association with
the Sevier thrust belt and associated shorterning caused by the subduction of
the Farallon Plate at the western margin of North America (Aschoff and Steel,
2011a,b). The basin started to develop during the Late Jurrasic with collision of
the Farralon Plate at a rate of ~8mm/year (DeCelles, 2004), but opinions are
split as to whether the foreland basin was developed suffiently to receive
sediment at this time (Turner and Peterson, 2004). If major thrusting and
loading began during the Late Jurrasic, then deposition could have occurred in
the foreland basin or in the back-buldge of the overfilled foreland basin
(Decelles and Burden, 1991; Decelles and Currie, 1996; Currie, 1997, 1998),
with the latter scenerio requiring a foredeep (Decelles, 2004). The presence of
a foredeep is shown to be plausible by the development of a series of cross
sections by Royse (1993). Subsidence and accomodation in this scenerio would
have been driven by forebulge migration or flexural and regional dynamic

subsidence (Currie, 1997, 1998; Decelles, 2004). If, however, significant
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Figure 1.3: Overview map depicting the geometry and extent of the North
Cordilleran Foreland Basin after Aschoff and Steel (2011).

thrusting did not occur until the Early Cretaceous (Heller et al.

, 1986; Lawton,
1994:; Decelles et al.

, 1995), then the foreland basin would not have
commenced full development until then, meaning accomodation must have
been created in an alternative way. Regional tectonothermal subsidence,
related to a Middle Jurrasic thermal metamorphic event or thursting to the west
of the Sevier thrust sheet, could have created the accomodation space for the
late Jurrassic deposits, the Morrison Formation (Heller et al., 1986).
Alternatively, the subduction of the Farallon Plate at this time could have had a

role in creating subsidence in the area (Dickinson and Lawton, 2001a,b).
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These different scenerios for the timing of thrusting is less important in the
Cretaceous, by which time most authors agree a full foreland basin had
developed (Aschoff and Steel, 2011a,b). Rates of collison of the Farallon Plate,
and consquently the development of the Sevier thrust belt, had increased to
150 mm/year by the Paleocene, with abrupt increases in early, mid- and late
Cretecous times (Decelles, 2004). Sediment supply to the basin at this time was
likely controlled by episodes of thrust faulting (Goldstand, 1994; Aschoff and
Steel, 2011Db).

1.4.1 Western Interior Seaway

The Western Interior Seaway was an eperic sea during the Late Jurassic with
multiple transgressions and regression recorded in the stratigraphy of the
Western Interior of North America (Blakey and Ranney, 2009). By the Late
Jurassic the seaway had retreated geographically away from where the

Morrison Formation was deposited (Fig 1.4) (Owen et al., 2015).

The Cretaceous was a period of eustatic sea-level variation with a number of
transgressive-regressive episodes, with most authors agreeing on 2-4 major
transgressions. Each cycle left a mark on the sedimentary record (Hancock and
Kauffman, 1979; Sethi and Leithold, 1994). Much of North America was subject
to these repeated transgression-regressive cycles by the Western Interior
Seaway (Fillmore, 2010). During the Cretaceous, the North American
Cordilleran foreland basin was occupied by the Western Interior Seaway, at
which time the seaway was generally thought to have relatively shallow water
depths along its length, and not usually exceeding 100 m (Plint et al., 1993;
Longhitano and Steel, 2016). The seaway was present for 35 Myr, during the
Campanian, across the Western Interior (Fig. 1.5) before it became fully
terrestrial in the Maastrichtian (Roberts and Kirshbaum, 1995). The palaeo-
shoreline is thought to have been orientated in a northwest-southeast to

northeast-southwest direction (Aschoff and Steel, 2011b).
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Figure 1.4: Palaeogeographic map of Western Interior. Middle and Late
Jurassic times (161 Ma to 151 Ma). The Western Interior Seaway had
advanced across American during the Oxfordian but retreated during
the Kimmeridgian. After Blakey, 2016.
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Figure 1.5: Palaeogeographic map of Western Interior. Middle and Late
Campanian times (90 Ma- 72.1 Ma). Western Interior Seaway is
extensive across the whole of the US and North America. After
Blakey, 2016.
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The sedimentary fill of the Western Interior Basin thickens overall towards the
west, and has a maximum thickness of 2 km (van Wagoner, 1995). The basin
fill consists mainly of Cretaceous sediments with some Jurassic and Triassic
strata (Fig. 1.6) (Aschoff and Steel, 2011b). The sedimentary successions
focussed on in this study are the Jurassic Morrison Formation, and the

Cretaceous Castlegate Sandstone and Neslen Formation (Fig. 1.2, 1.6).
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Figure 1.6: Cross-section of sedimentary infill of the foreland basin after
Armstrong, 1968; Kauffman, 1997; Seymour and Fielding, 2013.

1.5 Outcrop expression of the Morrison Formation

The Morrison Formation is a 50 to 250 m thick succession (Anderson and
Lucas, 1997) comprising three separate members: the Tidwell, Saltwash and
Brushy Basin members (Anderson and Lucas, 1997; Robinson and McCabe,
1998; Owen et al., 2015) The Tidwell is the lowest Member of the Morrison
Formation and consists of sandstones, limestones, siltstones and gypsum
deposited onto a mud flat which had some fluvial and lacustrine sub-
environments (Peterson, 1980, 1986; Robinson and McCabe, 1997, 1998). The
Tidwell Member has within it parts that have a marine component (Turner and
Peterson, 2004) and minor aeolian intervals occur towards its most southern
extent (Peterson, 1980, 1986).
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The Saltwash Member has a gradational contact with the underlying Tidwell
Member (Robinson and McCabe, 1998) and consists of interbedded
sandstones and siltstones deposited from fluvial channel and overbank settings
(Mullen and Freeman, 1957; Peterson, 1980; Robinson and McCabe, 1997;
Turner and Peterson, 2004). The Saltwash Member is the focus of this study.
The fluvial planform morphology of the Salt Wash Member has commonly been
interpreted to be braided due to high-sandstone to mud-rock ratios, coarse-
grain size of many of the sandstones and sheet-like nature of sandstone
(Robinson and McCabe, 1998). However, not all of the channel pattern is
braided. Other workers have interpreted parts of it as a sandy-amalgamated
meander belt due to point-bar forms identified in the stratigraphic record on
satellite imagery (Hartley et al., 2015). The Saltwash Member can be
subdivided in two ways, depending on regional location. In the Slick Rock,
(Colorado) area, the member can be divided into three intervals: i) a sandstone-
dominated interval at the base; ii) a interbedded interval in the middle; and iii) a
sandstone-dominated upper interval (Tyler and Ethridge, 1983). By contrast, in
the Henry Mountains regions, (Utah) the member can be subdivided into two
intervals: i) a lower interval at the base of amalgamated sands; and ii) an upper
interval made up of sandstone and thick mud packages (Robinson and
McCabe, 1997).

The Brushy Basin Member is the uppermost Member of the Morrison Formation
and has an enigmatic relationship with the underlying Saltwash Member
(Peterson, 1988), with the contact placed at the last laterally extensive
sandstone in the Saltwash Member (Peterson, 1980; Robinson and McCabe,
1998). The Member consists of siltstones, limestones, sandstones and
conglomerates interpreted to have been deposited from fluvial channels, fluvial
overbank, wetland and lacustrine settings (Craig et al., 1955; Turner and
Peterson, 2004)

1.6 Outcrop expression of the Castlegate Sandstone

The Castlegate Sandstone passes laterally to the Lower Castlegate Sandstone,
the Buck Tongue of the Mancos Shale and vertically to the Sego Sandstone
17



and the Neslen Formation east of Green River, Utah (Kirschbaum and
Hettinger, 2004). This study does not go west of the town of Green River so
reference to the Castlegate Sandstone here means the Lower Castlegate
Sandstone. The Lower Castlegate Sandstone is a 60m thick (average)
succession of cliff forming sheet sandstone bodies with sheet-like geometries
(Van Wagoner, 1990; Hettinger and Kirschbaum, 2002; Adams and
Bhattacharya, 2005, McLaurin and Steel, 2007). The unit consists of
predominantly very fine-medium grained sandstone (Olsen et al., 1995,
Hettinger and Kirschbaum, 2002), with sporadic and limited zones of continuous
overbank fines (Mclaurin and Steel, 2007). The Lower Castlegate Sandstone in
the Book Cliffs thins towards the south-east and then fines and passes laterally
into the Mancos Shale close to the Colorado border (Hettinger and Kirschbaum,
2002). The Blackhawk Formation underlies the Lower Castlegate; the base of
the Castlegate can be taken as a major sequence boundary (Van Wagoner,
1990; Olsen et al. 1995, Adams and Bhattacharya, 2005).

The Lower Castlegate Sandstone is generally considered to be deposited within
low-sinuosity braided channel systems (Van Wagoner, 1990; Olsen et al., 1995:
Hettinger and Kirschbaum, 2002) with some lateral variations with proximity to
the palaeo-shoreline, closer to the shoreline the systems changes from a
braided system to a shoreline-delta front in present-day outcrops towards
Colorado (Miall 1993, Hettinger and Kirschbaum, 2002). At the time of
Castlegate Sandstone deposition there was thought to be a low rate of base-
level rise, hence the dominance of sand throughout the succession, with the

gradual increase in the rate of base-level rise over time (Olsen et al., 1995).

1.7 Outcrop expression of the Neslen Formation

The Neslen Formation is a coal-bearing formation made up of very fine- to
medium- grained sandstones, siltstones and mudstones (Hettinger and
Kirschbaum, 2002). It is defined based on the first occurrence of coal-bearing
strata above the Sego Sandstone (Fig 1.2; Fisher, 1936). The Neslen

Formation is traditionally subdivided into four coal zones (Franczyk et al., 1990):
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the Palisade, Ballard, Chesterfield and Cabonera zones. Within these zones,
two laterally extensive sandstone marker beds, the Thompson Canyon
Sandstone Bed (Shiers et al., 2014) and the Sulphur Canyon Bed (Hettinger
and Kirschbaum, 2002) are prevalent and laterally extensive. The Neslen
Formation is of variable thickness from 40 m at Tuscher Canyon (Fig. 1.1) to
over 120 m at the Utah-Colorado border (Shiers, 2017), due to its gradational
contact with the overlying Farrer Formation (Fisher, 1936; Franczyk et al.,
1990). Laterally, the Neslen Formation merges west towards Green River with
the Castlegate Sandstone, and merges east at the Colorado border with the

Lower Mount Garfield Formation (Hettinger and Kirschbaum, 2002).

The Neslen Formation was deposited as part of a low-gradient, low-relief fluvial
and coastal plain (Lawton, 1986; Pitman et al., 1987), but has also been
interpreted as adeltaplain( Kar a man, 201 2; O6Brien, 201
2015; Burton et al., 2016; Shiers et al., 2017), and as an estuarine complex
(Willis 2000; Kirschbaum and Hettinger, 2004; Cole, 2008). Overall, there is a
general coarsening upwards trend within the Neslen Formation, which can be
linked to a change in palaeoenvironment from lower coastal plain, to upper
coastal plain, to a lower alluvial-plain setting. Hence there is a dominance of
coals and fine-grained sediment towards the base of the succession, and an
increase in sand proportion toward the top (Franczyk et al., 1990; Hettinger and
Kirschbaum, 2002). The Neslen Formation grades into the overlying fluvial
Farrer Formation above (Franczyk et al., 1990; Hettinger and Kirschbaum,
2002).

The Neslen Formation can be dividedintoa fil ower 06 and an Auppe
lower part of the formation accumulated in brackish water and fresh water

environments within multiple sub-environments such as tidal flats, lagoons,

bays, marshes and oyster reefs (Pitman et al., 1987; Chan and Pfaff, 1991;

Shiers et al., 2014, 2017). The upper part was deposited within in a more

alluvial-plain setting (Pitman et al., 1987; Shiers et al., 2014, 2017).
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Figure 1.7: Outcrop expression of the Castlegate Sandstone and Neslen
Formation at Crescent Canyon, Utah. Photograph looking West(Fig.
1.1)
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Sandstone at Tuscher Canyon, Utah (Fig. 1.1).
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Figure 1.1.9: Outcrop expression of the Saltwash Member of the Morrison
Formation, Atkinson Creek, Colorado (Fig. 1.1).
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Figure 1.10: Outcrop expression of overbank deposits and the
relationship with a channel body within the Saltwash Member of the
Morrison Formation at Atkinson Creek, Colorado (Fig. 1.1).
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Figure 1.11: Outcrop expression of the Morrison Formation at the
proximal-medial end of the system, Slick Rock, Colorado (Fig. 1.1).

Figure 1.12: Outcrop expression of the Morrison Formation at the most
distal-end of the system, Colorado National Monument, Colorado
(Fig. 1.1).

1.8 Thesis structure

Within this thesis, chapters 1-3 constitute the introductory part of the work.
These chapters include a review of background research to the topic, an outline
of the study area and stratigraphy, and an introduction to the lithofacies
identified in this study. The research questions are addressed in three separate
chapters: 4, 5, and 6. The research questions are then discussed and answered

directly in Chapter 7, and synthesised in the conclusion in Chapter 8. In each
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data chapter (4, 5, and 6), there are modest restatements of key background
information to frame the key observations and remind the reader of relevant

points relating to background geology.
Chapter 1: Introduction

This chapter introduces the research rationale, aim, objectives and key
research questions of the study, data collection methods are also introduced.
This chapter also introduces the geological and stratigraphic settings of the
Morrison Formation, Castlegate Sandstone and Neslen Formation.

Chapter 2: Literature review

This chapter provides a short review of pertinent published literature and

definitions of the terminology used throughout this thesis.

Chapter 3: Lithofacies of the Morrison Formation, Castlegate Sandstone

and Neslen Formation

This chapter introduces the lithofacies identified in each of the formations

studied and provides possible interpretations for each.

Chapter 4: Anatomy and dimensions of crevasse-splay deposits in

Mesaverde Group

This chapter quantifies lithofacies distributions and dimensions of exhumed
crevasse-splay architectural elements in the Campanian lower Castlegate
Sandstone and Neslen Formation, Mesaverde Group, Utah, USA. Lithofacies
arrangements are used to establish the following: (i) recognition criteria for
crevasse-splay elements; (ii) criteria for the differentiation between distal parts
of crevasse-splay bodies and floodplain fines; and (iii) empirical relationships
with which to establish the extent and overall planform shape of crevasse-splay
bodies. These relationships have been established by high-resolution
stratigraphic correlation and palaeocurrent analysis to identify outcrop
orientation with respect to splay orientation. This permits lateral changes in
crevasse-splay facies architecture to be resolved. Facies models describing the

sedimentology and architecture of crevasse-splay deposits preserved in
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floodplain successions serve as tools for determining both distance from, and

direction to major trunk channel sandbodies.

(Paper 1: Catherine E. Burns, Nigel P. Mountney, David. M Hodgson and Luca
Colombera (2017) Anatomy and dimensions of fluvial crevasse-splay deposits:
Examples from the Cretaceous Castlegate Sandstone and Neslen Formation,
Utah, USA. Sedimentary Geology, 351, 21-35.
https://doi.org/10.1016/j.sedge0.2017.02.003)

Chapter 5: Stratigraphic architecture ad hierarchy of fluvial overbank

crevasse-splay deposits.

This chapter recognizes nested elements at a hierarchy of scales. These
represent the following components: (i) lithofacies; (ii) individual event beds (~1
m thick) comprising an association of lithofacies and occurring proximal to
major parent channels but thinning and fining laterally, and representing the
deposits of parts of individual flood events; (iii) splay elements comprising
genetically related beds that stack vertically and laterally and represent the
deposits of individual flood events; (iv) splay complexes comprising one or more
genetically related elements that have a common breakout point and represent
the deposits of multiple flood events. Recognition criteria for splay complexes
are discussed; emphasis is placed on identification of bounding surfaces,
thinning and fining trends of splay elements and complexes, and variability of
palaeoflow indicators. Stacking of bodies that comprise each tier of the
hierarchy is influenced by: (i) the rate of local accommodation generation, which
influences whether splay elements are laterally offset due to compensational
stacking; (ii) floodplain gradients; (iii) erosive force of floodwaters; and (iv)
confined or unconfined nature of the floodplain. Gaining an improved
understanding of the geometry and distribution of sand-prone splay bodies has
applied importance because such elements contribute volume to fluvial
reservoirs and may form significant connectors that link otherwise isolated

primary channel bodies, thereby enhancing to reservoir connectivity.

The content of this chapter to be submitted to Journal of Sedimentary Research

in Summer 2017.
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Chapter 6: Controls on the fluvial overbank successions in the humid

Cretaceous Neslen Formation and semi-arid Jurassic Morrison Formation.

This chapter examines how allogenic controls, particularly climate, and
autogenic controls, particularly floodplain conditions, influence the accumulation
of sediment in fluvial overbank settings. Elements common to all the formations
studied (Jurassic Morrison Formation and Cretaceous Neslen Formation) are
defined and then compared. Facies type, thicknesses, lengths, widths,
geometries and presence of bioturbation and rooting are all compared. The
stratigraphic organisation and architecture of these elements are then
demonstrated from five type successions; three from the Morrison Formation
and two from the Neslen Formation. These data are then compared to similar
case studies from the literature using the FAKTS (Fluvial and Architectural

Knowledge Transfer System) database.

Models for the overbank stratigraphy found in the different parts of the two
formations (Morrison and Neslen formations) are then proposed and two
formation scale models to demonstrate the differences in architecture both

within each formation and between the two formations.
Chapter 7: Discussion

This chapter summarise the answers to the questions posed in Chapter 1. The
chapter integrates and summarises results of the preceding questions but also
presents a wider discussion of fluvial overbank successions and the controls on

such successions, and considers the reservoir implications of this work.
Chapter 8: Conclusions and future work

This chapter summarises the main findings of this thesis and topics for future

work are also presented.
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Chapter 2 Literature review

This chapter provides and overview of past and current concepts related to
fluvial overbank sedimentation. The distributive fluvial system concept and the
components of the fluvial overbank are introduced. The terminology used in this
study is defined and justified, and the key concepts used for the later discussion

are also introduced.

2.1 Fluvial depositional systems

Fluvial systems are the major transport routes for sediment from the hinterland
to the coastline (Miall, 1994). However, in order to reach the shelf and deep-
water areas, sediment may be subject to a range of different processes in fluvial

and fluvio-deltaic systems.

The fundamental characteristics of fluvial systems are linked to discharge and
sediment supply (Blum and Tdérngvist, 2000). An increase in bedload transport
leads to aggradation, whereas an increase in discharge causes degradation
(Miall, 2014). When a system is degradational, it has limited-to zero
preservation potential; instead the river will act as a conduit for sediment
transport and deposition preferentially occurs at the river termination (e.g. at the
coast or lake) (Davidson et al., 2013). Aggradational systems have a high
preservation potential and are more likely to be transferred into the rock record
(Hartley et al., 2010). However, tributary systems often typically in net-
degradational settings. In contrast, present-day net-aggradational settings have
sedimentation patterns that have been more commonly classified as distributive
fluvial systems (Weissmann et al., 2010; Hartley et al., 2010; Hartley et al.,
2015). Tributary river systems are one of the main conduits for sediment to be
transported to either the coastline or an interior lake (Davidson et al., 2013).
However recent studies have revealed that in, aggrading basins, distributive
fluvial systems dominate basins (Weissmann et al. 2010) and form a significant

part of the continental rock record (Owen et al., 2015).

Fluvial system channel planform geometries have been classified into four end-
members: straight, braided, anastomosing and meandering (Fig. 2.1) (Allen,
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1965; Schumm, 1972; Leopold et al., 1995). However, fluvial channel systems
may have planform morphologies intermediate between these respective end-

members and which can change both spatially and temporally.
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Figure 2.1: Plan-view geometrical classification of fluvial channel systems
adapted after Church (2006).

Meandering channel patterns have higher sinuosity than those in braided
systems (Fig. 2.1). Flows within meandering channels commonly contain a
mixture of fine to coarse grained sediment (Church, 2006), and associated
deposits accumulate in four different ways: (1) lateral and downstream
accretion (Friend et al., 1979) (2) channel avulsion (see chapter 2.4.7); (3)
meandering bend neck cut-off (Erskine et al., 1992); and (4) chute cut-off
(Constantine et al., 2010). Extensive floodplain areas are commonly associated

with meandering fluvial channels and are episodically inundated with sediment-
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laden floodwaters when channel levees are overtopped and/or broken through
(Shen et al., 2015). The Morrison Formation (Hartley et al., 2015) and the
Nelsen Formation (Willis, 2000; Kirschbaum and Hettinger, 2004) are both
interpreted to have accumulated in fluvial systems with predominately

meandering channels.

Braided channels patterns are characterised by a lower sinuosity than
meandering channels and braid bars where the flow divides and diverges (Fig.
2.1; Bridge, 1984). Components of the Morrison Formation have in the past
thought to be accumulated in channels with a braided planform morphology
(Craig et al., 1995; Robinson and McCabe, 1998), as too has the Castlegate
Sandstone, which is partly time-equivalent to the Neslen Formation in the
Western Book Cliffs (Fig.1.2; Olsen et al., 1995; Adams and Bhattacharya,
2005).

Development of fluvial facies models are the basis for understanding
sedimentary processes of ancient fluvial systems (Allen, 1983; Miall, 1996).
Facies models describing sedimentary relationships of ancient successions are
primarily based on recognition of sedimentary structures and grain size
variations and stratigraphic architecture. The first fluvial facies models were
originally defined on the grain-size of the system and the sinuosity of that
system (Bridge, 1993; Miall, 1996). Sediment within the channel is entrained
when the velocity is great enough to overwhelm the force from gravity and
friction that holds that particle in place ( Hjulstrém, 1939); Leeder, 1983).
Sediment deposition occurs when the flow energy decreases sufficiently for the
range of grain sizes within the flow to come to rest. During sediment traction,
bedform generation and the possible sedimentary structures formed depend on
the grain size, flow velocity and water depth (Harms, 1975). In general,
associated overbank sediment will have finer grain sizes than those in the
parent channel. Consequently, overbank sediments are more likely to be
characterised by formation of ripples, relatively small-scale 2D dunes and upper
stage plane beds (Fig. 2.2).
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Figure 2.2.2: Bedform stability diagram, Harms (1975).

2.1.1 Distributive fluvial systems

A Distributive Fluvial System (DFS) is a fluvial channel and overbank pattern
that radiates from the point at which a river enters a sedimentary basin, termed
the apex (Fig. 2.3) (Weissman et al., 2010). The proportion of active channels
within this network can be highly variable (North and Warwick, 2007) but some
DFS might only have a small number of channels with active flow (Weissmann
et al., 2010; Hatley et al., 2010; Weissmann et al., 2011). Distributive Fluvial
Systems may terminate at the coastline, lakes or onto dry floodplains, whereas
others may feed into axial systems (Fisher et al., 2007; Weissmann et al.,
2010).

Distributive Fluvial Systems geometries vary according to basin type
(compressional, extensional, strike-slip or cratonic basins) and may have
meandering or braided river geometries (Weissmann et al., 2010; Hartley et al.,
2015). Within a DFS, there are several possible sedimentary components (Fig.
2.3). These include sub-components with fan-shaped geometries on several

possible spatial scale that are similar to the overall geometry of the DFS,
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including alluvial, fluvial, terminal and mega fans (Weissmann et al., 2010;
Hartley et al., 2010; Weissmann et al., 2011). The deposits formed from a DFS
will generally but not exclusively have an overall fan-shaped plan-view
morphology (Fig. 2.3; Hartley et al., 2010). Sedimentary models of DFS
systems predict several downstream trends: (1) decreasing grain size; (2)
decreasing channel size; and (3) increasing floodplain-to-channel ratios (Kelly
and Olsen, 1993; Nichols and Fisher, 2007). These trends have been identified
in outcrop investigations of interpreted ancient DFS (Owen et al., 2015).The
Morrison Formation has been identified as a DFS (Owen et al., 2015).The
Castlegate and the Neslen formations may also be classified as marine-
terminating DFS systems with the apex of these systems in the Sevier Orogenic
belt (Shiers et al., 2014).

Proximal Zone /
l g | Medial Zone
Pebbly bedload channels
= Decreas 5 Distal Zone
f
—=—5—— “Channgr el .
== S126™ sandy bedload channels
De Channel deposits
—_— = ch Cl'eaSe of
%
é Le )
roMS/S Confingy |
= —i Poorly channelised flow
AN O
Overbank deposits —

Floodplain mud and sand sheets

l =

= \E—_/
R e
Overbank mud and \i‘\<\¥ \\\

sand channel fills

erminal splays

Figure 2.3: Overview diagram of a generalized DFS showing the idealised
stratigraphy associated with the different planform geometrical
components. Adapted after Nichols and Fisher (2008).
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2.2 Components of fluvial overbank

The term fluvial overbank is a gross-scale element for any extra-channel setting
(for example, in a DFS; Fig. 2.3). The overbank can be divided into several
morphological components based on unit size, geometry and facies (Fig. 2.4,
2.5). A standard scheme for overbank elements recognises four separate
morphological elements: (1) floodplains (including palaeosols); (2) crevasse
splays ((including crevasse-channels); (3) fluvial levees; and (4) abandoned
channels (Fig. 2.4). These components have different spatial dimensions (Fig.
2.5).
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Figure 2.4: Conceptal diagram illustrating different elements in the

overbank.
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Figure 2.5: Geometries of overbank elements with approximate
dimesions for a small-to-mid-size river after Farrell (2001).

2.2.1 Floodplain and deposits

A floodplain is defined as the area of land adjacent to a channel that is subject
to episodic flooding (Nanson and Croke 1992; Bridge 2006). The floodplain is
more prevalent in unconfined settings (Fig. 2.6; Jain et al., 2008) and acts as an
important sediment storage sink for the finer grained fraction of sediment within
a fluvial system (Walling and He, 1998; Wright and Mariott, 1993; Jain et al.,
2008). Floodplain deposits develop in all alluvial valleys and fans regardless of
the river system pattern (Bridge, 2006) and are commonly the product of lateral
accretion of point bars and/or vertical accretion of floodplain fines during
inundation periods (Wright and Marriott, 1993). Floodplains in the geographic
sense begin when the river is no longer confined by the alluvial valley. At first
the floodplain is discontinuous, and separated in plan-view by the main channel,

but downstream it becomes continuous (Fig. 2.6)(Jain et al., 2008).

Floodplain fines can be defined as tabular sheets of the finest material of a
succession that can be laterally extensive for hundreds of metres (Miall, 1985;
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Colombera et al., 2013). Beds within floodplain strata tend to stack vertically
and have flat bounding surfaces, indicative of an aggradational regime (Miall,
1985, 1996; Platt and Keller, 1992; Colombera et al., 2013).

Palaeosols are fossilised soils that form from physical, biological and chemical
modification of exposed rocks or sediment (Kraus, 1999). Although palaeosols
tend to develop in humid conditions on alluvial plains, the extent of development
depends on proximity to the channel. Well-developed palaeosols generally
develop in relatively distal locations with slow, gradual deposition, whereas
relatively poorly-developed palaeosols are commonly found in closer proximity
to the channel due to more frequent, episodic but rapid deposition (See Chapter
2.3.5) (Kraus, 1987,1999).

Confined Partly confined valley setting Laterally unconfined
valley setting . — valley setting

Discontinuous floodplains Continuous floodplains

—_a

Floodplain Initiation
Point

Transitions between valley settings

Figure 2.6: Conceptual image of downstream changes in river morphology

and the effect on floodplain continuity, after Jain et al. (2008).

2.2.2 Crevasseplays,crevassechannels and deposits

Crevasse splays are defined as fan or wedge shaped features that form
adjacent to the margins of main channels and build out onto the floodplain

(Figs. 2.4, 2.7; Miall, 1996; Bridge, 2006; Miall, 2014). Splays commonly have
smaller crevasse channels incising into them that split downslope into
distributary networks (Bridge, 2006). Crevasse-splay morphology varies through
time: splays are initially relatively simple but become more complex as the splay
develops and becomes more stable over time (Smith et al., 1989). Splay

deposits are typically coarser and thicker than contemporaneous levee
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deposits, but in distal regions, splay deposits can resemble time-equivalent
levee deposits (Bridge, 2006; Miall, 2014). Crevasse channels can have similar
geometrical characteristics to the parent channel deposits but are smaller in
scale (Fig. 2.4) and are generally relatively coarser grained than the

surrounding, time-equivalent, crevasse splay deposits (Bridge, 2006).

. e —

Fluvial channel

@)

A-B = Width
C-D = Length

. e S
e

A f=======d=nan-aaai B
Crevaa:se-splay
1
D
~100- 1000 m

Figure 2.7: Diagram of an idealised, equidimensional crevasse splay in
plan view after Mjgs et al. (1993).

2.2.3 Fluvial leveesand deposits

Levees are defined as wedge-shaped, discontinuous aggradational features
that are located on alluvial channel margins and which decrease in elevation
towards the floodplain (Figs. 2.4. 2.5; Brierley et al., 1997; Cazanacli and Smith,
1998; Adams et al., 2004, Bridge 2006). Levees typically consist of coarsening
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upward facies successions made up of beds of sand interbedded with silts
(Miall, 2014). Levees significantly affect the distribution of water and sediment
within river systems, especially floodwater and sediment transfer to overbank
splays and floodplain (Brierley et al., 1997). The shape of a levee depends on
the mechanism by which it forms, which is principally controlled by: (1) the
amount, type of sediment in the system; (2) the degree of floodplain
confinement; and (3) the hydrodynamic carrying capacity of the fluvial channel.
In modern systems, levees are recognised by the following characteristics: (i)
the close proximity of the levee to the channel margin; (ii) a prism or wedge- like
cross-sectional shape of the body; (iii) the ribbon-like planform geometry, which
is most commonly aligned parallel to the edge of the channel; and (iv) the
elevation profile, which tends to be highest close to the channel margin and

decreased gently towards the floodplain.

Defining levees based on these criteria in the ancient record is very difficult. As
well the limitations of outcrop quality and preservation potential of levees,
identification of levees is also limited by a lack of consistent scaling relationship
between levee height and width, pattern of levee location in outcrop and the
wide variation in the texture of the levee deposits, which can range from clay to
coarse sand. The most common sedimentological trends and stratigraphic
features recognised in modern and ancient levee deposits are: (1) coarsening
upward facies successions comprising beds of sand interbedded with silts
(Miall, 2014); (2) proximal to distal fining; and (3) shallow dipping of beds away
from the channel (Brierley et al., 1997).

2.2.4 Abandoned channeland deposits

Abandoned channels are defined as floodplain depressions typically infilled with
siltstone and claystone, which represents the previous position of an active
channel (Smith et al., 1989; Toonen et al., 2012; Miall, 2014). Abandoned
channels are formed by a combination of meander cut-off and channel avulsion
across the floodplain (Toonen et al., 2012) and are similar in scale to the active

channels (Fig. 2.5).
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The mode of channel abandonment significantly impacts the type of deposits
preserved: oxbow cut-offs produce relatively thick, laminated, clay-dominated
abandoned channel-fills due to the dramatic decrease in river discharge in the
disconnected oxbow lake; whereas abandoned channels formed due to
avulsion are generally filled with coarser-grained deposits since the abandoned
channel still maintains a level of connection with the relatively active river (Fig.
2.8; Toonen et al., 2012; Toonen et al., 2015). Whether the channel is at the
early or later stages of abandonment will also affect the abandoned channel fill
facies succesions. At the early stage of abandonment, the initial fill will be
coarser-grained than the subsequent, later-stage deposits (Fig. 2.8; Toonen et
al., 2012; Toonen et al., 2015).
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Figure 2.8: Cut-off styles, timescales and associated abandoned channel

fills adapted from Toonen et al. (2012).
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2.3 Key concepts

2.3.1 What are the internal complexities recognised in splay

deposits?

Grain-size distributions in both modern and ancient splay deposits are variable
in terms of both area and thickness (Fig. 2.9). The majority of splay deposits
can be subdivided into more sand-prone parts and more silt-prone parts (Fig.
2.9; Farrell, 1987; Mjgs et al., 1993; Behrensmeyer et al., 1995; Bristow et al.,
1999; Arnaud-fassetta, 2013; van Toorenenburg et al., 2016).

The majority of splay deposits studied in the rock record contain siltstone
(Farrell, 1985). Several commonly recognised facies types, including: (i) trough
or planar cross-bedded sandstones; (ii) cross-laminated sandstone; (iii)
convoluted sandstone; (iv) structureless siltstones; and (v) laminated siltstones,
which can be calcareous (Mjgs et al., 1993; Miall, 1994; Behrensmeyer et al.,
1995; Anderson, 2005). In sand-rich fluvial systems, sandstone facies in splay
deposits commonly dominate (e.g. Anderson, 2005). The sand-prone parts of
splays are generally interpreted to relate to sediment transfer and deposition by
crevasse channels, for example, the organisationofsmal | fl obes o

crevasse channel (Fig.2.10; Mjgs et al., 1993).
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Figure 2.10: Schematic diagram of the possible internal complexities of a
single complicated crevasse splay deposit in a fluvial-deltaic
environment. The resulting stratigraphic architecutre would generally
comprise erosional-based channelised sandstones in proximal areas,
sharp-based sandstones in medial areas and single or mutiple
coarsening upward lobes in distal areas. After Fielding (1984), Mjgs
et al. (1993).

2.3.2 Crevasse splays and terminal splays

The definitions of crevasse splays and terminal splays are fundamentally
distinct. However, there are few outcrop studies that have previously
investigated the sedimentological and stratigraphic differences between ancient
crevasse-splay and terminal-splay deposits (e.g. Donselaar et al., 2013).

A crevasse splay develops where the river breaks its banks and most likely
destroys the levee at that point along the channel (Elliott, 1974). During this
event, river water flows from this position onto the floodplain and may transport
and deposit sediment (Fig. 2.11). Crevasse splays can occur at any point in the

fluvial system (Fig. 2.6).
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Figure 2.11: Environmental reconstruction of the Durham Coal Measures,
showing the various channel types recorded within them and their
relationshipto overbank areas. Diagramalso depicts several crevasse

and terminal splays, after Fielding (1986).

A terminal splay is defined as a lobe-shaped deposit found at the terminus of
river channel which has been deposited from an unconfined sheet-like flood that
propagated over a dry floodplain (Lang et al., 2004; Fisher et al., 2008).
Terminal-splay deposits also show a general proximal-to-distal decrease in
grain size similar to crevasse-splay deposits; proximal areas are generally
dominated by sand-prone facies, including planar cross-bedded or massive
sandstones and current ripple cross-laminated sandstones, whereas relatively
distal areas are generally dominated by finer grained facies (Fig. 2.12). In
proximal area, bed thicknesses are typically less than 2 m and may be as low
as 0.5 m, whereas bed thicknesses decrease to 0.1- 0.6 m in distal areas

(Fisher et al., 2008). However, the internal complexity of terminal splays is
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Figure 2.12: Depositional model and cross section through a

terminalsplay at Douglas Creek, Australia from Fisher et al. (2008).
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generally thought to be lower than that of crevasse splays because, at the
terminus of channels, the associated flow energies are lower, which decreases
the extent of crevasse-channel development (Fig. 2.12; Fisher et al., 2008).
Terminal splays are generally located in the distal parts of dryland fluvial
systems, where lower gradients favour diminished fluvial flow energy and
termination of channels (Li et al., 2015). In contrast, crevasse-splays formation
is associated with higher river flow energies that require steeper gradients and
greater discharges, more typical of relatively proximal or medial reaches of a

fluvial system (Li et al., 2015).

However, crevasse and terminal splays may be closely associated in modern
systems. For example, terminal splays have been found to amalgamate with
crevasse-splays along the downstream portions of river channels, resulting in a
channel terminus consistingofa &6 cr ehaangld @ ke 6 net wor k

splay sheets (Donselaar et al., 2013).

2.3.3 Crevasse-channel networks

A fundamental control on the internal stratigraphic architecture of splay deposits
is the development of crevasses channel network. If the flow is predominantly
unconfined and migrates freely across the top of the crevasse-splay body, for
example if a crevasse channel network development is ephemeral or if
channels have a low degree of flow confinement, then the resultant deposit will
be a relatively simple sheet i like body with high lateral connectivity (Fig. 2.13A;
Smith et al., 1989). In more-established (i.e. non-ephemeral) crevasse-channel
networks, flow and sediment is more confined within the channels, resulting in a
more channelised deposits with decreased lateral continuity (Fig. 2.13B, C;
Smith et al., 1989). In splays with well-established crevasse channel networks,
the planform and cross-sectional stratigraphic architecture is predominantly
controlled by the size, density and type of channels within the splay element
(Fig. 2.13B, C; Smith et al., 1989).
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sand body wetland

Figure 2.13: Conceptual diagram showing the relationships between

crevasse-channel network development and planform geometry of
the associated sediment body, schematically sand (yellow) versus
mud (grey). (A) Relatively small and emphemeral crevasse-channel
network results in a more even sand distribution over time and a
more sheet-like deposit. (B) Well-developed, established crevasse-
channel network with sand confined in or adjacent to channel,
resulting in an increased heterogenisty in the distribution of sand.
(C) Subsquent end and overfilling of crevasse-channel network but
with high degree of sand confinement within the channels after Smith
et al. (1989).

2.3.4 Importance of coal deposits

The Castlegate Sandstone and the Neslen Formation both contain significant
amounts of coal deposits (Kirschbaum and Hettinger, 2002), which may be
important for overbank deposition. Coals are produced in raised or low-lying
mires from the accumulation of vegetation in environments close association to
sites of clastic accumulation, such as floodplains and delta plain, but under

relatively low clastic deposition rates (Gersib and McCabe, 1981). Coals from
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raised mires are rain-fed and aggrade above the regional water table, which
means the organic mineral content is low, typically below 10% (Clymo, 1987;
Davies et al., 2005; Jerrett et al., 2011a). Coals from low-lying mires are
groundwater-fed and generally form within topographic depressions that allow
contact with the water table. This means that coals formed in peat-mires can
accommodate higher input levels of clastic material before the coal
accumulation is disrupted (Cohen et al., 1987; Petersen and Anjsberg, 1996;
Jerett et al., 2011a, Jerett et al., 2011c).

The relationship between peat production and accommodation generation is a
key control on coal formation (Cross, 1988). Other controls such as climate,
tectonics and eustasy are important in modifying how coals are preserved and
how peat turns into coal when buried (Shiers, 2017). Peat formation can exert a
fundamental control on fluvial overbank sedimentation is by impacting the main
channel position. For example, peat compaction may produce relatively
localised subsidence and topographic depression in which channels may

cluster (van Asselen, 2010).
2.3.5 Palaeosol types and implications for climate types

Palaeosols are soils of an ancient landscape preserved by lithification
(Retallack, 2001). As well as coals, which are a type of palaseosol called a
histosol (Fig. 2.14; Mack et al., 1993), other types of palaeosols are also
common in the Morrison Formation (Demko et al., 2004). As for the formation of
modern soils, palaeosols initially (pre-burial) form during periods of low or no
clastic sediment input (Demko et al., 2004). The classification of palaeosols is
based on a combination of composition, fabric and interpretation of pedogenic
processes operating during formation (Fig.2.14; Mack et al., 1993). High
organic matter content defines histosols, in low organic content palaeosols,
poor horizonations defines a protosols and vertisols (Fig. 2.14; Mack et al.,
1993). Good horizonation with low redox conditions defines gleysols. High
redox conditions indicates either calcisols (if carbonate rich) or gypsisol (if
sulphate rich). The addition of clays defines argillisols, the addition of iron
spodosols and if the minerals are altered in situ this is indicative of oxisols
(Fig.2.14; Mack et al., 1993).
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Organic Matter Content Horizonation Redox Conditions
coal == HISTOSOL pPcor -~ PROTOSOL low = GLEYSOL
-
,-. no coal ——--—-| poor due 10 high or fluctuating
pedoturbation +=VERTISOL
good

In Situ Mineral cat Accumulation of
Alterstion III_uwat-on of Insoluble Soluble Minerals
Minerals/Compounds a
OXISOL-=gextensive -—
poor ARGILLISOL == clay CALCISOL==CaCOg-rich
organic matter GYPSISOL=CaS0O,-rich
SPODOSOL=~and iron poor
poor

Figure 2.14: Classification procedure for palaeosols (from Mack et al.,
1993).

Dry stable floodplain conditions favour the accumulation of mature red
palaeosols (in particular calcisols), whereas less stable and wetter floodplain
conditions favour the accumulation of gleysols (Fig. 2.15; Cecil, 1990). Highly
weathered palaeosols (e.g. oxisols and argillisols; Fig. 2.14) are characteristic
of a wet equatorial climate with little seasonal variations. Argillisols, spodosols
and gleysols are more likely to form in humid environments (Mack and James,
1994; Kraus, 1999). Calcisols have been described and interpreted in the
Morrison Formation (Owen et al., 2015) and are indicative of dry subtropical
climates (Mack and James, 1994; Kraus, 1999).
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Climate cycle Sedimentary response

Mature paleosols develop on floodplain.
Decreased clastic sediment supply.

Erosion by fluvial systems updip, deposition of
sandstone & siltstone downdip

Leached paleosols updip (gleysols), coal
development downdip

Erosion by fluvial systems updip, deposition of
sandstone & siltstone downdip
Short wet

long dry Mature paleosols develop on floodplain.
Decreased clastic sediment supply.

Short wet
long dry

Long wet
short dry

Figure 2.15: The sedimentary conditions favouring formation of different
palaeosols. Short wet seasons lead to formation of mature
palaeosols (particularly calcisols), whereas long wet seasons favour
formation of gleysols and coals (histosols) from Stuart (2015)
modified after Cecil (1990).

2.3.6 Stacking styles in sedimentary environments

A variety of stacking styles of sedimentary deposits are recognised and these
are principally controlled by the relative rates of accommodation creation and
sediment supply in the depositional setting (Muto and Steel, 1997).
Compensational stacking forms where sediment preferentially infills topographic
lows between preceding deposits (Mutti and Sonnino, 1981; Straub et al, 2009)
and is commonly recognised in lobe-shaped deposits, including deep-water
lobe settings (e.g. Deptuck et al., 2008; Prélat et al, 2013), delta lobe deposits
(e.g. Frazier, 1967), and crevasse-splays deposits (Fig. 2.16; van Toorenburg
et al., 2016; Gulliford et al., 2017). Aggradational stacking describes vertical
build-up of sediments, for example, vertical accretion of lobes, and forms when
the rate of accommodation creation and sediment supply are approximately
equal (e.g. Emery and Myers, 1996). In channel-lobe systems, aggradational

stacking occurs when channel migration and avulsion is limited due to high
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levels of confinement and high levels of sediment input. Consequently

sediments stack with no lateral offset; has been recognised in deep-water lobes

Figure 2.16: Schematic model showing the evolution of compensational
stacking of crevasse-splay deposits from van Toorenenburg et al.
(2016).

(e.g. Burgreen and Graham, 2014). However, there are no examples of

aggradational stacking in fluvial crevasse splay deposits. In a progradational

stacking pattern, successively younger stratigraphic units are deposited further

in the direction of sediment transport, for example basinward (Emery and

Myers, 1996) or further away from the channel and onto the floodplain in the
48



case of splays. Progradation stacking is formed when the rate of sediment
supply exceeds the rate of accommodation space creation (Emery and Myers,
1996), or some level of confinement preventing lateral migration (Grundvag et
al., 2014). Progradational stacking patterns have been recognised in deep-
water lobe deposits (e.g. MacDonald et al., 2011; Prélat et al., 2009),
extensively in delta lobe deposits (e.g. Van Wagoner et al., 1990) and only
rarely in crevasse-splay deposits (e.g. van Toorenenburg et al., 2016). In a
retrogradational stacking pattern, successively younger stratigraphic units are
deposited farther upstream towards the sediment source and is formed when
sediment supply rate is lower than the rate of accommodation space creation,
or insufficient to infill the available accommodation space (Emery and Myers,
1996). Retrogradational stacking patterns have been observed in deep-water
lobe deposits (e.g. Amy et al., 2007) and delta lobe deposits (e.g. Van Wagoner

et al., 1990) but not in fluvial crevasse-splay deposits.
2.3.7 River avulsion, flood deposits and crevasse-splays

Splay evolution in modern systems has been categorized using a three-stage
model based principally on observations from the Cumberland Marshes,
Canada (Smith et al. 1989). Simple lobate splays are classified as Type | (Fig.
2.17A). A splay in which a crevasse-channel network has developed is
classified as Type Il (Fig. 2.17B), and which may affect sediment distribution
(Fig. 2.17). Type lll splays have extensive, well-developed, more complex and
anastomosing crevasse-channel network that causes significant lateral

variations in sediment characteristics (Fig. 2.17C).

Termination of splays may occur by two methods: (i) detachment (cut-off) from
the main parent fluvial channel, resulting in abandonment and subsequent
stabilisation by vegetation, chemically precipitated crusts and/or bio-chemical
soils (Arnaud-Fassetta, 2013); or (ii) further development such that an active
splay serves as the initial phase of a major avulsion of the parent channel (Fig.
2.18; Smith et al., 1989; Jones and Harper, 1998; Farrell, 2001; Buehler at al.,
2011). Avulsion splays are splays that form the initiation phase of a channel
avulsion (Smith et al., 1989; Slingerland and Smith, 2004; Jones and Hajek,
2007). Avulsion splays and the subsequent avulsion channel initially develop by
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Figure 2.17: Classification of crevasse-splays based on the evolutionary
development of crevasse-channel network adapted after Smith et al.
(1989).

local erosion of the parent channel bank and formation of a crevasse channel
through which sediment and water are diverted (Fig. 2.18). As the discharge of
water and sediment through a crevasse channel increases, so the parent river
eventually avulses into the course of the main crevasse channel (Fig. 2.18;
Bristow et al., 1999; Mohrig et al., 2000; Miall, 2014). This has been
documented in the development of an avulsion channel related to the central
channel in Cumberland Marshes fluvial system, Canada (Fig. 2.19; Toonen et

al., 2015). In the rock record, such evolution is manifest as a transitional
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