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Sedimentology of meandering river deposits:

advances and challenges

MASSIMILIANO GHINASSI*, LUCA COLOMBERA", NIGEL P. MOUNTNEY" and

ARNOLD JAN H. REESINK*

* Department of Geosciences, University of Padova, Padova, Italy
*Fluvial & Eolian Research Group, School of Earth and Environment, University of Leeds, Leeds, UK

*Lancing College, Lancing, West Sussex, UK

INTRODUCTION

Understanding of the form and origin of river
meander bends received relevant contributions
between the end of the 19" century and the mid-
20" century (Thompson, 1876; Tower, 1904;
Sellards et al., 1923; Fisk, 1944; Sundborg, 1956;
Wright, 1959). In particular, two fundamental con-
tributions provided insights on the morphody-
namics of river bends: i) Thompson (1876)
provided the first description of the helical sec-
ondary flow structure in river bends; and ii) Fisk
(1944) highlighted the temporal evolution of the
lower Mississippi River, mapping its bends as
mutable elements in unprecedented detail.
Subsequent research efforts sought to link the hel-
ical flow pattern with the lateral mobility of mean-
ders and culminated in the facies models by Allen
(1963) and Bernard & Major (1963). These models
associated the lateral shift of river bends with the
development of clinostratified, fining-upward
point-bar deposits. These theories were promptly
supported by studies of modern rivers (e.g. Bluck,
1971; Jackson, 1975, 1976a, b; Nanson, 1980,
1981), validated with observations from the rock
record (e.g. Allen, 1965; Puigdefabregas & Vliet,
1978) and were also strengthened by the first
direct measurements of flow velocities in river
bends (Bathurst et al., 1977). In parallel, new mor-
phometric studies linked metrics of meandering
channels (e.g. width, depth) and hydraulic param-
eters (Schumm, 1972; Ethridge & Schumm, 1978),
providing the basis for development of palaeohy-
draulic reconstructions (Hajek & Heller, 2012;
Hampson et al., 2013). The first ICFS (International
Congress of Fluvial Sedimentology) meeting —
held in 1977 in Calgary, Canada — contributed to
disseminating, applying and refining these models.

During the 1980s, facies models were fur-
ther improved, notably with the recognition and

classification of ‘Inclined Heterolithic
Stratification’ (Thomas et al., 1987) and reinforced
through increasingly detailed comparisons
between modern and ancient systems (e.g.
Nanson, 1980; Dietrich & Smith, 1983; Smith,
1988; Willis, 1989). Since the early 1990s, the
implementation of new technologies, including
ground penetrating radar, acoustic Doppler cur-
rent profilers, 3D outcrop imaging (e.g. using
LiDAR and photogrammetry), 3D reflection seis-
mic, together with enhanced approaches to
numerical and laboratory experimental model-
ling, promoted development of new approaches
for understanding meandering rivers. These
developments now make it increasingly possible
to consider the subject from complementary
points of view (Kleinhans et al., 2010) and to
investigate more complex dynamic flow-form
interactions over larger spatial and temporal
scales. Thus, recent developments help improve
our understanding and enable us to challenge
long-held beliefs about meandering rivers.

This IAS Special Publication has arisen in part
from contributions to a Special Session titled
‘Fluvial meanders and their sedimentary products
in the fossil record’, which was held during the
32 TAS International Meeting (May 2016,
Marrakech, Morocco). This introductory paper
outlines the key advances made in the study of
meandering rivers and their deposits, and frames
the scientific contributions of this volume within
specific research themes. The resulting holistic
view on meandering rivers provides insight to
outstanding issues, which we hope will become
the focus of follow-on studies that will seek to
advance the state-of-the-science yet further.

The articles that form this volume demonstrate
the breadth of scope in the research that is
currently being undertaken in fluvial sedimentol-
ogy. The organisation of the volume seeks to reflect

Fluvial Meanders and Their Sedimentary Products in the Rock Record, First Edition.
Edited by Massimiliano Ghinassi, Luca Colombera, Nigel P. Mountney and Arnold Jan H. Reesink.
© 2019 International Association of Sedimentologists. Published 2019 by John Wiley & Sons Ltd. 1



2  Massimiliano Ghinassi et al.

how the research contributions variably focus
on geological controls, processes and products
(Fig. 1). Collectively these articles demonstrate
how several connected strands of research con-
tribute to a more integrated understanding of
the sedimentology of meandering rivers, which is
leading to the advancement of both fundamental
and applied science. Within this field of research,
four themes have been identified as being particu-
larly topical; these are discussed below.

ESTABLISHED MODELS
AND FORTHCOMING WORKS

Four fundamental research themes that capture
the breadth of contributions to this volume (Fig. 2)
have fascinated fluvial sedimentologists and geo-
morphologists working on meandering rivers
since the early 1970s: i) channel-bend growth and
related point-bar facies distribution; ii) mecha-
nisms of meander-bend cutoff; iii) meandering
river channels and vegetation cover; and iv) geom-
etries of meander-belt sedimentary bodies. For
each of these themes, the main research advances
and contributions in this volume are summarised
herein.

Channel-bend growth and related
point-bar facies distribution

Previous studies

The advent of GPR investigations of the shallow
subsurface sedimentary record marked a revolu-
tionary step in linking the planform evolution of
braided rivers with stratal patterns in their depos-
its (e.g. Bristow & Best, 1993; Lunt & Bridge, 2004;
Lunt et al., 2004). Ground Penetrating Radar was
also used to investigate meandering river deposits
(Bridge et al,, 1995). However, the loss of the
electromagnetic signal in bar-top mud deposits
limits its application principally to relatively
sand-prone point bars (Kostic & Aigner, 2007), and
methods such as parametric echo-sounders may
need to be deployed as an alternative (e.g.
Sambrook Smith et al, 2016). The majority of
modern point-bar sedimentary facies — including
mud-prone deposits — were investigated through
vibracoring, following the pioneering work of
Smith (1988), who identified commonalities
between sedimentary features of some modern tid-
ally influenced rivers and those of the Cretaceous

McMurray Formation, which forms the Athabasca
oil sands (Alberta, Canada). Development of the
Athabasca oil sands — host of the largest heavy
crude oil deposit in the world — strongly encour-
aged improved understanding of fluvial point-bar
deposits, especially with regards to how sedimen-
tary facies and architecture result from specific
channel planform transformations.

Burge & Smith (1999) provided the first significant
change to classical facies models by highlighting the
common occurrence of translating meander bends
(Daniel, 1971; Jackson, 1976a) and associated
eddy-accretion deposits. This model was further
refined by Smith et al. (2009, 2011), who investi-
gated counter-point-bar and eddy-accretion
deposits, and linked their development with spe-
cific conditions of outer bank erodibility. Despite
their common occurrence in modern settings,
translating (or ‘downstream migrating’, sensu
Ghinassi et al., 2016) point bars and related coun-
ter-point-bar and eddy-accretion deposits remain
relatively poorly documented in the rock record
(Ghinassi & Ielpi, 2015), except in rare cases for
which high-resolution seismic data or planform
exposures are available (Hubbard et al., 2011;
Ielpi & Ghinassi, 2014; Alqahtani et al., 2015; Wu
et al., 2015). The noteworthy control of meander-
bend planform transformations on spatial distri-
bution of point-bar sedimentary facies has been
recently highlighted through numerical simula-
tions by Yan et al. (2017).

In the frame of understanding different styles
of point-bar facies distribution, a special focus is
often placed on deposits accumulated at the flu-
vial-marine transition zone, especially with the
aim of unravelling the interaction between flu-
vial and tidal processes. Pioneering studies of
Jones et al. (1993) and van den Berg et al. (2007)
linked variations in fluvial discharge with sand-
mud alternations in Inclined Heterolithic
Stratification. Recent studies on the fluvial-tidal
transition zone (see Ashworth et al.,, 2015 for
a review) have focussed their attention on the
role of tidal currents in modulating fluvial point-
bar sedimentation (Dalrymple & Choi, 2007;
Martinius & Gowland, 2011; Shiers et al., 2014;
Carling et al., 2015; Gugliotta et al., 2016a, b) and
have highlighted the different aspects of tidal
signature on point-bar sedimentation. Choi et al.
(2004) highlighted the spatial distribution of
rhythmic tidal signatures in modern inclined
heterolithic deposits. Jablonski & Dalrymple
(2016) detected seasonality and climatic cyclicity
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Allogenic
controls

Autogenic
processes

f

Channel
hydrodynamics

R Channel
"~ morphodynamics
Facies
>  architecture
Subsurface
characterization
. .. %

* Channel-bend growth and related point-bar facies distribution * Geometry of meander-belt sedimentary bodies

ﬁ Mechanisms of meander cut-off ﬁ Meandering river channels and vegetation cover

Fig. 1. Diagram that summarises the topics covered by each article in the volume. The flow chart on the left-hand side
illustrates linkages between higher-order controls, processes, products and use of all related insight in applied contexts.
For each article, as labelled, vertical black bars indicate which of these areas are covered and the position of stars indi-
cates the primary focus of each. The four particular research themes discussed in more detail in the text are denoted by
the coloured stars, as explained in legend. Allogenic controls (tectonics, eustatic sea-level changes, climate) are known
to exert influence on fluvial systems over a range of timescales (e.g. through changes in sediment supply rate and calibre
and in gradient). These factors are argued to affect fluvial systems through influences on both the behaviour of river
systems and their long-term preservation in the stratigraphic record. Autogenic processes and river morphodynamics
are distinguished, for convenience, because although certain processes will reflect the morphodynamic self-organisation
of the river reach under study (e.g. neck cutoff), other processes might act independently (e.g. distant avulsions, shore-
line progradation). Whereas studies of ancient successions allow consideration of what is ultimately preserved, studies
of modern rivers permit observation of hydrodynamic processes and direct linkages of these to geomorphological and
facies characteristics. It is therefore evident that integration is needed to obtain a more comprehensive understanding of
the geological record of meandering rivers and to achieve improved predictions of subsurface fluvial successions. The
order of articles in this volume largely follows the flow-chart in the figure and is indicated by the order in which the bars
are laid out, from left to right.
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MEANDERING RIVER CHANNELS
AND VEGETATION COVER

Contributions E. ;

to this volume

lelpi et al.

McMahon & Davies

Future research priorities

- to generate a balanced understanding of the 7
7%

development of meandering channels
- to explore sedimentary dynamics of point-bar
deposition in non-vegetated settings

CHANNEL-BEND GROWTH AND RELATED POINT-BAR FACIES DISTRIBUTION

Contributions to

z
IS =
21 o>
W
Future research priorities
— - to detect and differentiate allogenic and autogenic forcing on
7 development of different geometries of channel-belt bodies
MECHANISMS OF
MEANDER-BEND
o
I

GEOMETRIES OF MEANDER-BELT
SEDIMENTARY BODIES

Contributions
to this volume
Willis & Sech (a)
Willis & Sech (b)
Yan et al.
Hartley et al.
Viseras et al.

- to understand factors that control the distribution of
intra-channel-belt facies heterogeneity as function of different
styles of planform evolution

=

Future research priorities

- to link different mechanisms of cutoff with
the style of infill of cut-off channels

- to distinguish effects of local allogenic
controls from autogenic bank-pull/bar-push

Contributions
to this volume

Richards et al.

Viero et al. .
Schwendel et al. IS ) .
Fustic et al. - to evaluate to what extent deposits provide

biased information on geomorphic processes

this volume

Blanckaert Future research priorities

gﬁg:glke tal - to establish a link between hydrodynamic configurations and facies architecture

Simon et al. : - to unravel the role of partial preservation of macro-and meso-forms

Johnston & Holbrook - to define spatial distribution of physical sedimentary structures in the fluvial-tidal transition zone
Swan et al. - understand the sedimentary effects of backwater hydrodynamics and fluvial-tidal interaction
Shiers et al.

Durkin et al.

Fig. 2. Summary of the four main research themes and related future research priorities capturing the breadth of contribu-

tions to the present volume.

in tidally influenced point-bar deposits of the
Cretaceous McMurray Formation. A spectrum of
tidal influences spanning from the daily modula-
tion of fluvial currents to the effects of tidal bores
has been described by Martinius & Gowland
(2011). The sedimentology of fluid muds in tide-
dominated systems was investigated by Mackay
& Dalrymple (2011). Olariu et al. (2015) high-
lighted the role of mutually evasive currents in
modulating sedimentation in tidally influenced
fluvial point bars.

Contributions to this volume

In this volume, contributions relating to point-bar
sedimentary dynamics are provided by Blanckaert,
Reesink, Russell et al., Simon et al., Johnston &
Holbrook and Swan et al. Additionally, Shiers
et al. and Durkin et al. focus on point-bar deposits
accumulated in the distal part of alluvial plains,
under the effects of processes that are characteris-
tic of the fluvial-tidal transition zone.

Blanckaert reviews recent research on hydro-
sedimentological processes and on their interaction
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in modern meandering rivers, highlighting and
discussing the dominant controls on flow distri-
bution. Reesink focuses on the bed-form scale and
undertakes analyses of the preserved architecture
of unit-bar cross strata in outcrops, highlighting
how systematic measurements of these deposits
may reveal valuable details of the formative flu-
vial palaeoenvironment. In seeking to address the
discrepancy between the wide range of meander-
bend planforms and the limited facies variability
incorporated in facies models, Russell et al. pre-
sent a new method to predict variable distribution
of heterogeneities in point-bars, based on integra-
tion of meander-shape and meander scroll-bar
pattern; the method is tested on Cretaceous depos-
its of the McMurray Formation (Alberta, Canada)
and on Eocene deposits of the Montanyana Group
(Spain). Mud-prone point-bar deposits are the
focus of Simon et al. and Johnston & Holbrook.
Simon et al. describe an exhumed point-bar ele-
ment of the Permian upper Clear Fork Formation
(Texas), highlighting the role of oblique accretion
processes associated with suspended sediments
plastering onto the steep inner channel bank.
Johnston & Holbrook show mud-prone and sand-
prone accretionary sets in a point-bar element of
the Cretaceous Dinosaur Park Formation (Alberta,
Canada) and link their formation with different
styles of meander-bend transformations. Swan
et al. illustrate the use of planform exposures of
the Upper Jurassic Morrison Formation to recon-
struct morphodynamic evolution of sandy fluvial
point bars and to determine their internal facies
distribution, highlighting how some sand-rich flu-
vial systems may previously have been inter-
preted incorrectly as deposits of braided rivers
due to reliance on existing facies models of lim-
ited predictive capability. Focusing on the
Campanian Neslen Formation (Utah, USA), Shiers
et al. describe point-bar facies assemblages that
only partially conform to those depicted in classical
facies models and document and interpret sub-
stantial variability in point-bar architecture and
internal facies distribution. Resultant models
demonstrate how a range of interactions between
allogenic (e.g. accommodation generation, fluvial
discharge variations) and autogenic (e.g. backwa-
ter processes, presence of peat mires) processes
can give rise to point-bar and related architectural
elements with a variety of forms. Durkin et al.
investigate transitions from point bars to counter-
point bars along six modern river bends with
varying channel scale, discharge and tidal influ-

ence. Results demonstrate downstream changes in
net-to-gross ratio and provide criteria to detect
counter-point bar deposits where a concave scroll
pattern is not necessarily evident in planform.

Further developments

Although significant progress has been made in
recent years in linking river-bend morphodynam-
ics with related sedimentary products, there
remains a need to improve our knowledge about
how different hydrodynamic configurations are
recorded in the facies architecture of point-bar
deposits. Of particular importance is the role of
partial preservation: most meander-belt deposits
are lost to erosion and only a small portion of
these deposits is ultimately preserved (Paola &
Borgman, 1991; van de Lageweg et al., 2013;
Reesink et al., 2015; Durkin et al., 2017). The
potential for deposition is linked to the sediment
flux, which increases exponentially with dis-
charge. Due to this exponential relationship, it is
commonly assumed that sediment deposited by
floods constitutes the majority of river-channel
deposits. However, erosion and deposition are
fundamentally controlled by the conservation of
mass: along-stream changes in the transfer of sedi-
ment and not the absolute quantity of sediment
transport, dictates the pattern of deposition.
Consequently, erosion, deposition and sedimen-
tary preservation must be affected greatly by
increases in local gradients in water-surface slope
and sediment transport, such as created by chute
and neck cutoffs.

Furthermore, it is now known that the water-
flow structure varies within the same meander
bend at different flood stages (Kasvi et al. 2013;
2017), that overbank flood flows significantly mod-
ify the flow structure within bends (Loveless et al.
2000; Wormleaton et al. 2004) and that overbank
deposition is a key control on the development of
meanders (Van Dijk ef al., 2013a, b). Although the
importance of these processes is widely acknowl-
edged, the ways in which they are recorded in
point-bar deposits and their ultimate preservation
potential still needs to be further elucidated.

Although past research has offered notable
insights into the detection of tidal influence in
fluvial point-bar sedimentation at the bedform
scale, less attention has hitherto been paid to
understanding the role of tidal currents in shaping
bar stratal architecture or controlling vertical
and streamwise variations in sediment grain-size.
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Assessment of these influences will require
additional studies of modern meander bends,
complemented with observations from tidal chan-
nels. Additionally, recognition of the location of
channel deposits along the fluvial-marine transi-
tion zone (e.g. in terms of distance from a contem-
poraneous shoreline) is commonly attempted
based on analysis of trace-fossil assemblages
(e.g. Gingras et al., 2012). A predictive tool that
integrates knowledge of the spatial distribution of
physical sedimentary structures is still lacking
(Dalrymple et al., 2015). Facies models developed
for tidally influenced fluvial point bars should
also be compared with those pertaining to muddy
point bars formed far inland from tidal influence
(Taylor & Woodyer, 1978; Jackson, 1981; Brooks,
2003). This comparison will contribute to the
identification of distinctive features with which
to detect tidally influenced fluvial point-bar
deposits in the fossil record. In this context, the
interference between backwater hydrodynamics
and tidal-fluvial interaction was investigated in
modern settings (Blum et al., 2013) and efforts to
detect their effects in terms of down-dip changes
of architecture of distributary channel bodies
were carried out by Colombera et al. (2016) and
Fernandes et al. (2016). These studies provide a
good starting point for further research into the
diverse dynamics that characterise deposition in
the zone of fluvial-marine transition.

Mechanisms of meander-bend cutoff
Previous studies

The process of abandonment of a channel reach,
with the concomitant activation of a new river
course (e.g. avulsion processes), has been widely
documented in fluvial systems (Smith et al., 1989;
Slingerland & Smith., 1998, 2004; Morozova &
Smith, 2000; Aslan et al., 2005). In meandering
rivers this process can occur at the bend scale and
is known as meander-bend cutoff (Brice, 1974;
Lewis & Lewin, 1983; Gagliano & Howard, 1984;
Erskine et al., 1992; Constantine & Dunne, 2008;
Toonen et al., 2012). The best-known of such pro-
cesses is neck cutoff, whereby growing meanders
intersect each other to cut off a meander loop
(Lewis & Lewin, 1983). Less attention has been
paid to chute cutoff, which occurs when a chan-
nel (i.e. chute channel) incises the inner side of
the point bar (McGowen & Garner, 1970; Hooke,
2013). Chute channels can break through the

upstream edge of a meander neck during major
floods (Johnson & Paynter, 1967) but they can also
form on the downstream side of the bar and step
progressively upstream (Gay et al., 1998). The lat-
ter mechanism recently received attention through
laboratory experiments (van Dijk et al., 2012) and
outcrop studies (Ghinassi, 2011). Constantine
et al. (2010) showed that these two processes can
occur together. Zinger et al. (2011) highlighted the
importance of cutoff processes in river dynamics,
demonstrating that extreme sediment pulses are
released to the main channel after occurrence of a
cutoff. Such local dynamics of enhanced erosion
and deposition have great potential to be pre-
served in the sedimentary record. Indeed, chan-
nel-fill deposits generated by cutoff events are
important elements within channel-belt bodies;
they give rise to significant lithological heteroge-
neities, which can control both the lateral channel
mobility of active channels (Smith et al., 2010;
Giineralp et al., 2011; Bogoni et al., 2017) and
fluid flow through channel-belt deposits
(Colombera et al., 2017, and references therein).
In this context, different types of oxbow-lake
infills (Toonen et al., 2012) have been demon-
strated to exert a notable control on connectivity
between point-bar bodies (Donselaar & Overeem,
2008). This has important implications for reser-
voir development and groundwater management.

Contributions to this volume

In this volume, articles that discuss mechanisms of
meander-bend cutoff are provided by Richards
et al., Viero et al., Schwendel et al. and Fustic et al.
Richards et al. present a dataset of measurements
of the three-dimensional flow through neck cutoffs
with complex configurations that includes valua-
ble observations on helical flows, recirculation and
zones with stagnated flow. Viero et al. present a
numerical modelling approach applied to two case
studies (Sacramento River, California; Cecina River,
Italy) and highlight the role of channelised flow
inertia and of topographic and sedimentary flood-
plain heterogeneities in promoting chute cutoff
processes. Schwendel et al. investigate the infill of
abandoned chute channels and of channel seg-
ments that were abandoned after neck cutoff, from
meanders of the Rio Beni (Bolivian Amazon basin).
Results demonstrate how patterns of infill vary in
relation to hydrological connectivity and distance
to the main active channel. Fustic et al. describe
channelised deposits encased within a large-scale
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point-bar element exposed in the McMurray
Formation type section (Athabasca River, Alberta,
Canada). These deposits are interpreted as relics of
the infill of larger channel incisions that represent
unsuccessful channel cutoffs or avulsions.

Further developments

Although significant advances have been made in
understanding cutoff processes, a detailed model
that attempts to link different mechanisms of cut-
off with the style of infill of cutoff channels is yet
to be developed. This is of particular importance
because chute cutoff processes enable the transi-
tion from meandering to braiding (Kleinhans &
Van den Berg, 2011). The lack of more sophisti-
cated interpretative models is one of the reasons
why interpretations of the rock record commonly
take on a binary meandering-versus-braiding
view, rather than allowing for transitional systems
with individual flow-form characteristics.
Furthermore, the increased water-surface gradi-
ents created by cutoff process promote periods of
accelerated planform change, increases in local
sediment transport gradients and generate bed-
scale pulses of sediment with effects that propagate
both downstream and upstream, then eventually
dissipate (Zinger et al., 2011). Similarly, the conse-
quence of shifting patterns of bed shear and sedi-
ment transport at confluences during large changes
in the relative discharge of the upstream branches
ought to lead to significant pulses of sediment
redistribution within rivers. It is reasonable to
assume that such local dynamics are recorded and
preserved in the rock record; yet no diagnostic cri-
teria exist for the distinction of such local allogenic
controls from the migration of meanders through
autogenic bank-pull and bar-push mechanisms
(Parker et al., 2011; van de Lagweg et al., 2014).
Consequently, it also remains unclear as to whether
there is preferential preservation of specific mor-
phological elements, or events, and therefore to
what extent the deposits of a river provide biased
information on the formative geomorphology.

Meandering river channels and vegetation cover
Previous studies

The relationship between the presence of vegeta-
tion cover and the development of meandering
river channels has been the focus of considerable
study by fluvial sedimentologists in recent years.
Davies & Gibling (2010) noted a parallel between

appearance of riparian vegetation and an increase
of occurrence of deposits indicative of sinuous
rivers in the rock record. Such a notion was in
agreement with observations from a number of
field-based studies (Ielpi et al., 2015) and labora-
tory experiments (van Dijk et al., 2013b), which
indicated that the presence of vegetation favours
the development of sinuous channels (Tal & Paola,
2007, 2010) by acting to stabilise river banks both
through rooting and by encouraging retention of
pedogenic cohesive mud. These notions sup-
ported the idea that pre-vegetation channels were
dominantly shallow and braided in planform.
This form, designated the ‘sheet-braided’ river
style by Cotter (1978), has been considered repre-
sentative of Precambrian fluvial styles.

However, other geological evidence supports
the presence of plan forms indicative of meander-
ing in some non-vegetated settings; such evidence
includes the documentation of laterally accreting
channels in pre-Devonian deposits (Long, 2011;
Ielpi & Rainbird, 2016; Santos & Owen, 2016) and
the presence of sinuous fluvial channels draining
arid, non-vegetated areas (Matsubara et al., 2015).
Laboratory experiments by Smith (1998), Peakall
et al. (2007) and van de Lageweg et al. (2014) also
showed that sinuous channels were able to be pro-
duced and maintained on a non-vegetated sub-
stratum. The occurrence of meandering channels
on extra-terrestrial surfaces (Lorenz et al., 2008)
further challenges the notion of a paucity of mean-
dering channels in non-vegetated settings.

Contributions to this volume

In the present volume, integrating a review of pre-
existing literature with field evidence, the papers
by McMahon & Davies and Ielpi et al. summarise
the two main views on interaction between vegeta-
tion growth and development of meandering river
channels. McMahon & Davies, supporting their
claims with field data from the 1 Ga Torridon Group
(Scotland), argue that meandering planforms were
less frequent on pre-vegetation Earth and that there
is a tangible shift in the physical nature of global
alluvium, coincident with the evolution of land
plants. Ielpi et al. show laterally accreting deposits
from five sedimentary rock units deposited on
Laurentia between 1.6 to 0.7 Ga. Undertaking
detailed sedimentary, architectural and palaeoflow
analyses, they recognise the presence of lateral-
accretion sets, a feature that was previously thought
to be rare or absent in these deposits.
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Further developments

The uncertainty in interpretations arising from
complexity in the relationships between products
and processes ensure that the relative roles of
factors controlling the evolution of sinuous chan-
nels, including vegetation, remain of considera-
ble research interest (Davies, 2017; Santos et al.,
2017a,b). Further architectural studies are
needed to assess morphodynamic feedbacks and
adequately explain the dynamics and preserva-
tion of point-bar deposits in pre-vegetation and
extra-terrestrial river systems. A combination of
deduction based on laboratory and numerical
experiments, induction based on field-based
studies of modern rivers in different environ-
ments and abduction based on analysis of pre-
served deposits present in the geological record
(cf. Kleinhans, 2010) is needed in order to gener-
ate a balanced understanding of the development
of meandering channels that is applicable to the
full range of boundary conditions within which
meanders are found.

Geometries of meander-belt sedimentary bodies
Previous studies

Channel-belt deposits generated by the lateral shift
and avulsion of sinuous channels represent sedi-
mentary bodies of primary interest as hydrocarbon
reservoirs and aquifers (Hajek et al., 2010). The
width-to-thickness aspect ratios of these sedimen-
tary bodies have been compared with those of braid
belts by Gibling (2006) and Colombera et al. (2013),
who provide criteria to distinguish between these
sedimentary bodies. Recently, the internal archi-
tecture of channel-belt bodies has received signifi-
cant attention and has been the focus of several
studies mainly based on numerical simulations
and laboratory experiments. Using numerical sim-
ulations, Willis & Tang (2011) showed that differ-
ent styles of point-bar planform transformations
exert a remarkable control in shaping the basal sur-
face of channel-belt bodies and distributing facies
heterogeneities. These studies also highlight how
a combination of different styles of planform
behaviour with a variable aggradation rate strongly
controls intra-channel-belt connectivity. Laboratory
experiments by van de Lageweg et al. (2013)
established a relationship between preserved set
thickness and morphology formed by a meander-
ing channel. Numerical simulation by van de
Lageweg et al. (2016) quantified the effects of bed

aggradation on the preservation of meandering
channel morphologies and provided support to
qualitative studies from the rock record (Ghinassi
et al., 2014).

Contributions to this volume

Geometries of meander-belt sedimentary bodies
are analysed here by Willis & Sech (a, b), Yan
et al., Hartley et al. and Viseras et al. The two con-
tributions by Willis & Sech are based on numeri-
cal simulations. Willis & Sech (a) predict the
geometry and facies of channel belts by consider-
ing patterns of erosion and deposition during
channel migration and underscore that facies
models for channel belts need to better account
for changes in the shape and position of channels,
rather than present static views of river pattern.
Willis & Sech (b) predict variations in fluid-flow
patterns through subsurface hydrocarbon reser-
voirs and aquifers with improved consideration of
3D facies heterogeneity in channel-belt deposits.
Yan et al. apply a 3D forward stratigraphic model,
which is able to generate realistic architectural
geometries and incorporate different types of
facies heterogeneity, to a quantitative analysis of
the static connectivity of point-bar sands based
on data from geological analogues. Hartley et al.
document amalgamated sandy meander belts
from modern basins and the stratigraphic record,
remarking that their recognition in the rock record
is hindered by overlaps in facies characteristics
between channel deposits of sandy meandering
rivers and braided rivers. Viseras et al. present an
outcrop/behind-outcrop multidisciplinary study
of Triassic red beds from central Spain and make
recommendations on how to identify and charac-
terise poorly exposed ancient meander belts.

Further developments

Gaining improved understanding of intra-channel-
belt facies heterogeneity has important applied
implications, notably the characterisation of styles
of compartmentalisation of sands by fine-grained
deposits of different types (e.g. Colombera et al.,
2017; Yan et al., 2017) and prediction of petro-
physical heterogeneity (e.g. Burton & Wood, 2013;
Nordahl et al., 2014). At present, numerical mod-
elling and laboratory experiments are the most
powerful tools for understanding mechanisms
controlling the internal architecture of channel-
belt deposits formed by meandering channels,
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but improved remote sensing capabilities and the
continuing efforts in capturing the variability in
architectural styles from outcrop and modern ana-
logues are also important sources of primary data.
It is important that results from future research are
translated to predictive tools that can be readily
applied in subsurface studies.

A note on anthropogenic influences

Our future understanding of meandering rivers is
contingent upon a multidisciplinary approach,
which should be aimed at developing a new
generation of quantitative fluvial facies models
founded on datasets populated with information
obtained from a broad range of investigations of
modern and ancient rivers, laboratory experi-
ments and numerical simulations. Although a
comparison between these different datasets
would be a fundamental step in advancing under-
standing in the discipline of fluvial sedimentol-
ogy, it should be carried out considering the
significance of anthropogenic effects on present-
day fluvial systems. Nowadays, most rivers —
whether they be considered to possess braided or
meandering plan forms (or perhaps more usually
combinations thereof) — are not hosted in pristine
natural environments. The majority of present-
day rivers are actively evolving under the influ-
ence of marked anthropogenic controls. Such
controls have induced river behaviour and associ-
ated patterns of sediment erosion, transport and
deposition that are difficult to predict. Therefore,
understanding the continued evolution of mean-
dering rivers in the Anthropocene represents an
active and important field of research (e.g. Brooks
et al., 2003; Morais et al., 2016; Munoz et al.,
2018). The effects of human-related activities
(e.g. deforestation, loss of riparian vegetation,
conversion of multi-channel systems to single-
channel systems, channelisation [dredging] and
bank revetments, flow regulation and damming,
agricultural development, dispersion of pollut-
ants, spreading of allochthonous aquatic faunas)
need to be recognised in order to develop a new
set of sedimentological models to assist with the
management of rapidly evolving fluvial land-
scapes. Such models will enable valuable com-
parison of present-day fluvial deposits with the
stratigraphic record and may, in turn, serve to pre-
dict the future effects of anthropogenic factors on
river behaviour and patterns of erosion and
sedimentation.
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ABSTRACT

The architecture and lithofacies organisation of fluvial point-bar elements record the
spatio-temporal evolution of river channels. This study discusses the factors that
control facies distributions and geometries of point-bar elements present in a fluvial
succession that accumulated on a low-gradient coastal plain on the western margin of
the Western Interior Seaway (Campanian Neslen Formation, eastern Utah, USA). Forty
outcropping point-bar elements located within an established sequence stratigraphic
framework have been examined through facies, architectural and palaeocurrent
analyses. Point-bar elements increase in width-to-thickness aspect ratio vertically
through the succession. Four point-bar element types are identified based upon their
lithofacies assemblages and geometry. Two point-bar types conform to those depicted
in traditional facies models; they are dominated by cross-bedded sandstone, with
subordinate amounts of ripple-laminated and horizontally laminated sandstone. In
contrast, the other two point-bar types exhibit unusually low proportions of cross-bedded
sandstone and higher proportions of massive sandstone, horizontally laminated
sandstone and ripple-laminated sandstone. The occurrence of these atypical point-bar
assemblages is restricted to the marine-influenced lower and middle parts of the
Neslen Formation. An up-succession increase in aspect ratio and degree of amalgama-
tion of point-bar elements through the Neslen Formation may reflect a decrease in the
rate of accommodation generation, an increase in the rate of sediment supply, or
autogenic processes that operated on an overall prograding coastal plain. The accumu-
lation of point-bar elements with lower proportions of cross-bedded sandstone in the
lower Neslen Formation can be attributed to decreased stream power. Database-assisted
analysis has been undertaken to compare the lithofacies and architecture of point-bar
elements from the Neslen Formation to those in other humid-climate, coastal-plain
successions. This comparison reveals that the geometry and facies observed in
point-bar elements of the Neslen Formation might record an unusual set of combined
allogenic (accommodation generation and fluvial discharge variations) and autogenic
(backwater processes and presence of peat mires) process interactions.

Keywords: Fluvial, point-bar, Neslen Formation, marine influence, backwater

INTRODUCTION

Studies of point-bar elements in both fluvial and
tidal environments (e.g. Visher, 1965; Allen, 1965;
1983; 1991; McGowen & Garner, 1970; Harms
et al., 1975; Barwis, 1977; Jackson II, 1976; 1978;
Miall, 1977; 1985; 1988; Nanson, 1980; Nanson &
Page, 1983; Smith, 1987; Cloyd et al., 1990; Nio &

Yang, 1991; Rasanen et al., 1995; Galloway &
Hobday, 1996; Fenies & Faugeres, 1998; Leeder,
1999; Ghazi & Mountney, 2009, 2011; Brekke &
Couch, 2011; Johnson & Dashtgard, 2014) have
identified associations of commonly occurring
bodies with predictable lithofacies and geometric
arrangements. Such facies and architectural rela-
tionships are commonly summarised as facies
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models (Fig. 1; e.g. Cant & Walker, 1978; Nanson,
1980; Walker, 1984; Miall, 1985; Thomas et al.,
1987; Miall, 1988; Ghazi & Mountney, 2009; Smith
et al., 2009; Colombera et al., 2013; Labrecque
etal., 2011; Fustic et al., 2012; Musial et al., 2012).
There is a documented variability in the lithofa-
cies assemblage of point-bar elements with a wide
range of width-to-thickness aspect ratios (cf.
Gibling 2006; Colombera et al., 2017); this means
that no single facies model can account for the
known range of stratigraphic complexity in fluvial
point-bar deposits.

The evolution of point-bar elements is con-
trolled by the interplay of allogenic and autogenic
parameters (Hampson, 2016). From an applied
standpoint, understanding controls on point-bar
evolution is important to enhance understanding
of the distribution of facies (Russell et al., this
volume), including the occurrence of inclined
heterolithic stratification (IHS; Fig. 1B) within
point-bar elements (Weimer et al, 1982;
Demowbray, 1983; Thomas et al., 1987; Shanley
et al. 1992; Turner & Eriksson, 1999; Choi et al.,
2004; 2011a; 2011b; Dalrymple & Choi, 2007;
Hovikoski et al., 2008; Brekke & Couch, 2011;
Sisulak & Dashtgard, 2012; Johnson & Dashtgard,
2014). Inclined heterolithic stratification has been
observed in many fluvial successions (e.g.
Cretaceous McMurray Formation, Alberta,
Canada, Jablonski et al., 2012; Fairlight Clay and
Ashdown Beds Formation, Stewart, 1983;
Cretaceous Wessex Formation, UK, Stewart, 1983)
and is commonly associated with tidal processes
(e.g. Weimer et al., 1982; Thomas et al., 1987;
Shanley et al., 1992; Choi et al., 2004; Dalrymple
& Choi, 2007; Hovikoski et al., 2008; Sisulak &
Dashtgard, 2012; Johnson & Dashtgard, 2014; Yan
et al., 2017), or with secondary or counter cur-
rents, notably during the development of counter
point bars in exclusively fluvial settings (e.g.
Smith et al., 2009). The proportion and distribu-
tion of heterogeneities within fluvial successions
exerts a major control on hydrocarbon reservoir
behaviour and on water flow and contaminant
transport in groundwater aquifers. Fine-grained
deposits may act as baffles or even barriers to fluid
flow (mesoscopic heterogeneity: Tyler & Finley,
1991; Miall, 2013; Colombera et al., 2017).
Recently, database approaches have proved to be a
valuable tool to compare heterogeneity distribu-
tion, point-bar element geometries and internal
facies arrangements from many studied succes-
sions. The Fluvial Architecture Knowledge

Transfer System (FAKTS) is one such relational
database that describes the anatomy of fluvial suc-
cessions including lithofacies proportions and
geometries of fluvial deposits from a wide variety
of successions (Colombera et al., 2012a, b; 2013).

The aim of this study is to discuss the controls
that give rise to a range of facies distributions
within point-bar elements present in a fluvial suc-
cession that accumulated on a low-gradient and
low-relief coastal plain. To achieve this aim, a
detailed outcrop-based study of point-bar ele-
ments in the Campanian Neslen Formation, Utah,
USA, has been undertaken. This approach per-
mits integration of detailed sedimentological data
of multiple point-bar elements distributed later-
ally and vertically through a succession for which
an established sequence stratigraphic framework
is well constrained. Specific objectives of this
study are as follows: (i) to describe the typical
facies arrangements of point-bar elements within
the Neslen Formation; (ii) to establish the strati-
graphic and spatial distribution of point-bar ele-
ments through the formation; (iii) to use a
quantitative database approach to compare and
contrast the architecture and facies distributions
of point-bar elements in the Neslen Formation to
both previously proposed facies models and to
other comparable successions; and (iv) to develop
an understanding of the controls on the internal
lithofacies within point-bar elements, the external
geometry of the elements and their vertical stack-
ing and connectivity.

GEOLOGICAL SETTING

The Campanian Neslen Formation accumulated
in a low-gradient (Colombera et al., 2016), low-
relief (Cole & Cumella, 2003), lower coastal plain
setting on the western margins of the Cretaceous
Western Interior Seaway (WIS; Fig. 2A). The sea-
way formed in a foreland basin that was infilled
with a wedge of siliciclastic strata shed from the
Sevier Orogenic Belt to the west (Armstrong, 1968;
Jordan, 1981). The seaway was characterised by
relatively shallow water depths along its length,
rarely exceeding 100m, and by low gradient mar-
gins (Kauffman 1977). The climatic regime of Utah
during the Cretaceous was humid and subtropical
(Fillmore, 2010) with potentially monsoonal con-
ditions (Fricke et al., 2010; Foreman et al., 2015).

The sequence stratigraphic framework of the
Neslen Formation has been established previously
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Fig. 1. Conceptual model of point-bar elements. (A) Three-dimensional depositional model of facies and architecture of a
sandstone-dominated point-bar element (adapted after Allen, 1970; Cant & Walker, 1978; Nanson, 1980; Walker, 1984;
Miall, 1985; Miall, 1988; Ghazi & Mountney, 2009; Colombera et al., 2013). (B) Three-dimensional depositional model of
facies and architecture of a heterolithic point-bar element (adapted in part from Thomas et al., 1987; Smith et al., 2009;
Labrecque et al., 2011; Fustic et al., 2012; Musial et al., 2012).
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Fig. 2. Study location map. (A) Map of Western Interior Seaway (blue) with location of the study area in the Book Cliffs.
(B) Location of the studied stratigraphy between Floy Canyon and Sagers Canyon. GoogleEarth ©. UT = Utah,

CO = Colorado.

(Yoshida et al., 1996; McLaurin & Steel, 2000;
Hettinger & Kirschbaum, 2003; Shiers et al., 2014;
2017; Fig. 3A). This framework has allowed each
of the point-bar elements described here to be
located within a specific systems tract, such that
differences in point-bar internal facies distribu-
tions can be related to different accommodation
settings (as described below).

The Neslen Formation comprises sandstones
encased within argillaceous, commonly coal-bear-
ing strata (Young, 1957; Fisher et al., 1960; Willis,
2000; Cole, 2008; Colombera et al. 2016; Shiers
et al., 2014; 2017). The succession is interpreted
as the accumulated sedimentary record of coastal
delta-plain palaeoenvironments (Kirschbaum &
Hettinger, 2004; Aschoff & Steel, 2011a; Shiers
etal., 2014; 2017). An overall westward transition
from paralic to fluvial deposits across the coeval
Neslen Formation and adjacent upper Castlegate
Sandstone is associated with a lateral coarsening
of lithologies toward the Sevier orogenic belt.

The lower Neslen Formation accumulated in
brackish and fresh-water environments in a
coastal-plain setting, which was characterised by
various sub-environments including tidal flats,
lagoons, bays, marshes and oyster reefs (Pitman
et al. 1987; Chan & Pfaff, 1991; Shiers et al., 2014;
2017) and is interpreted to represent a 4" order
Transgressive Systems Tract (TST; Shiers et al.,
2017). Within the lower Neslen Formation, tidal
and brackish-water influence is expressed by

bioturbation and ichnospecies common to brack-
ish water, single and double drapes of fine-grained
sediment on sandstone ripple foresets, lamina-
tions that show evidence of rhythmicity and sedi-
mentary indicators of current reversal including
successive sets in which ripple foresets show
opposing dip directions (Shiers et al., 2017). The
upper Neslen Formation accumulated in an upper
coastal-plain and lower alluvial-plain setting that
was characterised by meandering rivers that
traversed extensive floodplains (Pitman et al.,
1987) as part of a Highstand Systems Tract (HST).

Some tabular sandstone bodies within the
Neslen Formation (Fig. 3) are interpreted be
formed of wave reworked sandstone as part of a
backstepping barrier system (Shiers et al., 2017)
and provide important correlation datums within
the succession. One example, the Thompson
Canyon Sandstone Bed (TCSB) separates the
lower and upper Neslen Formation (Shiers et al.,
2014; 2017). The base of the TCSB can be mapped
for at least 45km in an east-west oriented deposi-
tional dip direction (Gualtieri, 1991) and it shows
a marked facies dislocation that is interpreted to
define a Maximum Flooding Surface (MFS). The
Basal Ballard Sandstone Bed (BBSB) is a similar
example, with a continuity of at least 18km
(Shiers et al., 2017).

Laterally extensive coal beds are also present in
the Neslen Formation (Cole, 2008; Shiers et al.,
2014; 2017). In the study region, the tabular
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sandstone bodies and the coal-bearing intervals
collectively provide the basis for an informal sub-
division of the Neslen Formation into 3 zones
(Shiers et al., 2014): from base to top, the Palisade
Zone, the Ballard Zone and the Chesterfield Zone.
The Palisade and Ballard Zones together make up
the lower Neslen Formation, the Chesterfield
Zone is the upper Neslen Formation (Fig. 3).

Three different types of channel-related
element have been previously identified in the
Neslen Formation: distributary-channel ele-
ments (or ribbon channel-fill elements) (Shiers
et al., 2014; 2017; Colombera et al., 2016), sand-
stone-dominated point-bar elements, alterna-
tively referred to as fluvial-channel sandstones
(Willis, 2000; Kirschbaum & Hettinger, 2004;
Cole, 2008; Shiers et al., 2014; 2017; Colombera
etal., 2016), and heterolithic point-bar elements,
alternatively referred to as inclined heterolithic
strata or tidally influenced channel deposits
(Willis, 2000; Kirschbaum & Hettinger, 2004;
Shiers et al., 2014; Olariu et al., 2015; Colombera
et al., 2016). The point-bar elements are the
focus of this study.

METHODS

Data have been collected from 40 ancient point-
bar elements identified in the Neslen Formation,
(Fig. 2). Point-bar elements were characterised at
outcrop by their facies associations (Table 1), fin-
ing-upwards grain-size trends, occurrence of
internal inclined surfaces and lenticular external
geometry (Fig. 4), and by analysis of palaeocur-
rent indicators. These characteristics are used to
interpret these sedimentary bodies as the product
of meandering rivers, in accordance with previ-
ous interpretations for the Neslen Formation
(Yoshida et al., 1996; McLaurin & Steel, 2000;
Hettinger & Kirschbaum, 2003; Willis, 2000;
Kirschbaum & Hettinger, 2004; Cole, 2008; Shiers
et al., 2014; 2017; Burns et al., 2017) and ana-
logue deposits of modern meandering rivers. The
lithological character of infill of fluvial channels
by point-bar architectural elements is represented
by 14 lithofacies (Fig. 5; Table 1). The facies are
interpreted in terms of depositional or post-depo-
sitional processes.

Field study has focused on the identification
and facies characterisation of sandbodies inter-
preted to have accumulated as point bars in
response to the evolution of meandering fluvial

channels. The stratigraphic position of studied
point-bar elements was determined in relation to
the top of the underlying Sego Sandstone, as well
as their position relative to the marker beds (see
also Colombera et al., 2016).

The studied point-bar elements are distributed
laterally and vertically throughout the studied
interval of the Neslen Formation (Fig. 3): of the 16
located in the lower Neslen Formation, 13 are in
the Palisade Zone and 3 are in the Ballard Zone
(Fig. 3C). Of the 24 examples located in the upper
Neslen Formation, 4 are in the lower Chesterfield
Zone and 20 are in the upper Chesterfield Zone
(Fig. 3C).

Measurements collected from the studied point-
bar elements include the external geometry
(length, width and thickness; cf. Colombera et al.,
2012b), internal lithofacies and bounding-surface
orientations (Fig. 4). The relationship of point-bar
elements to surrounding elements (e.g. the verti-
cal and lateral relationship of point-bar elements
with peat-mire and overbank elements; Table 1)
was determined through the construction of meas-
ured architectural-element panels. Internal litho-
facies distributions were described and logged in
detail at one of more locations along the outcrops
(the 40 studied elements were analysed using 65
measured logs in total with a cumulative meas-
ured section length of 400m).

Trace fossils were ascribed to ichnological
assemblages (Pemberton et al., 1982; Bromley,
1996; Gingras et al., 2012). Palaeocurrent read-
ings (n=1021) were determined from the dip
direction of foresets of cross bedding and ripple
lamination. The palaeocurrent database was aug-
mented by the collection of 400 dip azimuths of
bounding surfaces of lateral-accretion sets, from
which bar-growth trajectories were determined.
These data are displayed in rose diagrams which
show both palaeocurrent and bar-growth trajec-
tory indicators for individual point-bar elements.
Note, however, that the rose diagrams do not
express the spatial variability of palaeocurrents
around the point bar, which is expected to arise
due to the meandering nature of the formative
river channels, for example in relation to poten-
tial secondary circulation. Channelised sandbod-
ies in the upper Chesterfield Zone (Fig. 3) are
highly amalgamated (Shiers et al, 2014) and
analysis of these bodies was restricted to single
vertical logs and photographic stratigraphic pan-
els because of the cliff-forming nature of the
outcrop.



Table 1. Descriptions and interpretation of the facies observed in point-bar elements of the Neslen Formation.

Facies

Bed thickness (m)

Description

Interpretation

Massive mottled mudstone/
siltstone (Fsm)

Laminated mudstone/
siltstone (F1)

Massive-faintly laminated
sandstone (Sm)

Symmetrical ripple-lami-
nated sandstone (Sw)
Draped (Swd)

Current ripple-laminated
sandstone (Sr)
Draped (Srd)

Trough cross-stratified
sandstone (St)

Planar cross-stratified
sandstone (Sp)

Horizontally bedded
sandstone (Sh)

Low-angle cross-stratified
sandstone (S])

Deformed sandstone (Sd)

Interbedded sandstone and
siltstone (Si)

Lenticular/wavy/flaser
bedded sandstone (H)

Intraformational
conglomerate

0.01-0.10

0.01-0.50

0.03-0.30

0.05-0.15

0.03-0.40

0.10-2.0

0.15-0.90

0.05-0.70

0.20-0.60

0.10-1.0

0.10-0.50

0.05-0.50

0.05-0.30

Massive silt/mud, grey to black in colour, often with
roots and bioturbation, wood fragments and coal
clasts.

Laminated and interbedded mudstone and siltstone,
some ripples.

Fine-grained to medium-grained sandstone with lack of
sedimentary structures, except occasional horizontal
laminations. Bioturbation is commonly observed.

Observed on top surfaces and in cross section. Co-sets
form thicknesses of decimetres to a few metres. Single
and double drapes of mud are common, carbonaceous
and detrital drapes are also observed.

Observed on top surfaces and in cross section. Co-sets
form thicknesses of decimetres to a few metres. Single
and double drapes of mud are common, carbonaceous
and detrital drapes are also observed.

Very fine-grained to medium-grained sandstone, com-
monlyassociated with a lag and occasionally showing
aligned intraformational clasts to cross-bedding sets.
Commonly preserved stacked with reactivation sur-
faces.

Very fine-grained to medium-grained sandstone with flat
upper and lower bounding surfaces and approximately
parallel cross-bedding

Interlaminated fine-grained to medium-grained
sandstone.

Laminations within fine-grained to medium-grained
sandstone dipping at <15°.

Soft-sediment deformation in fine-grained to medium-
grained sandstone beds. The most common expression
is convolute lamination.

Horizontally laminated beds exhibiting an alternation
of mm-thick laminae of sandstone and siltstone (often
carbonaceous). Alternations show occasionally rhyth-
mic alternations in thickness.

Inter-laminated mud and sand arranged such that lenses
of sand and mud can be preserved as lenticular, wavy,
or flaser bedding.

Gravel-sized clasts generally a few centimetres in diam-
eter, commonly occur in lags at the base of channels,
lining scour surfaces or aligned to cross-bed surfaces.
Clasts can occur in the form of mud-chip conglomerate
or are composed of sideritised mudstone or sandstone.

Low-energy deposits by suspension settling, proba-
bly in the distal parts of crevasse splays (Collinson
et al., 2006; Burns et al., 2017).

Overbank, abandoned-channel and/or waning-flood
deposit

Deposits of sediment gravity flows or hyperconcen-
trated flows (Jones & Rust, 1983). Bioturbation may
mask original sedimentary structures to produce a
massive appearance.

Ripples formed as a product of either oscillatory flows
or combined flows in a restricted marine environ-
ment, e.g. from waves (Collinson et al., 2006). Double
drapes, often rhythmic, indicate a tidal influence.

Ripples formed in fluvial channels or bars with a
unidirectional current. Drapes indicate periods of
reduced energy in the system, possibly due to tidal
fluctuations (Shanley et al., 1992).

Trough cross-bedding formed from migrating three-
dimensional dunes under uni-directional currents
in fluvial channels (Collinson et al., 2006).

Formed from migrating two-dimensional dunes
under uni-directional currents in fluvial channels
(Collinson et al., 2006).

Upper flow-regime plane bed conditions (Miall,
1992).

Formed from sediment under unidirectional flow
which is transitional to upper flow-regime within
the fluvial environment (Bridge, 1993).

Loading and rapid deposition on water-logged sedi-
ment (Allen, 1977).

Formed due to alternating current energies in the
upper flow regime; siltstone deposited under low
flow energy, possibly due to tidal forcing (Shanley
et al., 1992).

Unidirectional currents producing ripples, which
were draped in mud at slackwater due to fluc-
tuations in flow energy, possibly of tidal origin
(Reineck & Wunderlich, 1968; Shanley et al., 1992).

Channel lags or scour fills of sediment which
was reworked from nearby floodplain deposits
(Bridge, 1993).
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Fig. 4. Descriptive terminology for point-bar elements (cf. Bridge 1993); facies colours correspond to Fig. 6.

Quantitative analysis

The lithofacies and geometries for each studied
point-bar element were quantified by coding col-
lated data using the Fluvial Architecture Knowledge
Transfer System (FAKTS; Colombera et al., 2012a,
b; 2013). Bespoke database queries allow analysis
of facies characteristics and point-bar dimensions.
Calculation of facies proportions within point-bar
elements are recorded as a fraction of the logged
sections within point-bar elements (Fig. 6), where
the base and top of the element is well defined.
Within sand-rich point-bar elements, lithological
heterogeneity is defined as the thickness propor-
tion of fine-grained lithofacies (silt and finer) rela-
tive to the total logged thickness. Point-bar elements
with less than 10% fine material (mudstone and
siltstone) are defined as being low heterogeneity;
moderate-heterogeneity elements have 10 to 20%
mudstone and siltstone; high-heterogeneity ele-
ments have > 20% mudstone and siltstone (Fig. 6A).
Statistical techniques (ANOVA) are used to analyse
the statistical significance of observed facies and
geometry variations.

The aspect ratio of point-bar elements is calcu-
lated as a ratio between the minimum known
width of the bar (measured at outcrop) and the
maximum logged thickness (Fig. 6C). The true
cross-stream width of the element was inferred
where possible from 3D reconstructions through
multiple exposures along spurs and re-entrants in
the hillsides. An apparent width is defined where
an outcrop lacked sufficient palaeocurrent indica-
tors to establish the true width (cf. Geehan &
Underwood, 1993).

Coding of studied examples within the FAKTS
database facilitates quantitative comparison of sim-
ilarities and differences between individual point-
bar elements and has enabled the construction of
quantitative facies models (cf. Colombera et al.,
2013). Moreover, the FAKTS database has addi-
tionally enabled point-bar elements from different
systems to be compared to those studied in the
Neslen Formation, as presented in the Discussion.

Dimensions of point-bar elements were used to
extrapolate channel depth and estimates of fluvial
discharge. Point-bar thickness measured at the
outcrop is used as a proxy for the maximum bank-
full channel depth. There is uncertainty using this
method because any inference of maximum bank-
full depth derived from bar thickness is a local
estimate, due to changes in the geometry of a
channel around a bend, from pool to riffle, and as
the river sinuosity increases during channel
migration (Willis & Tang, 2010).

RESULTS

Comparison of the average internal facies propor-
tions and width-to-thickness aspect ratio of point-
bar elements within the Neslen Formation (Figs 7
and 8) to other systems with similar climatic
regimes and/or environmental settings analysed
using FAKTS (Colombera et al., 2012a; 2012b;
2013) exhibits overall similarity. However, our
quantitative investigation allows us to separate
the observed elements into four types based on
their facies proportions and aspect ratio (Table 2).
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Fig. 5. Representative photographs of sedimentary facies observed within point-bar elements of the Neslen Formation. (A)
Intraformational conglomerate (Gh) found at the base of elements and on erosional surfaces. (B) Trough cross-bedded sand-
stone (Sx). (C) Horizontally laminated sandstone (Sh). (D) Low-angle laminated sandstone (Sl). (E) Ripple cross-laminated
sandstone (Sa). (F) Lenticular and wavy sandstone with intervening siltstone laminations (H). (G) Horizontally interbedded
sandstone and siltstone (Si). H) Massive (Fsm) and laminated (F1) mudstone and siltstone.
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Fig. 6. Quantitative analysis of facies of point-bar elements of the Neslen Formation carried out using the FAKTS database.
(A) Lithology of all studied point-bar elements in the Neslen Formation. (B) Facies proportions of all studied point-bar
elements within the Neslen Formation. (C) Graph showing aspect ratio of all studied point-bar elements in the Neslen
Formation in comparison to other bars analysed in the FAKTS database interpreted to have been deposited in successions
accumulated in humid-climate and/or lower coastal-plain settings.
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Fig. 7. Graph showing the aspect ratio of the different point-bar element types in the Neslen Formation.

Typel
Description

Type I point-bar elements (Table 2; Fig. 9) are
characterised by high proportions of well-sorted
ripple-laminated sandstone, mud, silt and carbo-
naceous draped ripple-laminated sandstone (17.6
to 68%; Fig. 9D). No cross-bedding is observed
(Fig. 8). Thirteen elements of this type are identi-
fied. Elements are 3 to 12m-thick and exhibit a
wide range of width-to-thickness ratios (between
1:10 and 1:83; Table 2; Fig. 7). The proportion of
horizontally laminated sandstone in these types
of elements is 8 to 24%. The dip of point-bar
accretion surfaces is 10 to 20°. Heterogeneity
within this type of element is generally low (0 to
3.6%); two instances of higher heterogeneity also
occur (16.7%, 17.6%).

Commonly, the lowermost 0.5m of the fill
exhibits wood fragments and intraformational
conglomerate (Gh) within massive, fine-grained
and medium-grained sandstone. Teredolites and
Thalassinoides are observed in channel-lag depos-
its at the base of the elements. Ripples are domi-
nantly asymmetrical (Fig. 5E) and are commonly
draped by mud, silt or carbonaceous material;
both single and double drapes are observed.
Vertically, the changes in facies are subtle; ripple
lamination gives way upwards to draped ripple
lamination and heterolithic deposits of wavy and
flaser bedding (H) and then interbedded siltstone
and sandstone laminae (Si) with thin beds of
massive and horizontally laminated sandstone

(Fig. 9B). The facies proportions and their vertical
and lateral transitions can be collated to produce
a semi-quantitative depositional model for type I
point-bar elements (Fig. 10A). There is a high
angle between the palaeoflow direction indicated
by ripple cross-laminae dip directions and the
accretion direction of the bar-form elements dem-
onstrated by the dip azimuth of inclined bar sur-
faces (Fig. 9F).

Interpretation

The dominantly lateral direction of accretion
within these point-bar elements is demonstrated
by the palaeocurrents (Fig. 9F). Rippled sand-
stone is the product of deposition by migrating
asymmetrical ripples (Collinson et al., 2006)
under waning traction flows (Simons et al., 1960;
Visher, 1965). Thick stacks of rippled sandstone
such as that observed in this type of point-bar ele-
ment can also be indicative of sharp hydrographic
variations and rapidly waning floods (cf. Ielpi
et al., 2014). Abundant drapes on ripple fore-sets
indicate rapid fluctuations in current velocity,
possibly influenced by tides (Table 1). Double
drapes are specifically diagnostic of tidally influ-
enced environments (Shanley et al., 1992).
Point-bar elements that exhibit a large propor-
tion of ripple-laminated sandstone include those
within the Clear Fork Formation (Simon & Gibling
2017a; b). Horizontal laminated sandstone (Sh;
Table 1; Fig. 5C) with primary current lineation
was deposited from traction flows on the upper
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Fig. 8. Quantitative proportions of point-bar element facies within the Neslen Formation separated into interpreted types
(A to D): (A) type L; (B) type IL; (C) type LI; (D) type IV. (E) Cumulative average constituent facies within all point-bar
elements analysed in the FAKTS database B to H. Average facies proportions within point-bar elements for other modern
and ancient successions (F to L) analysed using data present in the FAKTS database: (F) McMurray Formation facies
proportions (Jablonski et al., 2012); (G) Ferron Sandstone (Corbeanu et al., 2004); (H) Fairlight Clay and Ashdown Beds
Formation (Stewart, 1983); (I) Lower Williams Fork Formation (Pranter et al., 2007); (J) Scalby Sandstone (Ielpi & Ghinassi,
2014), (K) Wessex Formation (Stewart, 1983); and (L) Green River Formation (Keighley et al., 2003).
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Table 2. Key variables for the interpretation of different point-bar element types within the Neslen Formation.
Sm=massive sandstone, Sh=horizontally laminated sandstone, Sx =trough cross-bedded sandstone, Sa=asymmetrical
laminated sandstone, H=heterolithic sandstone, Si=interbedded sandstone and siltstone, Gh =intraformational
conglomerate. Te= Teredolites, Me = Medousichnus, Th= Thalassinoides, Ar= Arenicolites.

Typel Type II Type III Type IV
Number of elements 13 4 2 22
Thickness range (m) (average) 3-12.6 3.5-12.6 5.7-15 4-25
(6.4) (5.8) (10.35) (10.6)
Aspect ratio range (average) 7-83 30-40 25-40 33-150
(36) (20) (30) (71)
Lateral accretion angle (°) 10-20 5-10 10-15 <10
Heterogeneity range/% (average/%) 0-17.6 0.5-23.5 0.5-9 0-12.5 (0.75)
(7) (10.5) (4)
Average Facies proportions (%) Sm 26.5 48.5 22.5 19
Sh 15 19 21.5 7.5
Sx 0.5 1 34 50.25
Sa 40 5 11.5 13
H 7.5 9 0 0
Si 6 6.5 0 0
Gh 3 0 3.5 2.5
Bioturbation Ar, Te, Th Te and Th Minor Te, Me Minor Te at base of
throughout prevalent at base lowermost elements

flow-regime plane-beds. Finer-grained lamina-
tions (Si; Table 1) reflect minor energy fluctua-
tions (Simons et al., 1960; Visher, 1965; Fielding,
2006). Horizontally laminated sand deposits are
characteristic of rivers subject to seasonal palaeo-
climates and flashy discharge, (Fielding et al.
2006; Gulliford et al, 2014; Plink-Bjorklund
2015). Horizontal lamination can also form in bar-
top areas during waning river stage. Heterolithic
facies (H) indicates deposition under fluctuating
flow energies (potentially modulated by tidal
influence). There is a balance between deposition
of mud from suspension and sand deposition
either from suspension or as saltating bedload via
migrating unidirectional ripples (Miranda et al.,
2009). Strong seasonal differences in river dis-
charge and flashy river floods would be antici-
pated for the study area during the Campanian, in
connection with the inferred dominance of a trop-
ical, monsoonal climate (Fricke et al., 2010).

The occurrence of heterolithic facies and the
presence of Teredolites and Thalassinoides trace
fossils can be used to infer marine influence in
these deposits (Bromley, 1996).

Type I1

Description

Type II point-bar elements (Table 2; Fig. 11) are clas-
sified based upon the dominance of massive sand-
stone (30 to 68%; Fig. 11G) and the small proportion

of ripple-laminated sandstone (<12%). Four exam-
ples of this element are identified; they are 3.5 to
12.6m-thick and have width-to-thickness ratios of
1:30 to 1:40 (Table 2). The dip of point-bar accretion
surfaces is 5 to 10°. Examples of this type of point-
bar element have a high proportion of mudstone and
siltstone present compared to sandstone (up to
23.5%; Fig. 11G), arranged in heterolithic packages
(Fig. 11B and E). These elements have the highest
proportion of preserved fines (Figs 8B and 11G).

The proportion of horizontally laminated sand-
stones (Sh; Table 1) varies from 6 to 32%. Sandstone
beds in these elements thin upward, from 0.2 to
0.8 m-thick at the base to 0.05 to 0.5m-thick in the
upper parts of the elements; however, sandstone
beds do not exhibit strong fining-upward trends
(Fig. 11B). The thickness of fine-grained beds
increases upwards. Towards the base of an element,
fine-grained beds are mm-thick to cm-thick beds. In
the upper parts of elements individual fine-grained
beds are up to 0.5m-thick. Interbedded sandstone
and siltstone beds (Si) and heterolithic sandstones
(H) commonly exhibit subtle rhythmicity of lamina
thicknesses. Massive sandstone occurs in beds,
commonly with scoured bases. Trace fossils such as
Teredolites and Thalassinoides are present in the
basal-most deposits of some examples (e.g. Fig. 11C)
as mono-specific assemblages. The semi-quantita-
tive depositional model for these types of point-bar
element (Fig. 10B) reflects the vertical successions
and facies proportions observed.



Type | point-bar element

Double draped ripples
(mudstone and siltstone)

0 metres 1
0 metres 1

=] © S | o ° - =] o | - | © Ee)
n| 5 < < = | =} » | € c c =
S | G| @ @
3|3 ‘m | ; =175 85 ‘w K
212§ ¢ ejele @
'L 53 @ ='r 2 s
> 9 Q 9 Q
s © > 2 o
E 5 019
2% 4.5% 19% 1:5%1% 2%1%
Key

) Dip direction of accretion surfaces
D Massive sandstone

|:| Planar cross-bedded sandstone . Asymmetrical ripple-laminated sandstone

% Palaeocurrents (ripples, crossbedding and drag marks)

|:| Intraformational conglomerate . Low-angle laminated sandstone . Trough cross-bedded sandstone
D Draped ripple-laminated sandstone
. Symmetrical ripple-laminated sandstone . Deformed sandstone . Heterolithic Sandstone (flaser-lenticular-wavy)

. Interbedded sandstone and siltstone . Horizontal laminated sandstone D Laminated mudstone / siltstone . Massive mudstone / siltstone

Fig. 9. Example of a type I point-bar element within the Neslen Formation. (A) Photograph panel of a representative type
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Fig. 11. Example of a type II point-bar element within the Neslen Formation. (A) Photograph panel of a type II point-bar
element; inclined surfaces dip at 5 to 10° (Fig. 3) TCSB=Thompson Canyon Sandstone Bed, BBSB =Basal Ballard Sandstone
Bed; location of logs are indicated. (B) Logged sections through type II point-bar element with alternating sandstone and
siltstone beds. (C) Abundant Thalassinoides on the base of the point-bar element. (D) Horizontally laminated sandstone
with interbedded siltstone (Sh and Si). (E) Ripple-laminated sandstone beds (Sa) with intervening laminated siltstones (F1).
(F) Pinstriped interbedded siltstone and sandstone (Si) within which sandstone laminae thicken upwards. (G) Constituent
facies proportions for separate examples of type II point-bar elements. (H) Palaeocurrent data for the studied example
shown in (A); there is a high angle between the azimuth of dip direction of accretion surfaces and that of ripple lamination
indicating the dominance of lateral accretion. For key for facies colours refer to Fig. 9.
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Interpretation

Similar to type I point-bar elements, these bodies
are interpreted as laterally accreting point bars
(Fig. 11H). The proportion of mudstone and silt-
stone, which occur alternating with sandstone
beds in inclined packages within the elements,
defines them as THS. Although IHS is sometimes
interpreted as the product of tidal influence
(Shanley et al., 1992; Dalrymple & Choi, 2007),
such deposits can also occur in perennial and
ephemeral fluvial systems (Thomas et al., 1987;
Lynds & Hajek, 2006; Archer, 1995; Kvale et al,,
1990; Kvale, 2011). Here, tidal influence is sup-
ported by the presence of mono-specific assem-
blages of trace fossils interpreted to reflect
brackish or saline depositional environments
(Bromley, 1996). Sedimentological evidence of
tidal influence includes the presence of interbed-
ded sandstone and siltstone (Si, H; Fig. 11D and
E), repeating beds of which show subtle rhythmic-
ity. The high proportion of massive sandstone
(Sm; Figs 8B and 11) is interpreted to reflect rapid
deposition of sediment with a narrow grain-size
range, from concentrated flows, locally filling
scours (Collinson et al., 2006). Massive sandstone
could also be the result of post-depositional modi-
fication through fluidisation, although no defor-
mation structures commonly associated with
fluidisation have been observed. Alternatively,
intense burrowing could also result in a similar
massive fabric. Low proportions of cross-bedding
may be due to finer grain-size or a lower flow
velocity than is required for sandstone to accumu-
late as dune-scale bedforms (Harms et al., 1975).

The facies association of these bodies demon-
strates that the sediment accumulated under fluc-
tuating energy conditions, which may be due to
marine influence.

Type III
Description

Type III point-bar elements (Table 2; Fig. 12) in the
Neslen Formation are characterised by relatively
high proportions of cross-bedded sandstone (over
30%) and low to medium heterogeneity (0.5 to 9%
fines; Figs 8C and 12G). The two examples of this
type have aspect ratios of 25 and 40, and element
thicknesses of 5.7m and 15m. Beds have tangen-
tial geometries at the base, wedging out laterally
over 3 to 5m (Fig. 12A). The dip of point-bar
accretion surfaces is 10 to 15°.

Beds thin and fine upwards from fine-grained
and medium-grained sandstone at the base, to
very fine-grained sandstone at the top (Fig. 10B).
The basal deposits are gravel to pebble mud clasts
(Figs 5A and 12B to C) and trace fossils (Teredolites
and Medousichnus). Massive or cross-bedded
sandstone beds (Sm/Sx) are common in the lower-
most parts, with sets typically partitioned by ero-
sion surfaces or multiple reactivation surfaces.
Higher within the elements, cross-bedded sand-
stone dominates (Fig. 12B and D). The thickness
of cross-bedded sandstone beds decreases upward
(from ~ 0.5 m-thick beds towards the base to 0.2 m-
thick in the upper parts of elements) and ripple
laminated (Sr; Fig. 12B and E), massive (Sm) and
horizontally laminated (Sh) sandstone facies
become more common (Fig. 12G). These facies
trends are shown in a semi-quantitative deposi-
tional model (Fig. 10C).

Interpretation

The high angle between the palaeoflow direction
indicated by cross-laminae dip directions and the
accretion direction in bar-form elements demon-
strated by the azimuth of dipping bar surfaces sup-
ports a dominantly lateral direction of accretion
(Fig. 12H; Bridge, 2006). Large proportions of
trough cross-bedding (St; Fig. 5B) are interpreted as
the record of deposition by migrating subaqueous
dunes or unit bars (Table 1). Where cross-bedded
sandstones exhibit multiple reactivation surfaces,
they are interpreted as indicating variations in flow
energy and/or direction, due to changes in river
discharge or tidal processes (Shanley et al., 1992).
The presence of Medousichnus can indicate tidal
influence (Howard & Frey, 1984; Gingras et al.,
2012) and Teredolites (bored wood) is typical of
both marine and brackish environments. However,
individual logs can be pushed (rafted) upstream
within the fluvial-to-marine transition zone
(Savrda, 1991). The proportion of trough and pla-
nar cross-bedded sandstone (26%) is similar to the
amount preserved in all lateral-accretion elements
recorded in the FAKTS database (35%; Fig.8E).
The amount of ripple lamination in type III point-
bar elements is 11% (Fig. 12D) and in all point-bar
elements in the FAKTS database is 9% (Fig. 8E).

This element is interpreted as the preserved
product of lateral accretion formed from fluvially
dominated meandering channels that traversed
the coastal plain (Kirschbaum & Hettinger, 2004;
Aschoff & Steel, 2011b).
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Fig. 12. Example of a type III point-bar element within the Neslen Formation. (A) Photograph panel of a point-bar element
showing the sigmoidal shape of beds (Fig. 3), TCSB=Thompson Canyon Sandstone Bed; location of logs are indicated. (B)
Logged sections through a type III point-bar element. (C) Photograph of intraformational conglomerate (Gh) found at the base
of a type III point-bar element. (D) Trough cross-bedded sandstone (Sx). (E) Massive sandstone bed (Sm). (F) Asymmetrical
ripple-laminated sandstone (Sa). (G) Constituent facies proportions for separate examples of type III point-bar elements. (H)
Palaeocurrent data for the studied example shown in (A); there is a high angle between the azimuth of dip direction of accre-
tion surfaces and that of ripple lamination indicating the dominance of lateral accretion. Key for facies colours refer to Fig. 9.
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Type IV
Description

Type IV point bars (Table 2; Fig. 13) exhibit a high
proportion of cross-bedded sandstone (49%).
Twenty point-bars of this type are identified
within the upper Chesterfield Zone. Elements are
4 to 25 m-thick (average: 10.2m). The thickness of
individual point-bar elements may be overesti-
mated where the nature of the outcrop does not
permit the identification of the thickest part of
each individual point-bar element and possess
high aspect ratios: 33 to 150 (average is 71; Fig. 7).
Inclined accretion surfaces are less defined than
in other point-bar types but where observed dip at
moderate angles, up to 10° (Fig. 13A; Table 2).
Where measurement has been possible, there is a
high relative angle between lateral-accretion sur-
faces and the orientation of cross-bedding. Type
IV elements generally have low heterogeneity; on
average<0.75%, with one example of 12.5%
(Figs 8D and 13E; Table 2). Elements of this type
are commonly vertically and laterally amalga-
mated, forming extensive sandstone belts (400 to
1000m) in the upper Chesterfield Zone (Fig. 13;
sensu Shiers et al., 2014).

Erosion surfaces separating individual channel
elements are commonly observed; with metre-scale
relief and intraformational conglomerate preserved
in the lowermost beds (Fig. 13B). Cross-bedded
sandstone and massive sandstone dominates, pass-
ing upwards to ripple laminated and horizontally
laminated sandstone (Fig. 13B); these relationships
are shown in Fig. 10D. Bioturbation is not observed
in these elements.

Interpretation

The facies assemblage within these bodies is simi-
lar to type III point-bar elements; however, they
are distinguished by their thickness and aspect
ratio (Table 2; Fig. 7), as well as the degree of
amalgamation (Fig. 13A; Shiers et al., 2014).

The high relative angle (80 to 150°) between the
cross-bedding and lateral-accretion surfaces indi-
cates a dominance of lateral accretion. The verti-
cal succession of facies reflects lower velocity
flows developing progressively through filling of
the channel (Visher, 1965). The amalgamated
nature of these point-bar elements is interpreted
to reflect high energy channels eroding underly-
ing floodplain and earlier channelised deposits
(Leeder, 1977; Allen, 1978; Bridge & Leeder, 1979;

Heller & Paola, 1996; Shiers et al., 2014). The
absence of marine indicators in these bodies might
indicate deposition in a fully fluvial setting.

Distribution of point-bar element types

Type I point-bar elements are abundant through-
out the Palisade, Ballard and lower Chesterfield
zones. Type II elements are restricted to the
Palisade Zone. Type III elements occur towards the
middle of the formation (upper Palisade and lower
Chesterfield zones). Type IV point bars occur
exclusively within the upper Chesterfield Zone.
The upward stratigraphic increase in width-to-
thickness ratio of the point-bar elements (Fig. 14)
means that the sandstone bodies are increasingly
wide for a given thickness. Channel bodies become
increasingly amalgamated upwards. The detailed
analysis of the external geometry and internal
facies character of each point-bar element type
allows for the construction of semi-quantitative
depositional models (Fig. 12).

The proportions of facies and the observed
vertical transitions preserved in type III and IV
point-bar elements (Figs 8C and D, 10, 12 and 13)
are similar to many other point-bar elements that
accumulated in humid subtropical settings, such
as those of the Jurassic Scalby Formation (Nami
& Leeder, 1977; Ielpi & Ghinassi, 2014; Fig. 8])
and the lower Williams Fork Formation (Pranter
et al., 2007; Fig. 81). Type III and IV point-bar ele-
ments (Fig. 8C and D) have similar facies propor-
tions to those elements analysed within the
FAKTS database (Fig. 8E) and presented in pub-
lished facies models (Fig. 1). The vertical transi-
tion of facies (Figs 12B and 13B) demonstrates
that, as the point bar progressively developed,
the preserved facies reflect vertically decreasing
flow velocities on the inner bend of the migrating
channel element.

Type I and II point-bar elements (Fig. 10A and
B) are dissimilar to models presented in the litera-
ture (Fig. 1), as well as to the facies proportions of
most successions analysed and stored in the
FAKTS database (Fig. 8E). Examples exposed in
the Wessex and Green River Formations (Fig. 8K,
L; Keighley et al., 2003; Stewart, 1983) also exhibit
a dominance of ripple-laminated sandstone,
although these elements also contain significant
proportions of cross-bedded sandstone. Point-bar
elements that are dominated by ripple strata are
described by Miall (1985; his model 7) and are
interpreted in that study as representative of
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Fig. 13. Example of a type IV point-bar element within the Neslen Formation. (A) Photograph panel of representative type
IV point-bar elements; thicker lines show the basal incision surface of individual point-bar elements (location shown in
Fig. 3). (B) Representative logged section through typical type IV point-bar elements showing erosive surfaces at the base
of each point-bar element and the vertical transition from cross-bedded to ripple laminated sandstone. (C) Intraformational
conglomerate (Gh). (D) Trough cross-bedded sandstone (Sx). (E) Horizontally laminated sandstone (Sh) cut it into by an
overlying point-bar element. (F) Asymmetrical ripple-laminated sandstone (Sa). (G) Representative facies proportions
within separate examples of type IV point-bar elements. Key for facies colours refer to Fig. 9.
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Fig. 14. Schematic panel showing the location of each point-bar element examined in this study in relation to the inter-
preted sequence stratigraphic framework. Each point-bar element is coloured to represent the point-bar element type (I, II,
III or IV) and is shown in relation to underlying substrate, as well as scaled in proportion to the aspect ratio of the outcrop.
Numbers within examples refer to the maximum logged thickness of the point-bar element in metres.

deposition from highly sinuous, suspended-load
dominated rivers.

In the studied examples from the Neslen
Formation, there is an increase in the amalgama-
tion of sandstone bodies upwards. The aspect
ratios of type I, II and III point-bar elements are
similar to those of other point-bar elements in the
FAKTS database (Fig. 7). The aspect ratio of type
IV point-bar elements is higher than that of other
systems. There is a statistically significant increase
in the aspect ratio of point-bar elements from the
lower to upper Neslen Formation with an abrupt

increase across the TCSB (tested using ANOVA:
significance level=0.05, p value=0.001). This is
probably due to the highly amalgamated nature of
these sandbodies and their development on a
substrate with limited cohesion. Therefore, the
thickness of individual point-bar elements might
be overestimated where the nature of the outcrop
does not permit the identification of the base of
each individual point-bar element. This uncer-
tainty has been minimised as far as possible
through the careful combined use of stratigraphic
panels and sedimentary logs.
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DISCUSSION

The presented results are discussed in two ways:
(i) in terms of the vertical changes of point-bar
character (geometry, facies and amalgamation);
and (ii) in terms of the occurrence of atypical
point-bar assemblages in the lower Neslen
Formation.

Tectonism, climate change and eustasy influ-
ence point-bar lithofacies (Cecil et al., 1993; Blum
& Tornqvist, 2000; Hampson et al., 2012; Shiers
et al., 2014), geometry and stacking patterns
(Leeder, 1977; Bridge & Leeder, 1979; Bristow &
Best, 1993; Mackey & Bridge, 1995; Heller &
Paola, 1996).

Controlling Factors in the Neslen Formation

Vertically through the Neslen Formation, there is
a systematic change in point-bar element type
(Fig. 14). The controls on the stacking and facies
assemblage of the point-bar elements are varied,
encompassing allogenic and autogenic processes,
as discussed below. The possibility that a range of
these controls are responsible for the point-bar
character observed in the Neslen Formation is
considered below and further examined in rela-
tion to other successions that have been analysed
using the FAKTS database.

Accommodation generation rate

In the lower Neslen Formation, interpreted as a
TST (Shiers et al., 2017), point-bar elements are
predominantly type I and II elements. In the upper
Neslen Formation, interpreted as the highstand
systems tract (HST), there is a change from type I
elements to type IV elements upwards. This
change in element type is concurrent with an
increase in amalgamation of the sandstone bodies.
These changes reflect the interplay of eustasy, tec-
tonics, sediment supply and compaction, which
collectively control the stacking of accumulated
fluvial sandbodies (cf. Leeder, 1977; Allen, 1978;
Bridge & Leeder, 1979; Aitken & Flint, 1995; Heller
& Paola, 1996; Currie, 1997; Sgnderholm &
Tirsgaard, 1998; Huerta et al., 2011; Foix et al,
2013). During periods of increased accommoda-
tion generation, a high proportion of overbank
material is preserved, and reworking of fluvial
deposits is limited (Wright & Marriott, 1993;
Legarreta & Uliana, 1998). Periods of low accom-
modation generation promote extensive reworking

of fine-grained overbank material due to lateral
channel migration or avulsion (Posamentier &
Vail, 1988; Holbrook, 1996), increasing stacking
density of channel elements, and hence net:gross
and connectivity. Although changes in the rate of
accommodation generation can explain the change
in aspect ratio and amalgamation of point-bar ele-
ments upwards through the Neslen Formation
(Shiers et al., 2014) it is difficult to reconcile this
interpretation with the change in facies observed
within point-bar elements.

Marine influence

Element types II, I, III, and IV exhibit progres-
sively less marine influence and are inferred to
have been deposited farther from the contempora-
neous shoreline (Fig. 15).

Point-bar elements in the lower Neslen
Formation (mostly types I, I and IIT) show moder-
ate marine influence (Lawton, 1986; Pitman et al.,
1987; Kirschbaum & Hettinger, 2004; Gualtieri,
1991; Karaman, 2012; O’Brien 2015; Gates &
Scheetz, 2015; Burton et al., 2016; Shiers et al.,
2017). The overall regressive trend of the Neslen
Formation through time is recorded by a shift in
facies belts eastward (Shiers et al., 2017). The
upper Neslen Formation is interpreted to repre-
sent an environment up-dip of any discernible
influence of marine or backwater processes (Shiers
et al., 2014; Fig. 15). Channel fills that might bear
a record of the influence of backwater hydrody-
namics (cf. ribbon channel fills of Colombera
et al., 2016) are recognised in stratigraphic prox-
imity to the maximum flooding surface (the base
of the TCSB; Fig. 3B). The stratigraphic location of
ribbon channel fills is coincident with the change
from isolated (types I, II and III) to amalgamated
point-bar elements (type IV) and may correlate
with the change in hydrodynamics of the chan-
nels through and out of the backwater zone, i.e.
the part of the fluvial system downstream of the
point where the streambed elevation drops below
contemporary sea-level (Fig. 15). A reduction in
the rate of lateral migration of fluvial channels is
expected in a down-dip direction (through the
backwater zone towards the shoreline) due to
backwater control on sediment flux (Lamb et al.,
2012; Nittrouer et al., 2012; Blum et al., 2013).
The decrease in point-bar heterogeneity and
increase in bar width-to-thickness ratio through
the overall progradational stratigraphy of the
Neslen Formation can therefore be interpreted in
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7/ Distributary
channels:

- narrow and
deepen seaward

Fig. 15. Schematic diagram showing the possible spatial zones for deposition of the different type of point-bar elements
with relation to the limit of marine influence (tidal and backwater processes).

terms of a progressive evolution of hydrodynam-
ics and channel kinematics away from the shore-
line, as recognised in some modern systems (cf.
Blum et al., 2013; Fernandes et al., 2016).

The upstream end of the backwater zone is
recognised as an area with increased avulsion
frequency due to the change in hydrodynamics
and its effect on streambed aggradation (cf.
Chatanantavet et al., 2012; Nittrouer et al., 2012).
Increased avulsion rate due to a shifting backwa-
ter zone is an autogenic explanation for the
observed increase in point-bar amalgamation of
type IV point-bar elements (Fig. 15). Alternatively,
the change from dominantly type III to type IV
point-bar elements in the upper Neslen Formation
might be associated with a decrease in the rate of
relative sea-level rise (or increase in sediment
supply) from the TST to HST.

The influence of marine processes on facies
assemblages within point-bar elements is well-
documented (Weimer et al., 1982; Thomas et al.,
1987; Shanley et al,, 1992; Choi et al., 2004;
Dalrymple & Choi, 2007; Hovikoski et al., 2008;
Sisulak & Dashtgard, 2012; Johnson & Dashtgard,
2014). Type I and II point-bar elements are inter-
preted to have been subject to marine influence. A
greater marine influence is evident within type II
point-bar elements. Type I and II elements also

exhibit abundant trace fossils indicative of depo-
sition in a stressed, brackish water environment
(Table 2; Bromley, 1996; Gingras et al., 2012).The
relative position of the deposition of the different
types of point-bar elements on the floodplain can
therefore be established (Fig. 15). Minor evidence
of brackish water ichnofacies at the base of type III
point-bar elements indicates that they might have
accumulated at a site closer to the palaeo-coast-
line than type IV point-bar elements, which
themselves apparently accumulated up-dip of the
zone of marine and backwater influence (Fig. 15).
The vertical changes in occurrence of point-bar
element types could have originated through
shifting of these facies belts through time accord-
ing to Walther’s Law.

Presence of coal beds

There is a decrease in the occurrence and quality
of coal beds up-section in the Neslen Formation
(Fig. 3). Changes in coal beds and point-bar
element type may be related to the same allogenic
changes. Alternatively, peat abundance may have
been a causative factor influencing point-bar
element type.

Laterally extensive, ombrotrophic mires in the
lower Neslen Formation (Shiers et al., 2017) was
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facilitated by an overall increase in the rate of
accommodation generation such that it was bal-
anced by the accumulation rate of peat (see dis-
cussions in Speiker, 1949; Young, 1955; Bloom,
1964; Rampino & Sanders, 1981; Tissot & Welte,
1984; Courel, 1989). The rapid compaction of peat
can also generate localised topographic lows fol-
lowing accumulation (Bohacs & Suter, 1997), for
channels located within these topographic lows,
channel avulsion frequency would be limited.

Point-bar elements underlain by coal (type I or
IT elements; Fig. 14) have low aspect ratios and are
associated with narrower channels than those
with sandstone, siltstone or mudstone substrates
(Fig. 14). Therefore, it is possible that channel
evolution (through incision and accretion) was
controlled by the presence of mires either adja-
cent to or underlying the channel. Incision and
accretion of these narrower channels would have
been limited by the higher relief of ombrotrophic
mires (Shiers et al., 2017) and their ability to with-
stand erosion (McCabe, 1985). The presence of a
bounding mire would therefore potentially con-
trol the geometry of point-bar elements, as well as
influence the morphodynamics of the river and
hence the internal lithofacies character of the
developing point bars.

Flow velocity

Stream power is directly proportional to discharge
and gradient, and inversely proportional to the
channel width (Flint, 1974). Higher stream power
(i.e. flow velocity) may result in the preferential
accumulation of sediment into dunes rather than
ripple-scale features for a given grain size (Harms
et al., 1975). At finer grain-sizes it is not possible
for sediment to accumulate into dune-sized fea-
tures and ripples preferentially form. The palaeo-
flow velocity within the channels associated with
ancient point-bar elements is difficult to deter-
mine. Numerous equations relate channel dimen-
sions to sinuosity, water discharge and gradient
(e.g. Leopold & Wolman, 1960; Schumm, 1963;
1972; Williams, 1986; Bridge & Mackey, 1993;
Table 3). Although these relationships commonly
ignore short-term discharge variations (e.g. single
flood events), collectively they are a widely
accepted approach to relate changes in hydraulic
geometry to element thickness (e.g. Bridge & Tye
2000; Bridge et al., 2000; Gouw & Autin 2008;
Tewari et al.,, 2012; Famubode & Bhattacharya
2016; Chakraborty et al., 2017). Generally, the

calculated flow velocity (Table 3) for the channels
associated with Neslen Formation point-bar ele-
ments increase upwards through the Neslen
Formation. Moreover, the calculated annual dis-
charge for type I and II point-bar elements (87.7
and 62.4m?%s?) is significantly lower than those
calculated for type III and IV elements (470 and
510.8m®s™).

The inferred low flow velocities of channels in
the lower Neslen Formation, compared to the
upper Chesterfield Zone and other units depos-
ited on the margins of the WIS (Table 3), may be
attributed to river deceleration in its backwater
zone, or to allogenic controls, themselves linked
to low floodplain gradients, or to times of very
low river flow during a period of reduced water
discharge (be it seasonal or longer term). There is
no link between the proportion of preserved fines
within the point bars and the flow velocity: the
calculated flow velocities are time and depth aver-
aged and fine-grained sediments are attributed to
periods of low river flow.

An estimated floodplain gradient for the Neslen
Formation of~2.5 x 10*m/m (Colombera et al.,
2016) is inferred (subject to uncertainties in com-
paction and correlation) from the gradient of
transgressive surfaces traced in the coastal-plain
deposits (Aschoff & Steel, 2011a). This low basin
gradient may have resulted from the interference
between Sevier-style and Laramide-style tectonics
(Armstrong 1968) and dynamic subsidence. No
broad scale changes in tectonics (e.g. faulting or
thinning) are recognised through the deposition of
the Neslen Formation to account for any large
changes in floodplain gradient.

A monsoonal climate is inferred to have oper-
ated during accumulation of the Neslen Formation
(Fricke et al., 2010); this would cause seasonal
changes of flow within the channels of the Neslen
Formation. The overall reduction in the presence,
thickness, extent and continuity of coals from the
lower to middle parts of the Neslen Formation to
the upper part of the Neslen Formation may have
arisen in response to a less humid climate (i.e.
lower annual rainfall) through time. However, this
is counter to what is suggested by the fluvial
discharge variations determined throughout the
Neslen Formation, as calculated from recon-
structed channel dimensions (Table 3).

Type I and type II point-bar elements are
attributed to channels within which the stream
power was reduced (hence carrying a fine-grained
sediment load) and hence sediment was not



Table 3. Quantitative analysis of channels in the Neslen Formation separated by element type, compared to other systems on the margins of the Western Interior
Seaway (green) and humid-climate successions generally (orange). Maximum bankfull depth is interpreted from the average point-bar thickness assuming no compac-
tion. Sources for equations: (1) Bridge & Mackey, 1993; (2) Williams, 1986; (3) Williams, 1986; (4) Leopold & Wolman, 1960; (5) Schumm, 1963; (6, 7, 8) Schumm, 1972.

Lower
Neslen Type Type Type Type McMurray Ferron Williams Scalby Wessex Green
Unit Equation Fm. 1 I 11 v Fm. Ss. Fork Fm. Ss. Fm. River Fm
Maximum bankfull depth (d) m Measured 8.8 6.4 5.8 10.35 10.6
Mean bankfull depth (D) D=0.57d (1) 5.02 3.65 3.31 5.9 6.04 30—-40 7 6.65 6.65 3.24 6.5
Or measured
Bankfull width (W) m 8.88x D' (2) 167.38 93.71 78.43 224.58 234.37 500-548 290 281 165 100 74
Or measured
Channel belt width (Wm) m 148x D52 (3) 1719 1059 913 2198 2277 40,308 2850 2636 2636 883 2546
W:D (F) / W/D (4) 33.3 25.7 23.7 38.1 38.8 13.9-18.3 41.4 42.3 24.8 30.86 11.4
Wavelength (1) m 10.9x W' (5) 1920 1069 893 2584 2698 5500-6400 3345 3241 1892 1141 842
Sinuosity (P) / 3.5F %% (6) 1.36 1.46 1.49 1.31 1.3 1.6-2.4 1.3 1.2 1.5 1.4 1.8
Mean annual discharge (Qm) m?®s? w2 (7) 267.9 87.7 62.4 470 510.8 10,978 796 719 361 83.5 123
18 X F1.13
Mean annual flood (Qma) m®s? (9) 4659 2236 1787 6743 7121 43,994 9511 8927 5534 2193 2645

Wl.SG
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capable of accumulating into dune-sized bed
forms (Fig. 10). This situation could have arisen in
channels located away from the main trunk chan-
nel belt, or within distributive channel splitting
(Fig. 15). The increase in channel size and grain-
size up-section can be explained by an increase in
discharge. However, the equations used in deter-
mining the discharge of ancient river channels
negate discharge variability; this means that any
seasonality within the rivers is obscured. A change
between seasonal and perennial discharges may
explain the difference between type I and II point
bar elements and type III and IV elements
respectively. Type I and II point-bar elements
might be related to a seasonal climate, due to the
dominance of horizontally laminated sandstone
(cf. Fielding et al., 2009).

Comparison of the Neslen Formation to other
similar depositional systems

Analysis shows that trends in point-bar element
facies and their vertical stacking density through
the Neslen Formation may be due to the increas-
ing accommodation (influenced by the presence
of coal and marine processes) and declining flow
velocity towards the coast. Analysis has been
undertaken using the FAKTS database to test if
these trends can be observed in other ancient suc-
cessions of humid-climate, coastal-plain settings.

Marine influenced successions

The change in the aspect ratio and amalgamation
of point-bar elements within the Neslen Formation,
as demonstrated above, can be attributed to their
position on the floodplain in relation to the limit
of backwater processes as part of the fluvial-to-
marine transition zone. However, the link between
point bar elements interpreted to have been modi-
fied by tidal processes and the lack of cross-
bedded sandstone (but high proportion of
ripple-laminated and horizontally laminated sand-
stone) is not observed within other formations (e.g.
Weimer et al., 1982; Thomas et al., 1987; Shanley
et al., 1992; Bose & Chakraborty, 1994; Choi et al.,
2004; Dalrymple & Choi, 2007; van den Berg et al.,
2007; Hovikoski et al., 2008; Matinius & Gowland,
2011; Sisulak & Dashtgard, 2012; Johnson &
Dashtgard, 2014; Legler et al., 2014). None of the
successions interpreted as having been laid down
in environments proximal to the marine realm
show similar facies assemblages to the Neslen
Formation. This indicates that, although marine

processes may have been responsible for the intro-
duction of significant heterogeneities within
point-bar elements, they cannot be shown to have
been the dominant control on the occurrence of
cross-bedding within these elements.

Successions containing appreciable
amounts of coal

Other coal-bearing systems analysed using FAKTS
do not exhibit similar facies assemblages to type I
or II point-bar elements of the Neslen Formation.
Other coal-bearing systems documented in the
literature (e.g. Ferron Sandstone, Ryer, 1981;
Raniganj coal measures, Casshyap & Kumar, 1987;
Straight Cliffs Formation, Shanley et al., 1992;
Weisselster Basin, Halfar et al., 1998; Lopingian
coal measures, Wang et al., 2011) do not display
instances of facies assemblages similar to those in
the type I or II point-bar elements of the Neslen
Formation. This indicates that, although there is a
strong relationship between the presence of coal
substrates and the occurrence of type I and II facies
assemblages (Fig. 14), this relationship has not
hitherto been established in other successions.

Calculated discharge values within other
successions

Systems associated with low mean annual dis-
charge values (<150m?®s™; Table 3) have greater
proportions of ripple-laminated sandstone within
associated point-bar elements (e.g. Green River
Formation: Keighley et al., 2003; Wessex
Formation: Stewart, 1983; Fig. 8). No other stud-
ied successions documented in the literature have
a similarly low proportion of cross-bedded sand-
stone as the type I or I point-bar elements studied
here. The high proportion of ripple-laminated and
horizontally laminated sandstone are probably a
product of sharp hydrographic variations and rap-
idly waning floods (Ielpi et al., 2014), such as
within tropical, monsoonal climates where rivers
are subject to seasonal discharge variations (e.g.
Fielding, 2006; Gugliotta et al., 2015).

CONCLUSIONS

Quantitative analysis of 40 point-bar elements
from the Cretaceous Neslen Formation has
allowed four point-bar element types to be distin-
guished based on their internal facies types, pro-
portions and geometry. Type I and II point-bar
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elements are characterised internally by a distinc-
tive lack of cross-bedding and are instead domi-
nated by ripple-laminated sandstone and massive
and horizontally laminated sandstone, respec-
tively. Type IIl and IV point-bar elements are simi-
lar to many examples from other successions,
based on analysis undertaken using the FAKTS
database; these types conform to traditional point-
bar models.

Upwards through the Neslen Formation, pass-
ing from a transgressive systems tract to a high-
stand systems tract, there are a series of changes in
the character of point-bar elements: (i) an increase
in the width-to-thickness aspect ratio of point-bar
elements; (ii) an increase in the thickness and
amalgamation of point-bar elements; (iii) a
decrease in internal heterogeneity (mud and silt
content); (iv) a change from dominantly type I and
II point-bar elements in the lower Neslen
Formation to type IIl and IV point-bar elements in
the upper part.

A vertical increase in sediment supply or a
decrease in the rate of accommodation generation
might have been the dominant controls on the ver-
tical changes in channel-body stacking density.
Similar changes might produce the upward
decrease in the occurrence of coal beds. In the
lower Neslen Formation, point-bar elements that
exhibit an abundance of ripple and horizontally
laminated and massive sandstone, and a corre-
sponding absence of cross-bedded sandstone, are
recognised. The deposition of these less common
types of point-bar elements (i.e. types I and II) can
be attributed to a combination of marine influence
with inferred low stream power of autogenic (e.g.
backwater-driven) or allogenic (e.g. climate-
driven). Other important considerations in the
deposition of unusual point-bar assemblages
include the fine-grained nature of the sediment
and the presence of mire deposits. This study
emphasises the complicated interplay of deposi-
tional processes in channels within the fluvial-to-
marine transition zone, the discernment of which
requires a high-resolution sequence stratigraphic
framework.
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Toggling between expansion and translation: The generation
of a muddy-normal point bar with an earthquake imprint

SHELBY JOHNSTON and JOHN HOLBROOK
Texas Christian University, Fort Worth, Texas, USA

ABSTRACT

Mud-dominated point bars are widely accepted as recording deposition by tidal
influence, bar tails or counter point bars. Less understood are muddy point bars that
lack these depositional origins and otherwise have the geometry of more traditional
sandy point bars. This study seeks the cause of these ‘muddy-normal’ point bars by
field examination of a point bar with features and architecture consistent with sandy
deposits but containing mud-dominated internal lithofacies. This study examines a
point bar in Late Cretaceous fluvial strata of the Dinosaur Park Formation in the
Steveville badlands of Dinosaur Provincial Park, Alberta. Strikes and dips,
palaeocurrents, photo panoramas and stratigraphic columns are used to determine
accretion trajectories and lithologic trends throughout the bar with a focus on sand vs.
mud accretion and its relation to accretion trajectory. The point bar alternates between
sand-dominated and mud-dominated accretion sets, with mud comprising over 50%
of the point bar by volume. Accretion sets are defined by consistency in accretion dips.
Both mud and sand beds within accretion sets have current ripples and cross sets
indicative of deposition by transport. This suggests that the mud layers were deposited
by active accretion events and are not simple drapes. Muddy accretion sets consistently
have orientations reflecting bar translation (parallel with palaeodip) and sandy
accretion sets consistently have orientations consistent with bar expansion (normal to
palaeodip). These data suggest that the muddy vs. sandy accretion sets record toggling
between sand-favouring bar expansion and mud-favouring translational growth
vectors. This bar toggle explains how to generate a mud-dominate point bar with
general lobate geometry without imposing tidal drivers, bar abandonment, or asserting
a fully counter-point-bar interpretation. This toggling between expansion and
translation records periodic upstream to downstream shift in the point of attachment
for flow momentum to the cutbank that is probably caused by unstable flood discharge
trends over the life of the bar. Bar toggle should be considered a growth vector option
for point bars along with more established translation and expansion. The point bar
also has a strong palaeoseismic imprint in the form of liquefaction features and a large
lateral spread near the tip that is contemporary with late bar growth. The source of this
earthquake is uncertain but could record a currently unrecognised intraplate earth-
quake source or, intriguingly, could be associated with the nearby Bow City impact
structure which occurred in the same time frame.

Keywords: Point Bar, Fluvial, Muddy, IHS, mud-dominated point bar, Expansion,
Translation, Reservoir

INTRODUCTION 1988; Smith et al., 2009) cite examples of bars
containing higher percentages of mud than sand.
Point bars are typically considered sand-domi-  Mud-rich accretion sets usually have some sand

nated deposits (Dixon, 1921; Allen, 1963; Allen, and are collectively called inclined heterolithic
1970; McGowen & Garner, 1970; Brice, 1974; strata (HIS; after Thomas et al., 1987). IHS is a
Miall, 1978; Walker & Cant, 1984; Smith, 1987) descriptive term and defines alternating layers of
but several authors (Thomas et al., 1987; Smith, sandy, muddy strata arranged along subparallel en
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échelon accretion surfaces at low (~10 degrees)
angles to horizontal bedding that are typically
attributed to muddy point bar development.

IHS is common and usually interpreted to record
tidal point bars, bar tails, or counter point bars
(Smith, 1987, 1988; Rahmani, 1988; Gingras et al.,
1999; Choi et al., 2004; Smith et al., 2009; Choi,
2010; Dashtgard & Johnson, 2014). IHS formation
is attributed to seasonal or random changes in flow
rates, or in a tidal environment it may be caused by
seasonal and biweekly migration of turbidity max-
ima (Smith, 1985; De Boer et al., 1988; Smith,
1988; Fustic et al., 2012; and Blum, 2015). Though
IHS is commonly attributed to tidal conditions
(Thomas et al., 1987; Smith, 1988; Schoengut,
2011; Fenies et al., 2012), Thomas et al. (1987)
made no indication that tidal influence is a
required condition for IHS deposition. Indeed,
non-tidal occurrences are common (Thomas et al.,
1987; Dalrymple et al., 1992). In non-tidal mean-
dering rivers, IHS forms in two ways. Multiple
meander cut off events with consecutive lateral
migrations over previous cut offs result in the pres-
ervation of amalgamated fragments of heterolithic
channel fill and periodic growth of a single point
may make HIS if mud deposition is generally high
(Reineck & Wunderlich, 1968; Thomas et al., 1987;
and De Boer et al., 1988). The cut-off examples
typically are confined to the outer growth bands of
the bar but the IHS reflective of periodic growth
may permeate the bar. Flow variance in counter
point bars tends to generate IHS throughout, but
these bars also tend also to have a down-stream-
elongated geometry and convex accretion surfaces
(Smith, et al., 2009).

Mud-dominant IHS point bars deposited owing
to either tidal influence (Thomas et al., 1987;
Smith, 1988; Schoengut, 2011; Fenies et al., 2012),
waning bar tails (Willis & Tang, 2010; Smith et al.,
2011; and Ielpi & Ghinassi, 2014), or counter point
bars (Brice, 1974; Hooke, 1984; Smith et al., 2009;
Fustic et al., 2010) are common place and are mod-
estly well understood. Less understood are point
bars that lack characteristics of these depositional
origins, yet are mud dominant. These ‘muddy-nor-
mal’ point bars bear no obvious tidal influence,
have the lobate geometry of normal expansion-
dominate sandy point bars but are mud-rich point
bars dominated by IHS throughout.

The goal of the current study is to evaluate the
process(s) of these muddy-normal point bars. This
proceeds by examining the internal architecture
of a heterolithic point bar deposit within the

Cretaceous Belly River Group of Dinosaur
Provincial Park, Canada that has the geometry and
sedimentary features of a muddy-normal point-
bar. This point bar also has the overprint of slump-
ing and liquefaction that we here interpret to
record a large lateral spread and liquefaction asso-
ciated with a large earthquake that occurred late
in point-bar development.

Point-bar processes and types

Point bars form as side-attached bars on the inside
bend of single thread meandering rivers; and form
mostly by accumulation of sand and gravel as the
bar laterally accretes and the opposing cutbank
retreats (Wolman & Leopold, 1957; Allen, 1965;
Mertes et al., 1996; Constantine & Dunne, 2008; Jo
& Ha, 2013; Nardin, 2012; and van de Legeweg
et al., 2014). Bank pull (from rapid cutbank ero-
sion compared to bar accretion) and bar push (from
rapid bar accretion compared to cutbank erosion)
cause channel migration towards the outer bank
and an increase in sinuosity of the channel with
continued bar growth (Constantine & Dunne, 2008;
Willis & Tang, 2010; and Eke, 2013). Migration nor-
mal to a channel bank is expansion, whereas
migration obliquely downstream relative to a
channel bank is translation (Daniel, 1971; Jackson,
1976; Nanson, 1980; and Bridge & Jarvis, 1982).

Traditional models show point bars to fine
upward owing to an upward decrease in bed shear
stress with decreasing water depth. Multiple
stacked upward fining trends of accretion packages
may comprise a larger fining trend resulting from
bar erosion and reactivation following major floods
or changes in growth vector with channel rotation
(Smith, 1987; Thomas et al., 1987; Bridge, 2003;
Constantine & Dunne, 2008; Willis & Tang, 2010;
and Durkin et al., 2015a & b.). These mechanisms
produce scours, lateral-accretion bed sets and cur-
rent structures exhibiting migration along lateral
accretion faces which can be observed in most
point bar deposits (Smith, 1987; Thomas et al.,
1987; Bridge, 2003; Constantine & Dunne, 2008;
Willis & Tang, 2010; and Hubbard, 2011). Common
point bar models include the sandy-normal point
bar, counter point bar and tidal point bar.

The sandy-normal point bar records the typical
‘text book’ meandering point bar model. This
model is simplified (Fig. 1) with subparallel lat-
eral accretion surfaces, usually spanning from the
top of the bar to the bottom of the bar (Sundborg,
1956; Allen, 1963, 1970; McGowen & Garner,
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Fig. 1. (Above): From Saucier (1994), showing the internal sedimentary features of a sandy-normal point bar.

1970; Bluck, 1971; Bridge, 1975). These point bar
deposits are typically sand-dominated with lower
regime to some lower-upper regime sedimentary
structures and minimal mud, most commonly in
the form of relatively thin mud drapes between
thicker sandy bed sets (Frazier & Osanik, 1961;
Allen, 1970; and Walker & Cant, 1984). These bars
are roughly the thickness of bank-full channel
depth and form from a dominance of bar expan-
sion compared to translation (Fig. 2) (Jackson,
1976; Nanson, 1980; and Bridge & Jarvis, 1982;
Smith, 2006).

Counter point bars may be heterolithic with
alternating accretion sets of sand and mud that
form IHS deposits. Transition from normal point
bar to counter point bar occurs across an inflec-
tion point separating the convex ‘normal’ point
bar from the concave counter point bar during bar
translation (Brice, 1974; Hooke, 1984; Smith et al.,
2009; and Fustic et al., 2010). Translation pulls
the channel from the concave bank downstream of
the convex point bar and results in muddier bar-
tail preservation (Smith et al., 2009, 2011; Willis &
Tang, 2010). Over time these bars accumulate
elongate bodies with accretion sets that are con-
cave to the channel in plane view (Fustic et al.,
2010; Brice, 1974; Hooke, 1984; and Smith et al.,
2009) (Fig. 3). Textural trends in counter point
bars downriver from the crossover point include
the thickening of silt-dominated facies,
diminishing and fining of sand interbeds and
general fining of grain-size within accretion sets

(Fustic et al., 2010; Brice, 1974; Hooke, 1984; and
Smith et al., 2009). Counter point bars thicken at
the expense of normal point bars as they build
away from the inflection point and eventually
reach a maximum thickness equal to the full point
bar (Fustic et al., 2010; Brice, 1974; Hooke, 1984;
and Smith et al., 2009).

Tidal point bars are also characterised by IHS.
Tidal environments have rhythmic fluctuations in
water levels and current velocities due to tidal
cycles; as such, IHS deposition is common (Smith,
1985; Thomas et al., 1987; and De Boer et al.,
1988). Tidally induced IHS typically are hetero-
lithic or clean sands inter-fingering with mud
clast breccias. Typically, these mud clast breccias
lay under heterolithic accretion-stratified sands,
with clay layers more abundant in the uppermost
portion (Smith, 1985; De Boer et al., 1988; and
Fenies et al., 2012). Other indictors of tidally
influenced point bars include cross-bedding
within lenticular and wavy bedding and reactiva-
tion surfaces on top of the cross-beds (Reineck &
Wunderlich, 1968; de Mowbray, 1983; Smith,
1985; and De Boer et al., 1988) and marine trace
fossils along accretion sets (Smith, 1985; Pattison
et al., 2005; Desjardins et al., 2012). Tidal IHS
point bars otherwise form by the same mecha-
nisms of expansive or translating lateral accretion
as other point bars.

A muddy-normal point bar has similar lobate
geometries and convex accretion sets to a sandy
normal point bar, but it has subequal to more



