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ABSTRACT

The Bashkirian Lower Brimham Grit of North Yorkshire, England, is a fluvio-deltaic sandstone
succession that crops out as a complex series of pinnacles, the three-dimensional arrangement of
which allows high-resolution architectural analysis of genetically-related lithofacies assemblages.
Combined analysis of sedimentary graphic log profiles, architectural panels and palaeocurrent data
have enabled three-dimensional geometrical relationships to be established for a suite of
architectural elements so as to develop a comprehensive depositional model. Small-scale
observations of facies have been related to larger-scale architectural elements to facilitate
interpretation of the palaeoenvironment of deposition to a level of detail that has rarely been
attempted previously, thereby allowing interpretation of formative processes. Detailed architectural
panels form the basis of a semi-quantitative technique for recording the variety and complexity of
the sedimentary lithofacies present, their association within recognizable architectural elements
and, thus, the inferred spatio-temporal relationship of neighbouring elements. Fluvial channel-fill
elements bounded by erosional surfaces are characterized internally by a hierarchy of sets and
cosets with subtly varying compositions, textures and structures. Simple, cross-bedded sets
represent in-channel migration of isolated mesoforms (dunes); cosets of both trough and planar-
tabular cross-bedded facies represent lateral-accreting and downstream-accreting macroforms
(bars) characterized by highly variable, yet predictable, patterns of palaeocurrent indicators.
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Relationships between sandstone-dominated strata bounded by third-order and fifth-order surfaces,
which represent in-channel bar deposits and incised channel bases respectively, chronicle the origin
of the preserved succession in response to autocyclic barform development and abandonment,
major episodes of incision probably influenced by episodic tectonic subsidence, differential tilting
and fluvial incision associated with slip on the nearby North Craven Fault system. Overall, the
succession represents the preserved product of an upper-delta plain system that was traversed by a
migratory fluvial braid-belt system comprising a poorly-confined network of fluvial channels
developed between major sandy barforms that evolved via combined lateral-accretion and
downstream-accretion.

Keywords: Architectural element analysis, braided fluvial system, depositional palaeoenvironment,
facies analysis, Lower (First) Brimham Grit, upper-delta plain.

INTRODUCTION

The relationship between the internal lithofacies composition and the external geometrical form of
architectural elements that comprise fluvial successions in general, and those representative of
upper-delta plain settings in particular, has been discussed previously by numerous workers (e.g.
Miall, 1985; Olsen et al., 1995; Ghazi & Mountney, 2009). However, criteria with which to distinguish
between the preserved successions of channelized upper-delta plain systems and alluvial plain
systems in the sedimentary record are subjective and recognition of fluvial successions that occur
specifically in upper-delta plain settings is not straightforward (Fielding, 1985). An important step in
establishing robust criteria for the recognition of the specific architectural form of preserved fluvio-
deltaic sedimentary successions is the requirement to collect sufficient data such that the detailed
palaeoenvironmental significance of three-dimensional lithofacies, architectural-element and
bounding-surface arrangements can be determined (Alexander, 1989; Miall, 2014). Development of
such detailed palaeoenvironmental depositional models is typically constrained by the extent and
three-dimensional nature of the available outcrop; the lack of opportunity to examine the detailed
internal facies architecture and bounding surface arrangements associated with architectural
elements representative of channels, sheets, barforms and superimposed dunes is a common
limiting problem. Although there have previously been numerous studies related to the fluvial and
deltaic sedimentology of the Carboniferous Central Pennine Province, UK (e.g. McCabe, 1977;
Bristow, 1988; Collinson, 1988; Gawthorpe et al., 1989; Martinsen et al., 1995; Hallsworth &
Chisholm, 2008; Waters et al., 2008), few have hitherto sought to interpret channel and barform
architecture at a bed by bed scale and relate the collated data to formative processes through
examination of preserved three-dimensional architectural relationships (Fig. 1).

The present study seeks to gain insight into the sedimentology of upper-delta plain successions
through a detailed examination of the sedimentary architecture of the Carboniferous (Bashkirian)
Lower Brimham Grit succession exposed at Brimham Rocks, North Yorkshire, England. The study
area represents a well-exposed example of a fluvial upper-delta plain succession (cf. Bristow, 1988;
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Fraser & Gawthorpe, 2003; Wilson, 2006). The outcrop takes the form of a series of tors, each
separated by gullies formed where exposed joint surfaces have been subject to weathering
processes (Linton, 1955; Palmer & Radley, 1961). Crucially, the tors and their bounding gullies are
arranged in a variety of orientations such that the detailed 3D sedimentary architecture can be
interpreted to a level of detail that typically is not possible with most outcropping successions. Thus,
the Brimham Grit affords a rare opportunity to interpret the internal architecture of a fluvial upper-
delta plain succession in unprecedented detail.

The aim of this article is to document and interpret channel and barform architecture through
detailed field-based examinations of Bashkirian (Namurian) successions formed in a fluvial channel
system that traversed a proximal delta plain in an overall low-accommodation setting, relative to
more distal parts of the system that accumulated in a relatively high-accommodation setting.
Specific objectives of this study are as follows: (i) to develop a depositional model explaining how
sediment distribution patterns and mechanisms influenced sediment accumulation; (ii) to
demonstrate and interpret the sedimentological significance of relationships between neighbouring
architectural elements and their associated facies components in terms of processes responsible for
the generation of fluvial channels and barforms; (iii) to establish a depositional palaeoenvironment
highlighting sediment provenance and palaeocurrent regimes responsible for generating the
preserved 3D stratigraphic architecture; and (iv) to consider the relative roles of autogenic and
allogenic processes in governing sediment delivery mechanisms.

This research is important, timely, novel and of broad appeal for the following reasons: (i) it
demonstrates how quantitative facies relationships and depositional models can be constructed that
can potentially be applied as analogues for other similar systems; (ii) it utilizes an exceptionally well-
exposed suite of outcrops to further current understanding of three-dimensional channel and
barform architecture within an ancient upper-delta plain succession; (iii) it demonstrates
relationships between small-scale facies components and larger-scale architectural elements; (iv) it
demonstrates the three-dimensional geometries of elements and their relationships to neighbouring
elements, thereby facilitating detailed palaeoenvironmental interpretations; and (v) it demonstrates
the relationships and palaeoenvironmental significance of various fluvial architectural elements from
outcrops that have not previously been examined in detail.

GEOLOGICAL SETTING

The type section for the Lower Brimham Grit is Brimham Rocks, a series of moorland tors that crop
out over an area of 2 km? north of the village of Summerbridge, North Yorkshire, UK (Fig. 2). The
Lower Brimham Grit (Bashkirian) is a pebbly sandstone succession that forms part of the Hebden
Formation of the Carboniferous Millstone Grit Group (Fig. 3A and C; Jones, 1943; Wilson &
Thompson, 1965; Waters, 2011a; Waters et al., 2011b).
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Carboniferous rocks underlie ca 75% of northern England (Stone et al., 2010) and
sedimentation in the Central Pennine Province (Fig. 4A) occurred in a variety of terrestrial, deltaic,
paralic and marine depositional environments (Gilligan, 1919; Guion et al., 2010; Stone et al., 2010).
From the Serpukhovian to the mid-Bashkirian (ca 330 to 318 Ma) sedimentation was generally
associated with the evolution of fluvial, deltaic or deep-water clastic depositional environments
(Guion et al., 2010) and infilling of the Stainmore Basin (Fig. 4A and B) facilitated the subsequent
southerly migration of fluvio-deltaic systems across the older Askrigg Block (Martinsen, 1990, 1993).
The presence of such large deltaic systems with a northerly provenance has long been inferred in the
Craven Basin (Fig. 4A and B) of North Yorkshire (Gilligan, 1919) and their preserved remnants are
represented by Namurian Millstone Grit strata within the region (Walker, 1966; Martinsen, 1990).

Sedimentary successions within the Craven Basin are all of Carboniferous age or younger
(Gawthorpe, 1987). Cyclic episodes of delta progradation and subsequent flooding during the
Namurian are thought to have spanned ca 180 to 185 kyr and have been attributed to glacio-eustatic
mechanisms (Martinsen, 1993; Martinsen et al., 1995). Such episodes generated extensive
mudstone units that represent the various marine bands that occur intercalated with distributary
channel and mouth-bar deposits related to highstand systems tracts and incised valley fills (e.g.
Corfield et al., 1996). During the mid-Serpukhovian (latest Pendleian ca 327.5 Ma), the basin
accumulated clastic turbidites and initial Millstone Grit sediments were deposited (Martinsen, 1990).
These deposits were subsequently overlain by coarse-grained sandstone bodies representative of
major fluvio-deltaic plains. Within the study area, such remnants infer the presence of an upper-
delta plain, exposed as a variety of large-scale channel sandbodies and their component lithofacies.

Tectonic setting

The intracratonic Craven sedimentary basin (Arthurton, 1984; Martinsen et al., 1995) forms a major
north-east to south-west trending half-graben (Fraser & Gawthorpe, 2003) and represents one of a
series of linked rift-related basins that make up the Dinantian rift province — also known as the
Central Pennine Province — present across much of northern and central England (Fig. 4A; Arthurton,
1983). The Carboniferous palaeobathymetry of the intracratonic Central Pennine Province (Elliott,
1989; Martinsen, 1990) was dictated by north—south extensional tectonics arising from the
northward extension of the Variscan (Hercynian) Front (Gawthorpe et al., 1989; Fraser &
Gawthorpe, 1990; Martinsen, 1990, 1993). Numerous carbonate platforms and detached deep-
water basins developed between fault blocks and a distinctly segregated ‘block and basin’
bathymetry developed (Collinson et al., 1990). Basin architecture was governed mainly by fault
propagation, growth and cessation (Gawthorpe & Leeder, 2000); “burial or breaching of crossover
basement ridges” facilitated the evolution of hydrologically closed rifts into open rift systems with
though-going sediment transport pathways (Gawthorpe & Leeder, 2000). Such activity probably
generated a pathway for sediment distribution into the eastern part of the Craven Basin via a relay
fault zone situated between the northern (south-west to north-east trending) and southern
(west/south-west to east/north-east trending) extensions of the North Craven Fault System (Fig. 4B
and C; cf. Reid, 1996; Gobo et al., 2014). This relay zone may have also contributed to the
development of the Harrogate Basin (Cooper & Burgess, 1993) which Martinsen (1990) considered
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to be the eastern extension of the Craven Basin.

Although extensional stresses are thought to have dominated during the Dinantian and early
Serpukhovian, subsequent basin development was governed primarily by post-extensional thermal
sag (Leeder, 1982, 1988; Gawthorpe et al., 1989; Martinsen et al., 1995; Fraser & Gawthorpe, 2003).
During this period, the Carboniferous succession on the Askrigg Block was not affected by Variscan
tectonic activity (Arthurton et al., 1988) and a distinct bathymetric relief between the Askrigg Block
and Craven Basin became established (Collinson, 1988) such that the ‘block and basin’ bathymetric
style became dominated by shallow-water and deep-water sedimentation, respectively (Cooper &
Burgess, 1993). Tectonic activity along the North Craven Fault may have led to lateral tilting that
influenced the course of the fluvial system responsible for the deposition of the Lower Brimham Grit.

Kinderscoutian palaeogeography

During the Serpukhovian to mid-Bashkirian (Pendleian to Alportian ca 330 to 322 Ma), accumulation
and progradation of the sedimentary succession between the Askrigg Block and Craven Basin is
initially attributed to turbidite-fronted delta sedimentation influenced by a distinct shelf-edge
boundary (Martinsen, 1990, 1993; Martinsen et al., 1995). As the rate of subsidence waned in the
Craven Basin and progradation of the deltaic system continued, bathymetric disparities diminished
and a southerly-dipping ramp and shallow-water delta system evolved (Martinsen, 1990, 1993;
Martinsen et al., 1995). Although deltaic systems are commonly classified on the basis of fluvial-
dominance, wave-dominance or tide-dominance (Galloway, 1975), they are generally regressive
systems (Elliott, 1989) influenced by many additional controls that govern temporal and spatial
evolution (see Miall, 1976; Bridge, 2003; Bhattacharya, 2006, 2010).

Waters & Condon (2012) relate Bashkirian sedimentation (ca 322.8 to 314.6 Ma) within the broader
region to glacial influence related to the Gondwanan Late Palaeozoic Ice Age. These authors argue
for a protracted interglacial period (ca 321.5 to 319.5 Ma) that was associated with an episode of
subdued eustatic sea-level oscillations, during which the appearance of Reticuloceras forms a
valuable sequential biostratigraphic marker. Sedimentation within much of the Central Pennine
Province was characterized by the gradual accumulation of hemipelagic and distal turbidite
sediments linked to a relatively stable and high sea-level and no significant fluvial incision (Waters &
Condon, 2012). The latter part of this period is represented by the N7 mesothem (Ramsbottom,
1977), the Kinderscoutian Reticuloceras eoreticulatum (Ry,) ammonoid zone and the Reticuloceras
nodosum goniatite zone (R1p2) (ca 320.2 to 319.5 Ma; Waters & Condon, 2012). Although work by
Ramsbottom (1977) argues that deposition of the Lower Brimham Grit occurred within this episode,
subsequent work places the Lower Brimham Grit and equivalent Lower Plompton Grit of the
Harrogate area (Reid, 1996 and Dale, 2011, respectively) above the Reticuloceras reticulatum (Ry.1)
ammonoid zone, which forms the base of the N8 mesothem (ca 319.5 Ma; Waters & Condon, 2012;
Fig. 3B). Work by Dale (2011) also implies that the Lower Plompton Grit does not extend above the
Reticuloceras coreticulatum (R,.4) ammonoid zone (ca 319.25 Ma; Waters & Condon, 2012; Fig. 3B),
which constrains the duration of the Lower Brimham Grit to less than 250 kyr (i.e. between the R, 1
and R;4 ammonoid zones). This episode coincided with the onset of latest Namurian to earliest
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Westphalian glaciation that induced near-basinwide progradation of coarse, pebbly and generally
sheet-like fluvio-deltaic sandbodies in the Pennine Basin (Waters & Condon, 2012). Thus, deposition
of the Lower Brimham Grit succession was probably influenced by both stable, high and falling
eustatic sea-level associated with the transition from an interglacial to glacial period, respectively.

Brimham Grit

Phillips (1836) was the first author to introduce the term ‘Brimham Grits’ to the geological literature.
The term was applied as a group name encompassing Carboniferous strata above the Lower Follifoot
Grit (Fig. 3C), which included the widespread occurrence of a coarse-grained feldspathic sandstone
succession located at Brimham Rocks (Thompson, 1957). The only detailed accounts of the
succession are those in the doctoral theses of Thompson (1957), Wilson (1957) and Reid (1996).
Composed largely of coarse-grained quarzto-felspathic sandstone, the Lower Brimham Grit is
present continuously throughout the eastern margin of the Craven Basin, ranging in preserved
thickness from ca 9 to 122 m (Thompson, 1957). Locally, the succession is ca 50 m thick within the
Brimham Rocks study area.

Work by Walker (1952) and Thompson (1957) demonstrates that the Lower Brimham Grit south of
Pateley Bridge is underlain by an angular unconformity. Possible explanations for the origin of this
unconformity are as follows: (i) variable rates of accommodation generation between the footwall
and outer regions of the hangingwall; (ii) tectonically influenced syn-sedimentary deformation and
erosion; (iii) fluvial incision influenced by base-level; and (iv) non-deposition arising from a switching
of the main sediment delivery pathway. Thus, the stratigraphic signature of the Lower Brimham Grit
succession conceivably records a combination of both autogenic and allogenic influences. Reid
(1996) interpreted the unconformity at the base of the Lower Brimham Grit to have been associated
with significant erosion and attributed its development to accumulation of part of an ‘alluvial delta-
front grit sequence’ that later became overlain by an erosional ‘major channel grit sequence’, which
subsequently evolved upwards into an ‘alluvial flood plain sequence’ representative of the
progradation of the delta plain.

The Lower Brimham Grit is overlain by the Brimham Shale, a marine interval that divides the Lower
and Upper Brimham Grit successions (Fig. 3C) and records a minor transgression. The overlying
Upper Brimham Grit is also a coarse-grained feldspathic sandstone and is somewhat similar to the
Lower Brimham Grit (Thompson, 1957; Reid, 1996). Ramsbottom (1979), Martinsen (1993) and
Martinsen et al. (1995) noted that clastic sediments comprising the Brimham Grits were derived
principally from systems that flowed over the Askrigg Block and the eastern margin of the Craven
Basin (Fraser & Gawthorpe, 2003) from a northerly provenance (i.e. Laurentia and Baltica).
Consisting of predominantly eroded remnants of Scottish and Norwegian Caledonian Mountains,
these clastic sediments were transported within a palaeo-drainage basin that probably extended ca
450 km and ca 950 km in length towards the north and north-east, respectively, and included the
Harrogate and Cleveland basins (Martinsen, 1990). During latter stages of the Namurian (late
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Arnsbergain to late Chokieran), sedimentation from a westerly provenance developed a more
significant role (Martinsen, 1990; Fraser & Gawthorpe, 2003) and the Wales-Brabant High (Fig. 4A)
also contributed to the influx of sediment into the main Craven Basin from a southerly direction
(Hallsworth et al., 2000; Hallsworth & Chisholm, 2008). These varied sediment routing directions are
a potential cause of varied palaeocurrents observed in successions in the north and north-west of
the basins, including those at Brimham Rocks. The extent of the drainage basin is comparable with
that of the medium-scale (ca 700 km long) Wisconsin sand-bed braided river that drains an area of
ca 31,000 km? (Mumpy et al., 2007).

DATA AND METHODS

The complex array and three-dimensional nature of the outcropping gritstone tors exposed at
Brimham Rocks (Figs 1 and 2) generate features suited to high-resolution architectural analysis.
These features enable detailed examination and interpretation of architectural elements and their
internal lithofacies compositions in orientations parallel and perpendicular to the inferred
palaeocurrent, both laterally and vertically. Thirteen 1D measured graphic logs, 2D architectural
panels that collectively portray ca 320 m” of the exposed stratigraphic succession, two pseudo-3D
box panels, and 485 palaeocurrent readings measured from foreset, set, coset and channel bounding
surfaces (expressed as arrows depicting mean palaeocurrent azimuth-dips) were collated from the
Lower Brimham Grit succession at Brimham Rocks. Data were collated to establish the detailed
depositional palaeoenvironment responsible for generating the preserved stratigraphic architecture.
Graphic logs and architectural panels record the variety of sedimentary lithofacies present, their
association to one another, their delineation into sets and cosets defined by bounding surfaces and
the arrangement of such sets into larger-scale architectural elements. Although the three-
dimensional nature of the exposed succession is ideal for comparison of outcrop versus modern
fluvial architecture (for example, derived from GPR data: Best et al., 2003; Skelly, et al., 2003;
Mumpy et al., 2007; Ashworth et al., 2011), detailed consideration of such comparisons is beyond
the scope of this study.

Palaeocurrent data — a key requirement for constraining fluvial facies models (Bridge, 1985)
—have been grouped according to lithofacies type in which they occur and relationship to parent
architectural elements. The majority of palaeocurrent data were measured from foreset azimuth-
dips, trough axes and channel bounding surface dips and these are delineated from those readings
that relate to the attitude of erosional bounding surfaces. From the combined lithofacies, bounding-
surface, architectural-element and palaeocurrent data, pseudo-3D box panels have been
constructed to determine how the individual lithofacies are arranged into common associations
defining a variety of architectural elements. These associations include single-storey, multilateral
and multi-storey channel sandbodies, downstream-accreting and laterally-accreting bar elements,
interdune elements and sheet-like gravel sandbodies. Differentiation of elements and their style of
juxtaposition has been undertaken principally via the lateral tracing of erosional bounding surfaces
using the techniques of Miall (1985, 2010a, 2010b, 2014). This differentiation has facilitated the
establishment of facies models that account for the origin of the preserved succession in response to
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a range of processes (cf. Collinson, 1996). Such analysis has involved the construction of a detailed
depositional model that relates small-scale observations of facies to larger-scale architectural
elements, thereby enabling the interpretation of the depositional palaeoenvironment within a
representative part of a major delta-plain system.

SEDIMENTOLOGY AND STRATIGRAPHY
Lithofacies

Lithofacies associated with outcrops observed at Brimham Rocks have been classified into 14
commonly occurring and distinctive sub-facies (Figs 5 and 6; Table 1). The majority of the observed
lithofacies are composed of quartzo-feldspathic (subarkose) grains that range in modal grain size
from medium sand to granules, with small to medium pebbles variably comprising >15% of the
deposits. Collectively the lithofacies display characteristics typical of largely channelized fluvial
deposits, forming facies associations typical of sedimentation in channel bar, dune, interdune and
channel settings (Figs 6, 7 and 8; Table 1; cf. Bristow, 1993; Collinson, 1996; Reesink & Bridge, 2007,
2009; Miall, 2010a, 2010b, 2014; Colombera et al., 2012a, 2012b; 2013). Representative
sedimentary graphic log profiles (Fig. 9) obtained from two main locations (Figs 2C and 7; Locations 1
and 2) record the vertical facies arrangement typical of the preserved Lower Brimham Grit. Due to
the complexity of the outcrops, descriptions and interpretations of the characteristic lithofacies
recognized at Brimham Rocks are representative and not exhaustive. References made below to the
scale of cross-bedded sets, the shape of troughs and dune elements, for example, are typical values
for the features observed in outcrops of the Brimham Grit but variations from these typical styles are
common. The 14 identified sub-facies form the basic components of two fluvial facies associations
that are characteristic of barform and in-channel deposition, respectively.

Architectural elements

Six representative architectural elements are recognized (Fig. 10) and each has been allocated an
element code based on the schemes of Miall (2010a, 2010b, 2014) and Colombera et al. (20123,
2012b, 2013): channels (CH), sandy bedforms (SB), downstream-accretion macroform type 1 (DA1),
downstream-accretion (or oblique) macroform type 2 (DA2), lateral-accretion macroform (LA) and
interdune mesoform or macroform (ID). Identification and interpretation of observed bounding
surfaces are founded on the Miall (2010b) classification of bounding surfaces. Although vertical
aggradation and lateral accretion are both associated with the growth of the majority of sandstone
elements (Miall, 2010b), descriptions and interpretations of the characteristic architectural elements
recognized at Brimham Rocks are representative and not exhaustive (cf. Allen, 1983; Bridge, 1985;
Bristow, 1996). Hence, in a manner similar to that of the study of Cain (2009) and Cain & Mountney
(2009), the lithofacies and architectural elements presented in this study are unique to Brimham
Rocks and are constructed exclusively from the observations and interpretations made within the
study area. Within the following interpretations, approximate palaeocurrent velocities have been
estimated with reference to grain size and critical erosion velocity analysis conducted by Sundborg
(1956). The following equation has been used to infer approximate original mean dune height (cf.
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Leclair & Bridge, 2001; Leclair, 2011):

hm=2.9(x0.7)s,, (1)

where h,,and s, represent mean dune height and mean cross-set thickness, respectively. Mean
grain sizes associated with architectural elements vary from medium sand to granules, with granules
being the modal grain size in some elements. Hence, the grain size component suggests that the
minimum palaeocurrent velocity was in the region of ca 0.6 m s” (Sundborg, 1956). Reesink & Bridge
(2007, 2009) note that a decrease in flow stage and related bed shear stress is likely to result in a
decrease in bedload grain size. Given this, the widespread occurrence of alternating foresets of
relatively fine and coarse-grained strata is probably related to low-flow and high-flow stages,
respectively (Reesink & Bridge, 2007, 2009). Hence, flood events should act to locally and
temporarily increase bedload grain size. Although the three-dimensional nature of the studied
outcrops yields exceptional detail with regard to internal lithofacies associations, the lateral extent
of elements examined remains relatively poorly constrained because many of the larger elements
exceed the extent of the outcrop; dimensions of these elements are therefore either partial or
unlimited (sensu Geehan & Underwood, 1993).

Channel bar and channel fill architectural elements
Downstream-accretion macroform (DA1)

Description: Component lithofacies of this element are fine-grained sandstone to granulestone with
<10% small pebble content that is represented predominantly by small-scale trough cross-bedding
[for example, Stsx <1.5 m; Figs 5, 9 (log profiles F to N and P) and 10; Table 1]. Primary sedimentary
structures consist of low-angle-inclined to high-angle-inclined foresets that form <1.5 m wide and
<0.2 m thick trough cross-bedded sets that overlap both vertically and laterally to form compound
cosets. Compound cosets of strata form sandbodies up to 2.0 m thick, 30.0 m wide and 50.0 m in
lateral extent. Element bounding surfaces are generated by first-order set and second-order coset
boundaries. Packages of several sets are bounded by second-order surfaces that exhibit horizontal or
sub-horizontal, sharp and commonly erosional contacts with underlying packages. Sharp, sub-
horizontal to low-angle-inclined set contacts also exhibit evidence of erosion with underlying sets.
Foresets are inclined at angles of up to 25°, whereas set and coset bounding surfaces are typically
inclined at angles of up to 20° and 10°, respectively. Although surfaces associated with foresets, sets
and cosets vary in their respective dip inclinations, they each exhibit comparable mean azimuths to
the south (Fig. 10).

Interpretation: The internal arrangement of lithofacies within examples of this element records the
southerly migration of relatively small (<1.5 m wide) sinuous-crested dunes (3D mesoforms).
Preserved set thicknesses of <0.2 m suggest that the original mean dune height was in the region of
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0.4 to 0.7 m (Leclair, 2011). Such dunes developed along the crest or front of a migrating channel bar
that itself represents a macroform responsible for generating a coset of strata (Allen, 1982; Miall,
2010b; cf. Ashworth et al., 2011). The arrangement of lithofacies indicates down-current-dipping set
and coset bounding surfaces generated through limited sediment input into a relatively shallow
channel subjected to turbulent flow conditions that resulted in dune migration and climb at positive
but subcritical angles (Collinson et al., 2006). This interpretation is analogous to that of Bristow
(1993) who inferred downstream-accretion of bedforms during high-flow stage in the Brahmaputra
River, Bangladesh, and to Bristow (1988) who documented similar bedforms forming in very shallow
braided rivers associated with the deposition of the Namurian Rough Rock Group within the Pennine
Basin, northern England. Similarly, Ghinassi (2011) associates large-scale inclined beds with
migrating channel bars that are related to braided fluvial sediments observed in Holocene river
deposits, Tuscany, Italy. Reesink & Bridge (2009) relate dune-formed cosets to large-scale low-angle
sets that are generated by down-climbing dunes. Stacked sets separated by first-order set
boundaries indicate repeated bedform migration probably as a train of dunes over a larger bar
surface (Miall, 2010b; cf. Ashworth et al., 2011). More steeply inclined first-order surfaces denote
reactivation surfaces (Collinson, 1970). Minor erosion associated with these surfaces records
episodes of minor bedform adjustment (Miall, 2010b) associated with fluctuations in bedform
alignment due to changed flow direction (cf. Haszeldine, 1983). Second-order coset bounding
surfaces record the downstream migration of larger bars over which the smaller dunes migrated.
The erosion associated with these surfaces implies either bar readjustment due to a variation in
palaeocurrent direction or localized scour in front of advancing barforms (Miall, 2010b). These
interpretations are comparable to those of Reesink et al. (2014) who infer that the initial phases of
bar development within the Rio Parana, Argentina, are influenced by the downstream migration and
amalgamation of unit (singular) bars. Reesink et al. (2014) also note that bars within multi-channel
rivers are dominated by dune sets. The similar azimuths for both inclined foresets and first-order
and second-order bounding surfaces demonstrate that both the smaller-scale dunes and the larger-
scale bars migrated in a downstream direction (Miall, 2010b, 2014). For examples where the range
of azimuths is more varied, dune-scale bedforms may have migrated obliquely over, around and
down curved bar-form fronts.

Downstream and oblique-accretion macroform (DA2)

Description: Component lithofacies of this element are coarse-grained to very-coarse-grained
sandstone and granulestone with 5 to 10% small pebble content that are represented from bottom
to top by a distinctive vertical succession of facies [Figs 5, 9 (log profile E) and 10; Table 1].
Lowermost facies in the element consist of small-scale trough cross-bedding (Stsx <1.5 m)
characterized by westerly dipping, low-angle-inclined (<10°) foresets and <1.50 m wide, <0.20 m
thick, easterly dipping (€13°), cross-cutting trough cross-bedded sets. Packages of several sets are
bounded by second-order surfaces that exhibit sharp, sub-horizontal (€12°), easterly dipping and
commonly erosional overlying contacts, and sharp, sub-horizontal (£12°) easterly dipping erosional
fifth-order underlying channel base surfaces that delimit the base of the element. Overlying facies of
very large-scale planar cross-bedding (S/-hpx >2.0 m) are characterized by low-angle-inclined to
moderate-angle-inclined (£20°) planar cross-bedded sets. Internally, sets contain ca 0.02 m thick
foreset laminae that exhibit distinct normal grading with each lamina fining-up from granulestone to

This article is protected by copyright. All rights reserved.



coarse sandstone. Additionally, sets may be characterized by south-westerly or westerly-dipping
first-order reactivation surfaces. Individual sets of this facies are up to 3 m thick and are bounded at
their base by sharp, low-angle-inclined (<10°), sub-horizontal, erosional second-order bounding
surfaces, whereas top surfaces are commonly irregular, erosional, second-order contacts. The
uppermost facies in examples of this element is medium-scale trough cross-bedding (Stmx 1.5 to 3.0
m), which is characterized by primary sedimentary structures consisting of predominantly low-
angled-inclined foresets that form ca 1.0 m thick and 1.5 to 3.0 m wide, cross-cutting trough cross-
bedded sets. Sets of this facies are bounded at their base by an irregular erosional second-order
contact. Trends from palaeocurrent data indicate that, although the foresets and reactivation
surfaces possess a general south-westerly trending azimuth, set, coset and channel bounding
surfaces generally have dips that possess easterly dipping azimuths (Fig. 10). Examples of this
element form sandbodies up to 5.0 m thick, >4.0 m wide and >4.0 m long (lateral dimensions poorly
constrained due to limited outcrop extent).

Interpretation: The internal arrangement of lithofacies within examples of this element records
climbing trough cross-bedded sets that are indicative of a generally westerly migration of small-scale
sinuous-crested dunes. These sandbodies accumulated in a channel-floor setting, with the base of
the channel itself forming a fifth-order bounding surface (the base of the element). This
interpretation is similar to features described by Bristow (1993) who envisaged downstream-
accreting bedforms that developed during high-flow stage in the Brahmaputra River, Bangladesh,
and also to bedforms known to form in very shallow braided rivers associated with the deposition of
the Namurian Rough Rock Group within the Pennine Basin (Bristow, 1988). Similarly, Ghinassi et al.
(2009) attribute small-scale trough and planar cross-bedding (3D and 2D mesoforms, respectively)
from fluvial sediments of the Alat Formation (Pleistocene Dandiero Basin, Eritrea) to shallow low
sinuosity channel deposits. Additionally, Reesink et al. (2014) demonstrate that dune sets make up
the thalweg deposits observed in the Rio Parana, Argentina, and Ashworth et al. (2011) show that
dunes in the South Saskatchewan River, Canada, increase in size towards the channel thalweg.
Preserved set thicknesses of <0.2 m suggest that the original mean dune height was 0.4 t0 0.7 m
(Leclair, 2011), which implies that limited sediment input into a relatively shallow channel within
which flow conditions resulted in dune migration and climb at (net) subcritical angles (Collinson et
al., 2006). The second-order overlying bounding surfaces in the middle part of examples of this
element and associated change in lithofacies denote a change in flow conditions (Miall, 2010b).
Overlying westerly migrating planar-tabular low-angle to medium-angle-inclined very large-scale
cross-bedding (Fig. 10) are most obviously interpreted as an alternate bar (3D macroform; McCabe,
1977, Collinson, 1996; Collinson et al., 2006; Miall, 2010b). The relative increase in bedform size
implies an increase in palaeo-discharge, which probably facilitated the processes that gave rise to
the distinct normal grading in the foresets of these deposits. Repeated grainflow avalanche deposits
record alternating pulses of finer-grained and coarser-grained sediments passing over bar crestlines,
associated with the accumulation of coarse sediments within leeside scours of migrating
asymmetrical bedforms with lee slopes characterized by relatively finer sediments (see Smith, 1972;
Reesink & Bridge, 2007, 2009). For other successions of Kinderscoutian age present in the Central
Pennine Province, McCabe (1977) interpreted alternate bars that were considered to have formed
within distributary channels between 1.0 to 2.0 km wide and 30.0 to 40.0 m deep. Similarly, the
scale of the forms observed here suggests that these alternate bars were likely to have formed in

This article is protected by copyright. All rights reserved.



relatively deep channels (cf. Reesink & Bridge, 2009; Ashworth et al., 2011; Reesink et al., 2014). The
shallow inclined (£12°) first-order, second-order and fifth-order bounding surface dips of this
element also correspond with the observation by McCabe (1977) of distributary channel dips being
in the region of <10° and that of Bristow (1993) that bed bounding surfaces, with very low
depositional dips, correspond to channels possessing high width to depth ratios. Bar heights may
vary between half and bankfull depth (cf. Bristow, 1987; Bridge, 2003; Reesink et al., 2014). Hence,
the preserved planar cross-bedded bar thickness (ca 3.0 m) suggests that the depth of the host
channel was in the region of 3.0 to 6.0 m (cf. Bristow, 1987; Bridge, 2003; Reesink et al., 2014).
Relative to the underlying unit, this implies an increase in channel depth and sediment input under
laminar flow conditions. Alternate bar forms may have been attached to and have migrated
obliquely to a channel bank (McCabe, 1977; Collinson, 1996; Collinson et al., 2006); alternatively
they may develop as large mid-channel forms (Collinson, 1996; Collinson et al., 2006) or may
develop as they migrate into a scour pool associated with a channel confluence (McCabe, 1977;
Collinson, 1996; Collinson et al., 2006). Furthermore, Reesink et al. (2014) describe comparable
facies to that of facies SI-hpx >2.0 m (this study), which are associated with barforms (Facies 1A of
Reesink et al., 2014, their figure 6B, E and F and table 2). For example, bar U2 of Reesink et al. [2014,
their figures 2B and 7A (B1 to B5) and table 1] initially developed obliquely as a bank attached
elongated bar and subsequently became a detached and reworked channel bar (cf. Ashworth et al.,
2011), probably facilitated through chute channel activity (cf. Brierley, 1991; Ghinassi, 2011). Such
observations are consistent with the formation of a bank attached alternate bar (see above). First-
order reactivation surfaces within the alternate bar record relatively minor localized erosion,
associated with one or more of the following: fluctuations in palaeocurrent direction (Miall, 2010b);
oscillations in flow stage (Collinson, 1970) facilitated by flood events (Ashworth et al., 2011);
variations in bedform alignment (Haszeldine, 1983); slip-face reworking (Collinson, 1996) by
superimposed bedforms (Reesink & Bridge, 2007, 2009; Ashworth et al., 2011). The uppermost
deposits in these elements record the passage and accumulation of medium-scale sinuous-crested
dunes whose presence implies a turbulent flow regime associated with shallower water and the
overall infilling of a channel (cf. McCabe, 1977).

Channel (CH)

Description: Component lithofacies of this element are a coarse-grained to very coarse-grained
sandstone to granulestone with 5 to 10% small pebble content that are represented from bottom to
top by a variable vertical succession of facies [Figs 5, 9 (log profiles E and G to Q) and 10; Table 1].
Lowermost facies in the element consist of small-scale trough cross-bedding (Stsx <1.5 m)
characterized by westerly dipping, low-angle-inclined (<10°) foresets and <1.50 m wide and <0.20 m
thick easterly dipping (£13°), cross-cutting trough cross-bedded sets. Packages of several sets of this
facies are bounded at their base by a sharp, sub-horizontal (<12°), easterly dipping, fifth-order
erosional surface that defines the base of the channel element. At their top, packages are delimited
by second-order surfaces that exhibit sharp, sub-horizontal (<12°), easterly dipping and commonly
erosional overlying contacts. Overlying facies of very-large-scale planar cross-bedding (S/-hpx >2.0 m)
are characterized by low-angle to moderate-angle-inclined (<20°) planar cross-bedded sets.
Internally, sets contain ca 0.02 m thick foreset laminae that exhibit distinct normal grading with each
lamina fining-up from granulestone to coarse-grained sandstone. Many sets are additionally
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characterized by south-westerly-dipping or westerly-dipping first-order reactivation surfaces.
Individual sets of this facies may be up to 3 m thick and are bounded at their base by sharp, low-
angle-inclined (£10°), sub-horizontal, erosional second-order bounding surfaces, whereas top
surfaces are commonly irregular, erosional, second-order contacts. The overlying facies in examples
of this element is medium-scale trough cross-bedding (Stmx 1.5 to 3.0 m), which is characterized by
low-angle-inclined foresets that form ca 1.0 m thick and 1.5 to 3.0 m wide, cross-cutting trough
cross-bedded sets bounded at their base by an irregular erosional second-order contact. Trends
from palaeocurrent data indicate that foresets possess generally southerly and south-westerly
trending azimuths; by contrast, set, coset and channel bounding surfaces generally have dips that
possess easterly trending azimuths (Fig. 10). Lithofacies assemblages that characterise this element
may form sandbodies up to 5.0 m thick, >70.0 m wide and >30.0 m long. Such channel elements may
possess an erosional basal contact with underlying planar laminated facies (Spl/b) characterized by a
fine-grained to medium-grained sandstone that is notably lacking in mica and which is characterized
by small-scale 2 to 4 mm thick southerly dipping sub-horizontal (<8°) planar laminations. The
laminations commonly form 10 to 30 mm thick bed sets with sharp, southerly dipping, sub-
horizontal (<10°), erosional second-order contacts between component bed sets and easterly
dipping, sub-horizontal (£12°), erosional fifth-order surface contact between the uppermost bed set
and overlying channel element.

Interpretation: The internal arrangement of lithofacies within examples of this element records
climbing trough cross-bedded sets that are indicative of a generally westerly migration of small-scale
sinuous-crested dunes. These sandbodies accumulated in a channel-floor setting that itself formed a
fifth-order bounding surface (the base of the element; see also architectural element DA2 above).
Preserved set thicknesses of <0.2 m suggest that the original mean dune height was 0.4 t0 0.7 m
(Leclair, 2011), which implies limited sediment input into a relatively shallow channel within which
turbulent flow conditions resulted in dune migration and climb at (net) subcritical angles (Collinson
et al., 2006). The second-order overlying bounding surfaces in the middle part of the element and
associated change in lithofacies denote a change in flow conditions (Miall, 2010b). Overlying
westerly migrating planar-tabular low-angle to medium-angle-inclined very large-scale cross-bedded
sets (Fig. 10) are best interpreted as alternate bar deposits (McCabe, 1977; Collinson, 1996;
Collinson et al., 2006; Miall, 2010b; see architectural element DA2 above). The scale of the bedforms
observed here suggests that these alternate bars were likely to have formed within deep channels
(cf. Reesink & Bridge, 2009; Ashworth et al., 2011; Reesink et al., 2014) related to a fluvial system
possessing an overall high width to depth ratio (cf. McCabe, 1977; Bristow, 1993), which would
accommodate the geometry of this element. The second-order bounding surface overlying the
alternate-bar deposits and the associated change in lithofacies denote a change in flow conditions
(Miall, 2010b). The uppermost deposits in these elements probably record the passage and
accumulation of medium-scale sinuous-crested dunes possibly associated with an overall channel-fill
succession (cf. McCabe, 1977). Such accumulations probably record a change in flow regime to
turbulent flow conditions associated with reduced channel depth, indicative of channel-fill
successions consisting of an evolution from sandy bedform, to alternate bar and back to sandy
bedform (Fig. 10), which is comparable with the coarse-grained distributary model of McCabe
(1977).
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The characteristics of lithofacies Spl/b, which may underlie examples of this element, is indicative of
upper-stage plane-bed accumulation, a common sedimentary structure in the upper parts of many
channel deposits (Collinson, 1996). Upper-stage plane bed laminations are known to form in shallow
flows on bar tops during falling-stage flow (Bristow, 1993; cf. Fidolini et al., 2013). Such flows tend to
subdue dune formation in favour of very low relief bedforms that give rise to planar laminations
under conditions of laminar flow. Although falling-stage flow can be associated with subdued
bedform migration and active vertical accretion (Ashworth et al., 2011), it is also known to be
associated with bar-top incision of up to 4 m (Bristow, 1993). As a result, minor chute channels
develop on the upper surfaces of bars (cf. Ashworth et al., 2011) in response to overflow from major
channels undergoing drawdown and incision as the water level drops (Bristow, 1987). Such facies
associations probably exhibit the stacking of relatively minor channels within major channels or the
continuation of one channel succession and the instigation of a subsequent channel succession.
Brierley (1991) and Ghinassi (2011) identify similar minor chute channels, which are suggested to
form a diverse array of types including cut-offs and channels occupying swales, which may dissect
the surface of a larger bar.

Sandy bedform, mesoforms (SB)

Description: Component lithofacies of this element are medium sandstone to granulestone with ca
2% small pebble content. Examples of this element are represented from bottom to top by a variable
vertical succession of facies that record the accumulation of various mesoforms [Figs 5, 9 (log
profiles E, F and J to Q) and 10; Table 1]. The lowermost facies in these elements is typically small-
scale to medium-scale tabular cross-bedded sets (S/-hpx <2.0 m) characterized by planar cross-
bedded sets consisting of easterly dipping, medium-angle to high-angle-inclined (18° to 25°) foresets
forming >3.0 m wide and ca 0.4 m thick tabular cross-bedded sets. This facies is typically bounded at
its top by a sub-horizontal, second-order, easterly dipping (ca 9°) surface, and at its base by sub-
horizontal, second-order, southerly dipping (ca 8°) underlying surfaces. Overlying facies of small-
scale trough cross-bedding (Stsx <1.5 m) are characterized by poorly defined <1.5 m wide and <0.3 m
thick trough cross-bedded sets that are capped by an irregular, erosional scour surface and an
associated lag of small to medium sized pebbles. Overlying facies are commonly characterized by
<0.3 m thick, poorly defined planar cross-bedded sets, intermittent lags of small to medium sized
pebbles (Ss-Ip-lag) and a sharp and commonly erosional sub-horizontal and southerly dipping (<8°)
overlying second-order surface. Overlying facies of large-scale trough cross-bedding (St/ix >3.0 m) are
characterized by westerly dipping low-angle-inclined to medium-angle-inclined (10° to 18°), ca 3 mm
thick foresets arranged in shallow troughs that are >3.0 m wide and 0.5 m thick. Such facies may
exhibit sub-horizontal westerly dipping (~ca 4°) gradational second-order contacts with overlying
sets. Uppermost in examples of this element are sets of medium-scale to large-scale tabular cross-
bedding (S/-hpx <2.0 m) characterized by packages consisting of poorly defined, westerly dipping,
moderate-angle-inclined (10° to 20°), graded (normal) foresets (fining-up from granulestone)
arranged into >3.0 m wide and 0.5 m thick tabular cross-bedded sets. Within this facies, first-order
reactivation surfaces are common. This facies exhibits a sharp, sub-horizontal, southerly dipping (ca
4°) erosional overlying second-order surface, which defines the upper surface of the element. Trends
from palaeocurrent data indicate that foresets and bounding surfaces associated with the lower
facies present in examples of this element are mainly easterly trending, whereas uppermost facies
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possess mainly westerly trending azimuths. Collectively the component lithofacies form elements
that are up to 2.0 m thick, >10.0 m wide and >10.0 m long.

Interpretation: The various lithofacies that comprise this element are indicative of the migration and
accumulation of dune-scale mesoforms that record the initial easterly migration of large, straight-
crested dunes, and the later westerly migration of similar-sized sinuous and straight-crested dunes.
The average preserved set thickness of ca 0.45 m, for facies St/x >3.0 m and Sl-hpx <2.0 m, suggests
original mean dune heights of 1.0 to 1.6 m (Leclair, 2011), comparable to the Coleman (1969)
description of megaripple bedforms in the Brahmaputra River, Bangladesh. Although Coleman
(1969) noted that there was no relation between channel depth and the height of megaripples, a
water depth of <3.0 to 4.8 m is envisaged for dune migration and aggradation (see Reesink & Bridge,
2009). In a study of the South Saskatchewan River, Cant & Walker (1978) demonstrated that dunes
with a maximum height of 1.5 m developed during flood events within channels possessing a mean
flow depth of 3.0 m, whereas deeper channels possessed larger dunes (cf. Reesink & Bridge, 2009;
Ashworth et al., 2011; Reesink et al., 2014). Although flume observations by Coleman (1969) suggest
that dune height may be less than or equal to the depth of water flowing over the dune, flume
experiments by Reesink & Bridge (2009) demonstrate that the height and length of sand dunes
increase with water depth and discharge rate. The highest and average dune heights are recorded at
two-thirds and one-third of the water depth, respectively. Further, dune heights may be a function
of water depth, rather than sediment supply (cf. Carling et al., 2000). Studies of the Brahmaputra
River by Coleman (1969) and Bristow (1987, 1993) and of the South Saskatchewan River by
Ashworth et al. (2011) show that the majority of net bedform migration occurs during flood events,
whereas the ensuing falling-flow stage results in net sediment deposition. This net deposition during
falling-flow stage is responsible for altering channel flow in the immediate area of deposition,
thereby resulting in localized thalweg migration and alterations in flow direction (cf. Coleman, 1969;
Bristow 1987; Ashworth et al., 2011). Such behaviour may account for the east to west alternation in
palaeocurrent trends associated with examples of this element in the Lower Brimham Grit (Fig. 10).
Furthermore, the lag deposit (Ss-Ip-lag) and associated scour surface, and relative increase in
bedform size related to lithofacies Stix >3.0 m and SI-hpx <2.0 m, imply a temporal increase in
palaeo-discharge and possibly an increased rate of dune migration and accumulation, probably
facilitated by flood events (cf. Coleman, 1969; Bristow, 1987, 1993; Ashworth et al., 2011). Such
events probably facilitated the processes that gave rise to the distinct normal grading in the foresets
associated with facies Sl-hpx <2.0 m in these elements, which are comparable to the graded foresets
of facies SI-hpx >2.0 m (see architectural element DA2 above). Lag deposits (Ss-Ip-lag) may also
denote the location of channel thalweg regions (Fidolini et al., 2013; cf. Ghinassi et al., 2014),
thereby providing a useful indicator of the deepest, axial region of the channel (Ghinassi et al.,
2014). Such lag deposits may also be associated with relatively large bedforms (Reesink & Bridge,
2009; Ashworth et al., 2011; Reesink et al., 2014). First-order reactivation surfaces within facies S/-
hpx <2.0 m probably record: (i) relatively minor localized erosion or fluctuations in palaeocurrent
direction (Miall, 2010b), possibly attributed to flow-stage oscillations (Collinson, 1970) due to flood
events (Ashworth et al., 2011); (ii) variations in bedform alignment (Haszeldine, 1983); or (iii) slip-
face reworking (Collinson, 1996) by superimposed bedforms (Reesink & Bridge, 2007, 2009;
Ashworth et al., 2011). Smith (1972) observed graded planar cross-bedded foresets in transverse
bars of the Platte River, Nebraska, which appear to be comparable to the normal grading in foresets
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related to facies S/-hpx <2.0 m. Smith (1972) noted that unstable lobes along the depositional
margins of 3D transverse bars produced variable current directions and laterally variable foreset
azimuth-dips. By contrast, the graded (normal) foresets associated with S/-hpx <2.0 m do not exhibit
significant along-strike variability in dip azimuth, which implies that they probably represent straight-
crested (i.e. 2D) bedforms rather than 3D transverse bars. This element is best interpreted to
represent the deposits of multiple sandy bedforms because it lacks characteristics associated with
larger compound bars such as plane beds, ripples, down-current dipping cross-bedding, surfaces
indicative of lateral accretion (cf. Bristow, 1993) and evidence for bedform superimpositioning (cf.
Rubin & Carter, 2006); thus, there are no apparent structures to relate the preserved bedsets to the
development of a larger bar complex. Comparisons with similar outcrop studies (e.g. Cant & Walker,
1976; Ashworth et al., 2011; Reesink et al., 2014) imply that the predominantly medium-scale to
large-scale dunes related to this element were deposited within channel bases and not upon parent
barforms.

Lateral-accretion, macroform (LA)

Description: Component lithofacies of this element are medium-grained sandstone to granulestone
that are represented from bottom to top by a variable vertical succession of facies [Figs 5, 9 (log
profiles J, Land O) and 10; Table 1]. In the lower part of these elements, small-scale horizontal sets
(SI-hhs <1.0 m) are characterized by southerly dipping, low-angle-inclined to high-angle-inclined
(£24°) foresets and small-scale, ca 0.1 m thick, horizontal planar cross-bedded sets bounded by first-
order surfaces. Packages of several sets are bounded by second-order surfaces that exhibit sharp,
southerly dipping (ca 16°), sub-horizontal and commonly erosional overlying contacts. Overlying
facies of low-angle-sub-horizontal sets with oblique foresets (S/-hss-of <0.2 m) are characterized by
low-angle to medium-angle inclined (<£22°) foresets and small-scale, <1.5 m wide and ca 0.1 m thick
trough cross-bedded, sub-horizontal graded (normal) sets bounded by first-order surfaces defined
by a basal coarse-grained component. Such facies exhibit foresets that are aligned obliquely with
respect to their set bounding surfaces; for example, foreset and set azimuths trend at 144° and 181°,
respectively [Figs 9 (log profile J) and 10V]. Packages of several sets are bounded by third-order
surfaces that exhibit sharp and commonly erosional, southerly dipping overlying contacts.
Uppermost facies in examples of these elements are small-scale sub-horizontal sets (S/-hss <1.0 m)
characterized by medium-angle inclined (<20°) foresets and ca 0.1 m thick planar cross-bedded sub-
horizontal sets bounded by first-order surfaces. Packages of several sets are bounded by second-
order surfaces that exhibit sharp and southerly dipping overlying contacts. The lithofacies associated
with this element may exhibit both southerly and westerly palaeocurrents and individual examples
of these elements are up to 2.0 m thick, >10.0 m wide and >10.0 m long.

Interpretation: Examples of this element exhibit preserved features which possess palaeocurrent
azimuth-dip relationships that indicate a combination of both downstream-accretion and lateral-
accretion. Lateral-accretion elements are distinguished by facies that possess foreset azimuth data
which dip obliquely to their respective first-order set bounding surfaces. Such combinations of
downstream-accretion and lateral-accretion are likely to represent periods of falling-stage flow,
whereby growth along bar margins is governed by lateral-accretion. The internal arrangements of
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lithofacies within such examples record an initial south/south-westerly downstream migration and
accumulation of straight-crested and sinuous-crested dunes. The average preserved set thickness of
ca 0.1 m for sets suggests that the original mean dune heights were in the region of 0.2 t0 0.35 m
(Leclair, 2011). Hence, a water depth of <0.6 to 1.05 m is envisaged to accommodate dune migration
and aggradation (see Reesink & Bridge, 2009). The coarser-grained component defining the first-
order set bounding surface relating to SI-hss-of <0.2 m, is probably due to a process of winnowing
(cf. Collinson et al., 2006), rather than to episodic deposition from suspension, or intermittent
avalanching of fine-grained to coarse-grained sediments. Cant & Walker (1976) describe a facies
similar to Sl-hhs <1.0 m and attribute it to migratory bedforms developed on the surface of larger
sand flats, or towards the upper sections of a channel fill succession (cf. Reesink et al., 2014); both
scenarios are consistent with deposition in relatively shallow water (cf. Ashworth et al., 2011).
Similarly, Ghinassi et al. (2009) attribute horizontal bedding from fluvial sediments of the Alat
Formation (Pleistocene Dandiero Basin, Eritrea) to downstream migration of longitudinal bars. Such
bedforms are also associated with a series of distinct depositional episodes (Collinson et al., 2006).
During falling-flow stage conditions, large channel bedforms (for example, bars) may control the
flow pattern of a channel at times when bars become increasingly exposed such that they gradually
divide and divert the main channel flow around bar margins, rather than over bar surfaces
(Collinson, 1970, 1996; cf. Reesink et al., 2014). Areas adjacent to bar margins form topographic lows
that may limit the falling-stage current flowing between bars (Collinson 1970; cf. Reesink et al.,
2014). Such arrangements may facilitate lateral accretion by promoting deposition along bar margins
(Collinson, 1970, 1996). Therefore, an interpretation of facies SI-hhs <1.0 m as a channel bar would
support the interpretation of the deposition of facies Si-hss-of <0.2 m as a component of lateral
accretion; falling-flow stage would have facilitated the oblique migration of foresets down the
margins of the bar towards an azimuth of 231°, in contrast to the 181° azimuth associated with the
migration of the set bounding surface (Fig. 10). The second-order bounding surface between S/-hhs
<1.0 m and SI-hss-of <0.2 m and associated change in lithofacies denote a change in flow conditions
(Miall, 2010b). Lithofacies associated with this element may also exhibit southerly dipping sub-
horizontal erosional third-order overlying contacts. The erosional surface is consistent with the Miall
(2010Db) classification of third-order surfaces which may denote erosional surfaces within
macroforms (for example, coset boundaries; cf. lelpi et al., 2014) or along the surface of minor bars
or bedforms. Such erosional contacts are consistent with being generated during falling-flow stage
along a bar margin, or front, as noted by (Collinson, 1970, 1996). During ensuing episodes of rising-
flow stage, downstream currents apparently became increasingly influential and this favoured
deposition and accretion along the downstream leading edge of the barform (cf. Collinson et al.,
2006). This interpretation is consistent with the deposition of the uppermost facies S/-hss <1.0 m,
which possesses downstream, southerly dipping foreset azimuths similar to lowermost facies S/-hhs
<1.0 m (Fig. 10), thereby indicating the restoration of downstream-accretion.

Interdune (ID)

Description: Component lithofacies of this element are coarse-grained sandstone to granulestone
with 2 to 5% small pebble content that are represented from bottom to top by a distinctive vertical
succession of facies [Figs 5, 9 (log profile L) and 10; Table 1]. Medium-scale to large-scale tabular
cross-bedded facies (S/l-hpx <2.0 m) underlie interdune elements and are characterized by north-

This article is protected by copyright. All rights reserved.



westerly dipping, medium-angle-inclined (18° to 20°), graded (normal) foresets forming >3.0 m wide
and 0.9 m thick planar cross-bedded tabular sets. These facies are commonly bounded at their top
by sharp horizontal second-order surface contacts. Overlying planar and horizontally laminated
facies (Spl/b), which represent the interdune itself, are characterized by <5 mm thick horizontal
laminations arranged into a single ca 0.15 m thick horizontal set. Examples of such sets are bounded
by second-order surfaces that exhibit sharp horizontal overlying contacts. Interdune elements are
directly overlain by medium-scale to large-scale tabular cross-bedded facies (S/-hpx <2.0 m)
characterized by north-westerly dipping, medium-angle-inclined (18° to 22°), graded (normal)
foresets forming >3.0 m wide and 0.6 m thick planar cross-bedded tabular sets with a 10 to 15 mm
thick layer of small pebbles forming a minor lag along the base of the set. The cross-bedded units
that lie below and above the horizontally laminated interdune units of this element record
predominately north-westerly palaeocurrents. Typical interdune elements are up to 1.0 m thick, >3.0
m wide and >3.0 m long.

Interpretation: The internal arrangement of lithofacies within examples of this element records
small-scale (<0.2 m thick) horizontally laminated sets representing interdunes developed between
relatively large medium-scale to large-scale tabular bedforms. Such planar and horizontally
laminated sets probably represent interdune deposits generated during episodes of waning flow
(low-flow stage). During the onset of low-flow stage it is likely that the relatively finer-grained
interdune deposits continued to be transported whilst the migration of coarser-grained dunes
ceased. As the channel flow continued to wane, so the interdune sediments gradually accumulated
(cf. Collinson, 1996). Alternatively, the interdune deposit may denote upper-stage plane-bed
accumulation, a common sedimentary structure in the upper parts of many channel deposits
(Collinson, 1996). Because the migration of larger dunes was hindered during waning flow they may
have contributed sediments which migrated over and accumulated in the interdune regions as
relatively small-scale bedforms with higher celerities (cf. Carling et al., 2000). Development of upper-
stage plane-bed flow within interdune regions arose in response to falling water level that locally
increased the palaeocurrent velocity within interdune regions. This development would have
suppressed dune formation in favour of very low relief bedforms that give rise to planar laminations
under conditions of laminar flow. The development of such planar laminations in interdune settings
contrasts with the findings of studies that advocate the formation of backflow-ripples within the
trough region ahead of an advancing dune, which are generated by a lee-side vortex (see Boersma et
al., 1968). The lithofacies that occur above and below interdune deposits (S/-hpx <2.0 m) represent
accumulations of medium-scale to large-scale, north-westerly migrating straight crested dunes
which form second-order bounding surfaces with the interdune deposits. Although no palaeocurrent
data were obtainable from the interdune deposits themselves, average palaeocurrent foreset
azimuth data from the overlying (321°) and underlying (340°) planar cross-bedded sets imply that
interdune deposition occurred under the influence of north-westerly directed palaeocurrents (Fig.
10). The average preserved set thickness of ca 0.6 m for the overlying facies suggests that the
original mean dune height was in the region of 1.3 to 2.2 m (Leclair, 2011). Hence, a water depth of
<£3.91t0 6.6 m is envisaged to accommodate dune migration and aggradation (see Reesink & Bridge,
2009). As noted previously, Cant & Walker (1978) show that dunes with a maximum height of 1.5 m
were detected during flood events within channels possessing a mean flow depth of 3.0 m. Such
dunes probably formed in channel thalweg regions (cf. Ashworth et al., 2011), where deeper
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channels possessed larger dunes, which themselves were separated by flat-bedded interdune areas
(cf. Reesink & Bridge, 2009; Ashworth et al., 2011; Reesink et al., 2014). Therefore, given the grain
size and lag deposit associated with the overlying facies, it is likely that the interdune accumulated
during low-stage flow, which preceded a flood event where the original mean channel flow depth
may have been over 3.0 m.

DEPOSITIONAL MODEL

It has long been recognized that the deposits of many braided fluvial systems comprise the following
sedimentary characteristics: (i) a generally coarse-grained sediment composition (Coleman, 1969;
Bristow, 1988); (ii) a predominance of down-current dipping cross-bedding (Bristow, 1988); (iii) an
abundance of planar cross-bedding (Smith, 1972); (iv) evidence for lateral migration of in-channel
bars and substantial proportions of an in-channel fill composed of sandy facies, rather than fine-
grained facies indicative of vertical accretion (Cant & Walker, 1976); and (v) in sandy braided rivers, a
predominance of in-channel barforms (both singular and compound bars) and in-channel fill deposits
(Ashworth et al., 2011). Similarities, however, between in-channel bar and fill successions may
render such deposits indistinguishable from one another (see Ashworth et al., 2011).

Such components are exhibited by the facies assemblages present in this study succession (Figs 6 to
13). Furthermore, meandering fluvial systems may evolve into braided systems through an increase
in fluvial discharge which leads to the generation of multiple chute channels on point-bar top
surfaces (Ghinassi, 2011). Examples of several well-known modern and ancient braided fluvial
systems demonstrate that such systems are dominated by coarse sediments — I.e. sandy to gravel
grade facies (Fig. 11A to E). However, the proportion of fine-grained deposits in such systems is
variable. The modern Ganges and ancient Rio Vero Formation possess ca 20% fine-grained facies,
whereas the Lower Brimham Grit, and modern Brahmaputra and Gash rivers possess 0 to 5% fine-
grained facies (Fig. 11A to E). Although the fluvial systems show that transitions occur from both
fine-grained facies to sandy facies, and vice versa, the examples illustrated imply that such systems
are dominated by transitions towards sandy facies (Fig. 11A to E). Significantly, although highly
cohesive channel banks promote channel stability (cf. Ghinassi, 2011), the absence of cohesive, fine-
grained floodplain deposits in this study succession implies that the fluvial system was probably
related to a fluvial setting where a high rate of delivery of sandy sediments facilitated channel bank
and bar instability (cf. Collinson, 1996). Associations of facies and their occurrence as a distinctive
suite of architectural elements record accumulation within a braided fluvial system. These
associations are characterized by a broad channel belt within which mobile sandy barforms
developed and migrated, and probably divided flow into multiple coevally active channels (cf. lelpi et
al., 2014).

Detailed lithofacies and palaeocurrent analysis undertaken during this study (Figs 7 and 8)
demonstrate the heterogeneity of lithofacies types present and their arrangement into a series of
architectural elements. This heterogeneity is characterized by a complex style of stacking of sets and
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cosets is indicative of the growth and migration of a series of barforms that accumulated in response
to varying palaeocurrents and associated changes in discharge and flow regime within the fluvial
system. Similarly, Reesink et al. (2014) attribute heterogeneity observed between bars within the Rio
Parana (a large multi-channel river) to their respective age, size, form, developmental history, flow
regime and sediment transport history. Within the Lower Brimham Grit, the lithofacies and
architectural elements associated with such barforms are especially well-exposed at Locations 1 and
2 (Figs 2C and 8) and these representative sections are useful examples for the development of a
detailed depositional model.

A predominantly south/south-easterly palaeocurrent is recorded early in the development of the
sedimentary succession associated with Location 1 (Figs 7 and 9, log profiles F to L). At this locality,
combined downstream-accretion and lateral-accretion associated with bar development is recorded.
Migration of macroforms in the lower part of the successions arose in response to the net migration
of channel barforms associated with south/south-easterly palaeocurrents, probably under
conditions of relatively low to moderate amounts of sediment input. Such amounts of sedimentation
are indicated by the following sedimentary characteristics: preservation of sets that are
predominantly <0.2 m thick; erosion between sets implying subcritical climb whereby the rate of
bedform migration greatly exceeded the component rate of vertical bedform accumulation (cf.
Collinson et al., 2006); an absence of bed sets that preserve topset deposits (cf. Bristow, 1993).

Architectural elements that characterise the lower 2 m of the succession consist of predominantly
downstream-accretion macroforms (DA1) which underlie lateral-accretion macroforms (LA); both
macroform types are characterized predominantly by southerly migrating, sinuous-crested dunes.
Subsequent overlying facies consist of planar cross-bedded sandy bedforms which denote a change
in the palaeocurrent from a southerly to south-easterly direction.

By contrast, the upper 10 m of the succession records a westerly palaeocurrent regime associated
with multiple channel incisions and the accumulation of more substantial sandy bedforms associated
with a combination of both downstream-accretion and lateral-accretion of in-channel barforms [Figs
8 (panel D) and 9 (log profile H)]. At Locality 1, architectural elements that characterise the upper
part of the succession are represented by a series of three stacked channel (CH) elements (up to 4 m
thick) that can be traced laterally for 70 m (Fig. 12). These channel elements vary both laterally and
vertically with regard to the content of their respective component facies [Figs 8 (panels A to D), 9
(log profiles G to 1) and 12]. The base of each channel element is denoted by variations in
palaeocurrent direction and a change in lithofacies, in some instances signified solely by a variation
in grain composition or size. Such observations are similar to features described by Ghinassi (2011)
which demonstrates that distinct changes in grain-size denote unit boundaries within a sedimentary
succession. The abrupt adjustment in the style from downstream-accretion or lateral-accretion
lithofacies, with set thicknesses <0.2 m, to more substantial sandy bedforms that are each 0.5 to 0.9
m thick and characterized by coarser grain components probably record flood events that induced
bedform migration along the channel system, whereby subsequent falling-stage flow resulted in net

This article is protected by copyright. All rights reserved.



sediment accumulation (Coleman, 1969; Bristow 1987; 1993; cf. Ashworth et al., 2011). The
observed variation in overall palaeocurrent, from south/south-easterly in the lower part of the
succession to westerly in the upper part, is attributed to sediment deposition during falling-stage
flow that induced a localized shift in channel configuration and associated flow pattern in the
immediate area of deposition in response to thalweg migration (cf. Coleman, 1969; Bristow 1987; cf.
Ashworth et al., 2011). Thus, a distinct change in the overall orientation of the architectural
elements that give rise to the preserved succession is recognized.

Palaeocurrent readings [Figs 7 and 9 (log profiles M to Q); Location 2] collectively reveal a range of
bedform migration directions probably related to flood events or migrating channel bars. Flood
events are probably recorded by the presence of relatively large sandy bedform components (cf.
Cant & Walker, 1978; Ashworth et al., 2011; Reesink et al., 2014) and a variation in palaeocurrent
direction (cf. Coleman, 1969; Bristow, 1987). By contrast, a succession of smaller (<0.2 m thick) sets
probably represent channel bar migration under non-flood conditions (cf. Cant & Walker, 1976;
Miall, 2010b; Ashworth et al., 2011). The palaeocurrent data range in a distinctive way as a result of
an increase in palaeocurrent velocity, as implied by the presence of relatively large sandy bedforms,
pebble lag and coarser-grained components (see Fig. 9, log profile P). Relatively large and small
pebble lags are probably representative of scouring (cf. Miall, 2010b) and winnowing processes (cf.
Collinson et al., 2006), respectively, or a combination of both (cf. Collinson, 1996), which may also
denote thalweg regions (Fidolini et al., 2013; cf. Ghinassi et al., 2014) within deposits. Alternatively,
lag deposits may also be associated with barhead deposition and the basal fractions of successive
bars (Ashworth et al., 2011).

Three-hundred metres to the north of Location 2, the base of the section at Location 1 corresponds
to the top of the section at Location 2 based on lateral tracing of key stratal surfaces. The base of
Location 1 and the top of Location 2, both occur at an elevation of ca 280 m (Fig. 13) and both
possess foreset and set palaeocurrent azimuths that dip in a south/south-easterly direction (Fig. 9;
for example, log profiles | and P, respectively). Thus, in contrast to Locality 1, a south/south-easterly
palaeocurrent is exhibited late in the development of the sedimentary succession associated with
Locality 2, and a westerly palaeocurrent is exhibited early in the development of the succession.
These palaeocurrents demonstrate that the sedimentary succession related to the study area was
influenced by a complex flow regime, whereby flow direction varied markedly over distances of just
a few hundred metres, probably as a consequence of flood events and associated rising-stage and
falling-stage flows acting on transient bars. Observed relationships also demonstrate that the
deposits at both Locations 1 and 2 form part of a genetically related stratigraphic sedimentary
succession: the channel-bar feature at the bottom of Location 1 is comparable to a similar feature at
the top of Location 2, ca 300 m to the south. Two possible interpretations for these observations
are: (i) both features formed part of an extensive downstream-accretion macroform; and (ii) two
separate and somewhat smaller but morphologically similar macroforms were present within a
comparatively broad channel in a manner similar to that documented from the Brahmaputra River,
Bangladesh (Bristow, 1987, 1993) and the South Saskatchewan River, Canada (Ashworth et al.,
2011).
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Pseudo-3D box panels (Fig. 13, Locations 1 and 2) have been developed to portray the relative
position and relationship of the sedimentary graphic log profiles (Fig. 9) so as to infer the position
and orientation of the primary fluvial channels present in the succession (blue shaded areas). The log
profiles associated with Locations 1 and 2 reveal a pattern of juxtaposition of architectural elements
that is consistent with a repeatedly variable braided fluvial system, facilitated by flood events. Figure
11 exhibits three bar charts (F to H) which indicate that channel elements (CH) dominate the
succession and form ca 50% of the total recorded thickness from log profiles E to Q; sandy bedforms
and downstream-accretion elements (DA1) each comprise ca 23% of the succession; downstream-
accretion and oblique-accretion (DA2), lateral-accretion (LA) and interdune (ID) elements comprise
ca 3%, 2.5% and <0.5% of the remaining succession, respectively. An example of element
distribution is shown in Fig. 111, which is a composite of log profiles P, J and E (Locations 1 and 2, see
Figs 7, 9 and 13). Figure 11l forms a near-continuous, 32 m thick section of the uppermost part of
the ca 50 m Lower Brimham Grit succession present at the Brimham Rocks study area. Figure 11|
also includes an indication of sub-facies associations that make up the architectural elements and
depicts correlated mean palaeocurrent data, which provide an example of palaeocurrent variations
between Locations 1 and 2 (see above).

The relationships described above are consistent with a fluvial system characterized by both stacked
and laterally migrating channels that were broad and possessed variable channel depths [Figs 9 (log
profiles E and G to Q) and 12]. Channel elements are identified primarily from distinct variations in
palaeocurrents and facies associations in packages delineated by distinctive bounding surfaces. The
fill of each channel element comprises mainly large-scale sandy bedforms (SB), small-scale migratory
bedforms (DA1 and/or LA) or a combination thereof. Although sandbody preservation implies that
the depositional environments for both the stacked and laterally migrating channels were influenced
by low rates of aggradation, avulsion and incision, migration rates varied from low to moderate,
respectively (cf. Bristow, 1996; Figs 12 and 13). Lateral tracing of fifth-order bounding surfaces
demonstrates the juxtaposition of relatively low-angle channel base contacts on to underlying units.
At the base of the succession (Location 2), successive channel elements are offset, whereas towards
the top of the succession (Location 1) channel elements are vertically stacked (Figs 12 and 13). Such
observations suggest that the depositional environment evolved from a laterally migrating to a
stacked fluvial channel system.

Bounding surfaces contained within the channel elements reveal whether the fill of the channels
was related to one or more of the following: (i) small-scale (<0.2 m thick) cross-bedded units that
represent continuous migration of a series (train) of in-channel bedforms (first-order set bounding
surfaces; Miall, 2010b); (ii) migration and aggradation of larger dunes that exhibit evidence for
variation in lithofacies evolution related to changing flow conditions and direction (second-order
coset bounding surfaces; Miall, 2010b); (iii) erosional cross-cutting surfaces within macroforms
representative of growth increments (third-order bounding surfaces; Miall, 2010b; lelpi et al., 2014);
and (iv) erosional cross-cutting surfaces along the surface of minor bars or bedforms indicative of
falling-stage flow (also third-order bounding surfaces; Miall, 2010b).
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Although the data highlight the complexity of the palaeocurrents associated with the succession,
there appears to be a level of consistency with regard to the deposition of very coarse-grained to
granular sandy bedforms. In the studied interval, such sandy bedform deposits tend to record
migration in a predominantly westerly direction, whereas medium-grained to coarse-grained
deposits of sandy bedforms and of downstream-accretion and lateral-accretion elements (DA1 and
LA, respectively) tend to migrate towards a south-easterly or south-westerly direction. Figure 14
demonstrates the likely arrangement of in-channel barforms, the reconstructed arrangement of
which account for the trends in the observed palaeocurrent data collated from two sedimentary
graphic log profiles at Location 2. In the lower part of the succession (log profile O, Fig. 14), which
accumulated prior to channel incision and thalweg migration, palaeocurrent data from foreset
azimuths record dune migration toward the south/south-west. By contrast, following the episode of
channel incision and thalweg migration, palaeocurrent data from foreset azimuths record dune
migration mainly toward the north/north-west. In the upper part of the succession, accumulated
sets and associated cosets are delineated by bounding surfaces that record growth and migration of
barforms perpendicular to the axis of the main channel margin (i.e. laterally with respect to the
inferred trend of the channel bank). By contrast, palaeocurrent data from foresets record
superimposed dune migration in a direction close to parallel to the trend of the main channel axis
but perpendicular to the above-mentioned direction of set and coset migration. Thus, the preserved
deposits record progressive growth of lateral accretion macroforms as point bars.

Although downstream-accretion and lateral-accretion deposits are associated with both southerly
and westerly palaeocurrents at Location 1, the majority of sandy bedform deposits are related to
westerly palaeocurrents. Such sandy bedforms are probably related to flood events and their
associated rising and falling-flow stage palaeocurrents. Hence, although the deposition of the
sedimentary successions associated with Locations 1 and 2 appears to be related to variable
palaeocurrents, the deposition of large sandy bedforms is predominantly associated with westerly
palaeocurrents.

Figure 15 proposes a broader depositional model for the succession, within which the detailed
sedimentary observations related to Locations 1 and 2 are shown. The model consists of two main
interpretations (pre-flood and post-flood events) and demonstrates how the depositional
environment was probably influenced by two distinct flow regimes. The model depicts how the
channelized fluvial system of the upper-delta plain developed a varied and complex flow direction,
and volume and rate of sediment input as a function of the autogenic behaviour of bars and
channels in an active braided fluvial system susceptible to repeated channel incision and thalweg
migration. The general lack of cohesive sediment within the fluvial system resulted in the
development of unstable banks that were vulnerable to reworking during and in the immediate
aftermath of flood events. Major channel incision events may have potentially arisen in response to
allogenic factors, including tectonic tilting of the land surface associated with movement on the
nearby North Craven Fault.
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DISCUSSION

The depositional environment associated with emplacement of the Brimham Grit is related to
development of an upper-delta plain braided fluvial system in which barform elements underwent
both lateral-accretion and downstream-accretion associated with migration of sandy bedforms and
channels. Within the study area, this interpretation is consistent with the predominantly coarse
grain size associated with the Lower Brimham Grit and relative absence of ripple sets that are
typically associated with finer-grained fluvial successions. This implies a relatively proximal, rather
than distal, depositional setting on the delta plain.

The braided fluvial system probably flowed in a relatively open incised palaeovalley that formed
within a fault relay zone associated with the North Craven Fault (Fig. 4B and C; cf. Larsen, 1988; Reid,
1996; Gobo et al., 2014). This fault relay zone formed a ramp that acted as a transfer zone which
transmitted displacement between overstepping normal fault segments with similar dip directions
(Peacock & Sanderson, 1994). Fault relays are known to be associated with fluvial valley incision,
generation of accommodation space and local diversion of rift-margin drainage systems in several
rift-basin settings (e.g. Gobo et al., 2014). Might the incised valley and other erosional surfaces
recognized internally within the Lower Brimham Grit studied here have arisen as a consequence of
tectonic activity at the basin margin?

The ca 4 m deep channel incision observed at Location 1 (Fig. 12, 2™ channel element) may have
been generated as a result of allogenic tectonic activity. Such activity is likely because the North
Craven Fault system (Fig. 4B) is located only ca 1 km to the north/north-west of Brimham Rocks (O.
Wakefield, personal communication) and is known to have been active at the time of accumulation
(Thompson, 1957). Indeed, Thompson (1957) demonstrated that, following a period of tectonic
activity and uplift of the region south of the North Craven Fault, tectonic activity along the North
Craven Fault led to the gradual and progressive downward displacement of the region south of the
fault by around 122 m, during the episode of deposition of the Lower Brimham Grit. Such tectonic
activity would probably have governed the amount of local subsidence and therefore available
accommodation (cf. Gawthorpe et al., 1994; Fidolini et al., 2013). Waters & Condon (2012) imply
that during this period the region was not influenced by major marine transgression or region-wide
incision. The authors argue for relatively stable eustatic sea-level conditions associated with a
protracted interglacial period (ca 321.5 to 319.5 Ma). Although speculative, given deposition of the
Lower Brimham Grit was completed within ca 250 kyr, displacement of the region south of the North
Craven Fault by around 122 m, during this period, would have generated accommodation at a time-
average rate of ca 0.5 m per 1000 years. Downward displacement of the hangingwall along the
southern margin of the North Craven Fault may have generated lateral tilting along the fault relay
ramp system around Pateley Bridge leading to development of a topographic low towards the fault
(Fig. 4B and C; cf. Peacock & Sanderson, 1994; Kane et al., 2010; Fidolini et al., 2013). Such lateral
tilting may account for the switching from predominantly southerly to westerly palaeocurrents
demonstrated in this study (cf. Reid, 1996; Gobo et al., 2014). Alternatively, other minor and
localized variations in palaeocurrent may be attributed to autogenic processes such as seasonal
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flood events and locally complex patterns of barform arrangement. Hence, it is likely that southerly
migrating channel elements correspond with the axial course of the braided fluvial system
associated with the deposition of the Lower Brimham Grit; whereas westerly migrating channel
elements may be related more to lateral tilting (cf. Kane et al., 2010; Fidolini et al., 2013) and
seasonal flood events.

The driver for the generation of the preserved (ca 4.0 m deep) remnant of the channel incision
observed at Location 1 (Fig. 12, 2" channel element) could be related to either anallogenic
mechanism (for example, eustasy, tectonic activity or differential rates of basin subsidence all of
which might lead to local changes in the gradient of the delta plain) or an autogenic mechanism (for
example, major channel avulsion, major flood event) or a combination of factors. Eustatic fall in sea-
level could have potentially generated the incised channel, although such an event is unlikely given
the relatively stable sea-level episode implied by Waters & Condon (2012). Channel incision may be
attributed to activity on the North Craven Fault system (see Thompson, 1957; Reid, 1996). Such
activity could also facilitate major channel avulsion (cf. Kane et al., 2010; Fidolini et al., 2013), which
could generate a 4 m deep channel incision. Unless linked to tectonic activity, gradual subsidence is
unlikely to have generated a deep incision; the underlying deposits possess generally horizontal
contacts and do not appear to exhibit any signs of differential tilting and the generation of an
angular discordance. Palaeocurrent data acquired from both above and below the channel base
imply a generally westerly palaeocurrent, which would not be expected had the system undertaken
a major avulsion. Although flood events may also generate incised channels, the deposits associated
with the incised channel are similar to other deposits that are not related to deep channel incisions,
which suggests that a rapid increase in discharge associated with a flood was not, on its own, likely
to have facilitated channel incision. Of the factors listed here, incision associated with tectonic
activity, possibly in conjunction with other events such as flooding, is considered most likely to have
been responsible for the generation of the incision surface.

Palaeocurrent data collated from the Lower Brimham Grit at Brimham Rocks are consistent with
sediment delivery via fluvial systems that passed from the Cleveland Basin towards the Harrogate
and Craven Basins (cf. Martinsen, 1990), which are situated to the east/north-east, south-east and
south-west of Brimham Rocks, respectively (Fig. 4B). The tectonically active North Craven Fault
system (cf. Thompson, 1957) and its associated fault relay zone (cf. Reid, 1996; Gobo et al., 2014)
probably directed the fluvial system towards the Harrogate and Craven Basins. Also, fault activity
could conceivably account for gradual but progressive channel-bar and sandy bedform migration
towards the north-west, as indicated by palaeocurrent data.

CONCLUSIONS

Data and results from this work form a valuable tool for comparative study of analogous fluvial
systems and preserved successions, in both modern and ancient settings, which do not possess the
unique three-dimensional characteristics of the outcrops of the Lower Brimham Grit at Brimham
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Rocks. Such characteristics yield exceptional detail with regard to internal lithofacies associations
and facilitate interpretations of how the juxtaposition of facies and architectural elements, within a
depositional model, act to form the fundamental components of an ancient upper-delta plain
braided fluvial succession, thereby improving current understanding and knowledge of such systems.
The succession studied is dominated by both vertically and laterally arranged channel elements that
are themselves filled primarily by large-scale sandy bedforms (bars) or small-scale migratory
bedforms, or a combination thereof. Although the distribution of palaeocurrent data, facies
associations and the arrangement of architectural elements are consistent with trends typical of
sandy braided fluvial systems, the three-dimensional nature of the outcrops has enabled the
complex history of evolution of the sedimentary system to be discerned, including documentation of
the style of growth of bar elements via lateral accretion. Furthermore, this study also demonstrates
how accumulation of the Lower Brimham Grit was probably influenced by externally forced tectonic
activity related to movement on basin-bounding faults, and flood events driven by climatic control in
a distant hinterland.
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TABLE AND FIGURE CAPTIONS

Table 1. Summary description and interpretation of the sub-facies characteristic types associated
with the Lower Brimham Grit, as exposed at Brimham Rocks. Primary facies codes adapted from
Miall, 2010a, 2010b, 2014; Colombera et al., 2012a, 2012b; 2013 are also included (see Fig. 5 for
application of colour-coded scheme).

Fig. 1. Typical Bashkirian (Kinderscoutian Regional Substage, ca 321 to 320 Ma) outcrops observed at
Brimham Rocks showing Location 1 (Coordinate N54° 4' 49.2" — W1° 41' 7.5"); views towards 130°
(A) and 321° (B). Outcrops consist primarily of pebbly quartzo-feldspathic (subarkose) sandstone of
the Lower Brimham Grit (Namurian Millstone Grit). Lettering and arrows indicate the relative
position and view of architectural panel examples (see Figs 7 and 8).

Fig. 2. Geological overview map of the British Isles and Ireland (A); Brimham Rocks study area is
shown centred on coordinate N54° 4' 50" — W1° 40' 50". (B) Detailed geological map highlighting the
geology associated with the study and adjacent areas; location names are also shown. (C) Google
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Earth image aerial view of Brimham Rocks showing study localities 1 and 2 that are explicitly
mentioned in the text (modified in part after Kirby et al., 2000; Waters et al., 2011b, 2011c; Google
Earth, 2013).

Fig. 3. Summary of Carboniferous chronostratigraphy (A), biostratigraphy (B) and lithostratigraphy
(C) associated with the Lower Brimham Grit; Kinderscoutian interval is shaded green (modified in
part after Dunham & Wilson, 1985; British Geological Survey, 2008; Davydov et al., 2010; Waters,
2011a; Waters et al., 2011b; Waters and Condon, 2012).

Fig. 4. Composite of key features and locations: (A) Dinantian (359.2 to 330 Ma) and Mid Namurian
(ca 325 to 320 Ma) palaeogeographic map of the Central Province of northern England (CP) relating
to the Variscan Orogeny and main depositional regimes, respectively; inset depicts CP relative to the
UK. (B) Variscan fault structures which influenced Carboniferous basin formation. (C) Diagram
depicting envisaged scenario of a fault relay zone influencing palaeocurrents around Brimham Rocks.
Figures modified in part after: (A) Collinson (1988), Cope et al., (1992), Corfield et al. (1996), Hunter
(2001), Guion et al. (2010); (B) Kirby et al. (2000).

Fig. 5. Composite figure depicting: (A) Colour-coded primary facies (adapted from Miall, 20103,
2010b, 2014; Colombera et al., 2012a, 2012b; 2013) and sub-facies classification scheme (specifically
for the Lower Brimham Grit). (B) Symbol legend. (C) Cartoon showing bar and dune terminology
relating to measurement orientations referred to in the text. Sub-facies classification scheme and
legend relate to all figures depicting log profiles and architectural panels with summary sub-facies
scheme provided for ease of reference. Colour-coding adopted to facilitate recognition and
association comparisons between sub-facies and/or bounding surfaces, for example. See Table 1 for
explanation of sub-facies codes.

Fig. 6. Annotated examples of Lower Brimham Grit sub-facies and associations observed at Brimham
Rocks. (A) SI-hss <1.0 m; cross-cutting tabular cosets recording downstream-accretion. (B) Stix >3.0
m; large-scale trough cross-bedding representing migration of a sandy bedform. (C) SI-hpx >2.0 m;
very-large-scale planar cross-bedding ‘alternate bar’. (D) SI-hhs <1.0 m; cosets of planar horizontal
sets recording downstream migration and net aggradation. (E) Spl/b; laminated beds, grain-size
distribution and lack of mica are typical of upper plane bed flow regime deposition. (F) Spb >15%;
pebble-rich set with poorly defined planar cross-bedding. (G) Sfp; preserved Calamites remnant
implies rapid deposition which facilitated fossil preservation. (H) Ssd; soft-sediment deformation,
loss of grain stability within unconsolidated water laden sediments. See Table 1 for explanation of
sub-facies codes.
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Fig. 7. Aerial view of Locations 1 and 2 (Fig. 2C) overlain with Ordnance Survey grid and 5 m contour
lines with Locations 1 and 2 bounded by yellow outlines. Orange lettering (‘A’ to ‘D’) and red arrows
indicate the position and view of architectural panel examples (Figs 1 and 8). Red lettering (‘E’ to ‘Q’)
indicates the position of log profiles (Fig. 9). Yellow lettering (‘R’ to ‘W’) indicates the position of
architectural element examples (Fig. 10). Grid, contour lines and image modified from Edina Digimap
(2013) and Google Earth (2013), respectively.

Fig. 8. Four detailed architectural panels (A to D) depicting the vertical and lateral extent of
component lithofacies and associated architectural elements from Location 1 (Figs 1, 2C and 7). The
juxtaposition of lithofacies morphologies implies that their deposition probably was influenced by
complex palaeocurrents associated with two distinct palaeocurrent regimes. South/south-easterly
palaeocurrents dominated the lower downstream-accretion architectural element, whereas
westerly palaeocurrents influenced the upper channel architectural elements (see Fig. 9 for related
log profiles G to | and architectural element scheme).

Fig. 9. Thirteen detailed representative sedimentary graphic log profiles (E to Q) for the Lower
Brimham Grit succession (Locations 1 and 2; see Figs 2C and 7). Log profiles show sub-facies and
architectural element associations with correlated arrows depicting mean palaeocurrent azimuth-
dips (channel data relate to channel bounding surface-dips). Colour-coding applies to all figures and
is adopted to facilitate: (i) recognition and comparison between associations of sub-facies and
architectural elements; and (ii) differentiation of palaeocurrent data between, for example, foreset,
set and coset azimuth-dips and channel bounding surface-dips.

Fig. 10. Six detailed 2D panels (R to W) depicting characteristic architectural element types for the
Lower Brimham Grit (see Fig. 7 for element locations). Examples presented are judged to be
representative illustrations of the recognized element types. Panels also include summary rose
diagrams illustrating mean palaeocurrent azimuth-dips.

Fig. 11. Five statistical graphs comparing primary facies-unit types associated with sections of
modern and ancient braided fluvial systems: (A) Brahmaputra (Jamuna; Bristow, 1993). (B) Gash
(Abdullatif, 1989). (C) Ganges (Singh & Bhardwaj, 1991). (D) Rio Vero Formation (Jones et al., 2001).
(E) Brimham Rocks (this study). Pie charts depict percentage of facies-unit types present with bar
charts depicting average facies-unit type thickness (left column) and percentage of total facies-unit
type transitions (right column). All data, including primary facies-unit types and description scheme
are adapted from the Fluvial Architecture Knowledge Transfer System (FAKTS; Colombera et al.,
2012a, 2012b, 2013). Three bar charts depicting relationships between combined thickness (F),
percentage of total combined thickness (G) and percentage of total number of elements (H) for each
architectural element associated with log profiles E to Q. Composite sedimentary graphic log profile
(1) assembled from a précis of log profile P, J and E displaying a 32 m vertical section of the Lower
Brimham Grit (Locations 1 and 2, see Figs 7, 9 and 13).
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Fig. 12. Expanded view of Fig. 1B showing a section of the main outcrop at Location 1 (Figs 2C and 7).
The image is annotated with a hierarchy of three relatively shallow and broad main channel
elements identified within the outcrop; the middle channel element incises ca 4 m into underlying
strata.

Fig. 13. Two pseudo-3D box panels displaying spatial relationships between log profiles and
associated architectural elements, as observed at Locations 1 and 2. Log profiles F to Q (Figs 7 and 9)
are depicted positioned with regard to their latitude and longitude coordinates and stratigraphic
level, log profile E is not included. Blue shaded areas show the inferred position of stacked and
laterally migrating channel elements.

Fig. 14. Schematic diagram depicting predicted channel and barform relationships based on
observations relating to log profile Q (N54° 4' 37.9" —W1° 41' 1.5") and O (N54° 4'39.5" - W1" 41"
3.7"), see Figs 7,9, 13 and 15; Location 2. Mean palaeocurrent data and sedimentary facies and
architectural element relationships demonstrate an episode of channel incision and thalweg
migration.

Fig. 15. Schematic block diagram representing a detailed hypothetical facies depositional model
portraying scenarios to account for the distinct variation in the facies, architectural element
arrangements and palaeocurrent data between the successions studied at Locations 1 and 2. See
text for explanation.
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TABLE 1.

Facies Primary (1) and
secondary (2) Bounding
Sub Colour Lithology Contacts Interpretation
fal::ic;s sedimentary surface
structures
St Light Medium-grained to granular  Sharp, horizontal to (1) Small-scale cross-  First, Second  Aggradation with net migration of relatively small
beige/grey sandstone with <10% small pebble sub-horizontal and cutting trough cross- and Third- sinuous-crested dunes (3D mesoform); downstream-
Stex <1.5 content, low to high sphericity, evidence of erosion bedding <1.5 m trough  order accretion (DA macroform); set and coset boundaries
m angular to  sub-angular and between beds width; pebble form First and Second-order bounding surfaces
moderate to well-sorted grains; inclusions respectively; sub-horizontal erosional contacts form
predominantly quartz with some Third-order bounding surfaces
feldspar (Orthoclase) (2) Sets and cosets
St Light Medium-grained to granular  Sharp, sub-horizontal (1) Medium-scale First and Aggradation with net migration of relatively small- to
beige/grey sandstone with <10% small pebble and evidence of cross-cutting trough Third-order medium  sinuous-crested dunes (3D mesoform);
Stmx 1.5 to content; highly spherical, rounded to  erosion between cross-bedding, 1.5 to downstream-accretion (DA macroform); reactivation
30m sub-rounded and moderately to well- beds 3.0 m long shallow surface and sub-horizontal contact form First and Third-
sorted grains; predominantly quartz trough width order bounding surfaces, respectively
(2) Reactivation
surface
St Light Medium-grained to granular  Sharp, horizontal (1) Large-scale trough - Aggradation with net migration of relatively large
beige/grey sandstone with <10% small pebble erosional and/or cross-bedding >3.0 m sinuous-crested dunes (3D mesoform); migration of
Stix >3.0 m content; highly spherical, rounded gradual contact long shallow trough sandy bedform (SB mesoform) and channel fill
and well-sorted grains; between beds width component
predominantly quartz
Sp Light Medium-grained to granular  Sharp, horizontal (1) Low to high-angle-  First-order Aggradation with net migration of small to large-scale
beige/grey sandstone; low sphericity, sub- erosional and/or inclined foresets straight crested dunes (2D mesoform); set thickness
Sl-hpx <2.0 angular and poorly sorted grains; gradual contact forming small to large- provides an indication of overall dune height, channel
m predominantly quartz with some between beds scale planar (tabular) flow depth and amount of sediment input; migration of
feldspar (Orthoclase) cross-bedding sandy bedform (SB mesoform) and channel fill
component; suspension deposits interbedded with
(2) Reactivation avalanche.str'fna represent fining-ug foreset success?on
surface; suspension/ and reactivation surfaces form First-order bounding
surfaces
avalanche deposit
Sp Light Coarse-grained to granular Sharp, sub-horizontal (1) Low to high-angle-  First-order Aggradation with net migration of relatively substantial
beige sandstone with <10% small pebble contact with inclined foresets planar straight crested bedforms (3D macroform) within
Sl-hpx >2.0 content, highly spherical, sub- underlying bed forming very large- a comparatively large and deep fluvial channel;
m rounded and moderately sorted scale planar cross- possible migrating “alternate bar” (macroform), oblique
grains; predominantly quartz with bedding downstream-accretion (DA macroform); suspension
some feldspar (Orthoclase) deposits interbedded with avalanche strata represent
(2) Reactivation fining-up foreset succession and reactivation surfaces
surface; suspension/ form First-order bounding surface.
avalanche deposit
SI Light Medium- to very coarse-grained Boundaries may (1) Low to high-angle-  Firstand Aggradation with net migration of relatively small to
beige sandstone with highly spherical, show sharp sub- inclined foresets Third-order medium-scale straight or sinuous-crested dunes (2D or
Sl-hss <1.0 rounded- to sub-rounded and well horizontal contact forming >1 sub- 3D mesoform, respectively); set thickness provides an
m sorted grains; predominantly quartz  and evidence of horizontal set; variable indication of overall dune height, flow depth along
erosion between sets  set thickness of <1.0 m channel, or bar front/crest, and amount of sediment
thick input; downstream-accretion (DA macroform);
suspension deposits interbedded with avalanche strata
(2) Reactivation represent fining-up foreset succession; set boundaries,
surface; suspension/ reactivation surfaces and sub-horizontal contacts form
First-order and Third-order bounding surfaces,
respectively.
avalanche deposit
SI Light Medium to very coarse-grained Sharp, sub-horizontal (1) Low to high-angle-  First and Aggradation with net lateral migration of relatively
beige sandstone with highly spherical, contact with evidence inclined foresets Third-order small-scale sinuous-crested dunes (3D mesoform);
Sl-hss-of rounded and well-sorted grains; of erosion between forming >1 sub- lateral-accretion (LA mesoform) migration; set
<02m predominantly quartz sets horizontal set with boundaries and sub- horizontal contacts form First-
oblique cross-bedding order and Third-order bounding surfaces, respectively.
foresets; variable set
thickness of <0.2 m
thick
Sh Light Medium to very coarse-grained Sharp, horizontal (1) Low to high-angle-  First-order Migration with net aggradation of relatively small to
beige sandstone with highly spherical, contact with evidence inclined foresets medium-scale straight or sinuous-crested dunes (2D or
Sl-hhs <1.0 rounded to sub-rounded and well- of erosion between forming >1 horizontal 3D mesoform, respectively); set thickness provides an
m sorted grains; predominantly quartz ~ sets set; variable set indication of overall dune height, channel, or bar top,

thickness of <1.0 m
thick

(2) Reactivation
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flow depth and amount of sediment input; migration of
sandy bedform (SB mesoform) and channel fill
component; suspension deposits interbedded with
avalanche strata  represent fining-up foreset



sh Light
beige

Spl/b

Gt/p Light
beige/grey

Spb >15%

Gh Light
beige/grey

Ss-Ip-lag

Sf Light
beige/grey

Sfp

Sd Light
beige

Ssd

S-

Ssb

Fine- to medium-grained sandstone
with highly spherical, well rounded
and very well sorted grains;
predominantly quartzarenite

Granular sandstone with >15%
small pebble content, highly
spherical, sub-rounded and poorly
sorted grains; predominantly quartz
with some feldspar (Orthoclase)

Very coarse-grained to granular
sandstone with <10% small pebble
content, low sphericity, sub-angular
and poorly sorted grains;
predominantly quartz with some
feldspar (Orthoclase)

Coarse-grained to granular
sandstone with highly spherical,
sub-rounded and moderately sorted
grains; predominantly quartz with
some feldspar (Orthoclase) and up
to <10% small pebble content

Medium-grained to granular
sandstone with highly spherical,
rounded and well-sorted grains;
predominantly quartz with <10%
small pebble content

Sharp, horizontal,
inclined and/or
gradual contact
which may show
evidence of erosion
between beds

Poorly to well-defined
erosional horizontal
contact between
beds

Sharp and sub-
horizontal contacts
with evidence of
erosion between
beds

Sharp and horizontal
contacts with
evidence of erosion
between beds

Sharp and horizontal
contacts with
evidence of erosion
between beds

surface; suspension/

avalanche deposit

(1) Planar horizontal
laminations 2 to 4 mm
thick

(2) 10 to 30 mm thick
horizontal beds

(1) Poorly defined
planar cross-bedding

(1) Small to large
pebble lag deposit
along base 20 to 30
mm thick

(2) Poorly defined
trough or planar cross-
bedding

(1) Structureless with
fossilised plant
remnants, e.g.
calamites and
lepidodendron

(1) Planar cross-
bedding

(2) Flame structures

succession; set boundaries and reactivation surfaces
form First-order bounding surfaces

Aggradation and net migration with gradual evolution
from trough cross-bedding to planar laminations,
inferring reduction in channel/water depth and transition
to ‘upper flow regime flat bed’ (‘upper plane bed’);
migration of sandy bedform (SB mesoform) and
channel fill component

Aggradation and net migration of medium sized straight
crested dunes (2D mesoform) with poorly defined
foresets and bedding inferring rapid deposition;
migration of pebbly bedform (SB mesoform) and
channel fill component

Possible minor broad channel scour and/or erosional
contact facilitated by a flood event with poorly defined
foresets inferring rapid deposition; migration of sandy
bedform (SB mesoform).

Structureless bedform infers rapid deposition of sandy
bedform encasing and facilitating preservation of plant
remnants. Calamities probably promoted channel bank
and/or channel bar stability, whereas lepidodendron are
associated with transient peat-forming swamps

Aggradation and net migration of sandy bedform
through rapid deposition inhibiting formation of internal
sedimentary structures (Ssb), or facilitating total/partial
loss of sedimentary structures (Ssd) through
liquefaction; migration of sandy bedform (SB
mesoform) and channel fill component
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Biostratigraphy

Western European Marine Bands
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Abbreviations

Locations:

Brimham Rocks (BR)
Pateley Bridge (PB)
Harrogate (HG)
Leeds (LS)

Skipton (SK)

Pennine Province:
Bowland High (+++)

Central Pennine High (CPH)
Derbyshire Platform (#+)
Edale Basin (EB)
Gainsborough Trough (GT)
Lancaster Fells Basin (LFB)
Manx Whitehaven Ridge (MWR)
North Staffordshire Basin (+)
Widmerpool Gulf (WG)
Widnes Basin (WB)

Faults:

Dent (DF)

Barnoldswick (BF)
Kendal (KF)

Middle Craven (MCF)
Morley-Campsall (MOCF)
North Craven (NCF)
Pendle Fault System (PF)
South Craven (SCF)
Stockdale (SF)
Winterburn (WF)



A. Primary facies and sub-facies scheme

Stsx
<1.5

Sub-facies scheme

Primary facies scheme
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-lag
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Q

Fig. 5
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C. Bar and dune terminology

Aggradation with net downstream-accretion of small-
scale trough cross-bedding <1.5 m trough width;
medium-grained- to granular sandstone; <10% pebbles.

Aggradation with net downstream-accretion of medium-
scale trough cross-bedding 1.5-3.0 m trough width;
medium-grained- to granular sandstone; <10% pebbles.

Aggradation with net downstream migration of large-scale
trough cross-bedding (sandy bedform) >3.0 m trough width;
medium-grained- to granular sandstone; <10% pebbles.

Aggradation with net downstream migration of <2.0 m thick
small- to large-scale planar cross-bedding (sandy bedform);
medium-grained- to granular sandstone; <10% pebbles.

Aggradation with net downstream migration of >2.0 m thick
very-large-scale planar cross-beding; coarse-grained- to
granular sandstone; <10% pebbles.

Aggradation with net downstream-accretion of <1.0 m thick
sub-horizontal sets; medium-grained- to granular sandstone;
<10% pebbles.

Aggradation with net lateral-accretion of sub-horizontal
sets with oblique foresets <0.2 m thick; medium-grained-
to granular sandstone; <10% pebbles.

Downstream migration with net aggradation of <1.0 m thick
horizontal sets; medium-grained- to granular sandstone;
<10% pebbles.

Planar horizontal laminations and/or bedding
(sandy bedform); fine- to coarse grained sandstone.

B. Symbol legend

L

Flame structures, soft sediment
deformation (liquefaction), foreset
structures retained.

.| Fossilised plant remnants
N (e.g. Calamites).

Pebble inclusions, predominately
small- to medium sized; number
«5] inset indicates pebble percentage.

Planar horizontal bedding and/or
laminations, dotted lines signify
undefined/inferred bedding/laminations.

Planar cross-bedding, dotted lines signify
undefined/inferred planar foresets.

Trough cross-bedding, dotted lines signify
undefined/inferred trough foresets.

Horizontal sets.
Sub-horizontal sets.

Base defined by coarser grains indicates
fining-up set sequence.

Suspension deposits interbedded with
avalanche strata of coarser grained sand;
fining-up foreset succession.

Pebble rich trough or planar cross-bedding; — ~. — * Undefined/Inferred boundary.
coarse-grained- to granular sandstone
(pebbly bedform) with >15% pebble content. — ~. — * Boundary line with corresponding panel.
Lag of small- to large pebbles; coarse-grained- —~——1st-order bounding surface.
to granular sandstone (sandy bedform). ——~__— Reactivation surface (R), 1st-order surface.
Fossilised plant remnants; medium-grained- to granular ~——~——2nd-order bounding surface.
sandstone (sandy bedform); <10% pebbles. ——~___— 3rd-order bounding surface.
Ch | base, 5th-ord rface.
Soft sediment deformation (liquefaction); medium-grained- - annelbase order surtace
to granular sandstone (sandy bedform); <10% pebbles. ~——~__—Scour surface.
C0ony,000° - Minor pebble lag.
Structureless bed; medium-grained- to granular
sandstone (sandy bedform); <10% pebbles.
Dune height/
Dune length thickness
;4‘—1 Bar height/
. | thickness
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Fig. 8 Continued

Displaced boulders

Summary colour-coded sub-facies scheme

Stsx
<1.5

Architectural Panel B (N54° 4' 48.9" - W1’ 41' 6.4")
View towards 060°.

(See Figs 5, 9 and Table 1 for detailed breakdown
of colour-coded facies/element scheme and
sedimentary graphic log profile, respectively)
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Summary colour-coded sub-facies scheme

Stsx
<1.5

Fig. 8 Continued

Architectural Panel C (N54° 4' 48.9" - W1° 41' 5.8")
View towards 290°.

(See Figs 5, 9 and Table 1 for detailed breakdown
of colour-coded facies scheme and sedimentary
graphic log profile, respectively)
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of colour-coded facies/element scheme and
sedimentary graphic log profile, respectively)

<1.0 | |of <0.2

Sl-hss | |SI-hhs| [SI-hss-|

<1.0

Fig. 8 Continued

Stsx
<1.5
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Architectural elements

Fig. 8

Channel

Channel

Channel
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Architectural Panel A (N54° 4' 49.6" - W1° 41' 6.4")
N View towards 070°.

(See Figs 5, 9 and Table 1 for detailed breakdown
\ of colour-coded facies/element scheme and
\ sedimentary graphic log profile, respectively)

\ Summary colour-coded sub-facies scheme
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Summary colour-coded sub-facies scheme
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Stmx 1.5-3.0 m
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reactivation
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Location 2

Sedimentary graphic log
profile coordinates

. N54°4"40.2" - W1° 41' 3.2"
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Location 1

Sedimentary graphic log
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40 Metres
(~2.8 x Exaggeration of horizontal
distance between bars)

Sedimentary graphic log profile Q
and correlated palaeocurrent data
(Location 2,

N54° 4' 37.9" - W1° 41'1.5")

Metres

Lateral migration of bank
attached sand bars with
component oblique sand
dune migration.

Sedimentary graphic log profile O
and correlated palaeocurrent data
(Location 2,

N54° 4' 39.5" - W1° 41' 3.7")

S
Quthern channel ba™

Summary colour-coded
palaeocurrent azimuth-dip scheme

Summary colour-coded sub-facies scheme -

Stsx || Stmx Sl-hss| [Sl-hhs| [SI-hss-|

<1.5 |1.5-3.0 <1.0 || <1.0 | of <0.2 Symbol legend

Main depositional flow ~—&

Location of sedimentary graphic log profile @

50 Metres
(Lateral offset distance between bars)
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Within the upper part of the succession post-flood event

N, Presence of fossilised Calamities and Lepidodendron channels are significantly less sinuous, deeper and
\0'7/7 remnants indicates that vegetation was established wider, separating mainly longitudinal bars/islands. Main
along banks and in overbank regions, providing a channel also possessed relatively reduced thalweg

degree of channel bank stability sinuosity, which provided a more direct flow route

Unconfined flow with high sediment load enables
accumulation of notably large-scale sets of cross
bedding (SB); dune migration and channel-fill deposits
within the primary channel influenced by flood events

Pre-flood event channels
exhibited relatively high plan-
form sinuosities and were both
shallow and narrow, separating
mainly longitudinal bars and
islands. Channels were also
characterised by a relatively
sinuous thalweg

Abandoned channel margin
with lateral and vertical
amalgamated channel-fill

~30 m

Upper section of the
succession is dominated

Log profile
O

Location 2
Figure 14 depicts
channel area (blue
outline) and log
profiles Q and O
in detail

accumulation of elements composed
internally of sets of both planar and
trough cross-bedded sandstone, which
collectively record the downstream- and
lateral-accretion of migrating bar forms

Abandoned channel due to the migration of
a transient bar during a flood event. Pebble
lag deposits are a common feature

Transient channel bars and islands

formed from small- to medium-scale

trough- cross-bedding (Downstream-

Groups of genetically related cosets of strata bounded Lower section of the succession is dominated acoreftion (DA, macroform) hhly

b 2"5)-orde? surfacesy record the downstream migration by a southerly palaeoflow and the deposition suscepiible to erasion and reworking

o?lar er bars over which smaller dunes migrat é; Low- of small- to medium-scale trough cross-bedded fagilfated by jack of cohesive and
9 grated. Low sets, which collectively indicate downstream- argillaceous sediments

1 st . .
angled asymptotic .foresets, 1%-order reactivation and lateral-accretion of migrating bar forms
surfaces and sub-horizontal sets are a common feature

Fig. 15



