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ABSTRACT
Mudstone studies that use a large spacing (>5km) between datapoints provide little insight into the architecture and depositional process variability at kilometre scale. This often leads to the assumption that mudstones are laterally homogenous at kilometre and sub-kilometre scales. To better understand the lateral variability of mudstones at kilometre scale, the Mancos Shale in the eastern part of Utah, USA (Book Cliffs) was examined. The Mancos Shale was deposited on a storm-dominated, low-angle shallow-marine ramp along the western shoreline of the Western Interior Seaway. Here, a combined petrographic, sedimentological and sequence stratigraphic approach was used to analyse two 43-47 m thick time-equivalent sections at a 1.6km across-strike spacing. Oriented samples were collected at 2m intervals through each measured section.  Five 5m – 12m thick coarsening-upward parasequences were identified. The lower four parasequences are interpreted to be the distal deposits of the updip Aberdeen Member and the fifth parasequence is interpreted to be the basal distal parasequence of the overlying Kenilworth Member. Depositional processes including turbidity currents, linked debris flow/turbidity currents, wave-enhanced sediment-gravity flows, hyperpycnal flows and suspension settling have been identified from the samples collected. The products of these flows (beds) stack to form bedsets which display an upward increase in the lateral continuity of beds and a coarsening-upward trend. This is interpreted to reflect a change from occasional current-deposited beds with depositional breaks to more frequent varying energy conditions with fewer hiatuses. These bedsets show considerable spatial and temporal variability which is interpreted to be a result of subtle seafloor topography. Based on the bedset and parasequence stacking patterns and the temporal variability of depositional processes, the lower four parasequences are split into two parasequence sets. The lower parasequence set is interpreted to be storm-wave-dominated with fluvial influence and the upper parasequence set lacks the fluvial influence. 





INTRODUCTION
Mudstones are sedimentary rocks in which more than 50% of the rock consists of grains smaller than 62.5µm (i.e. fine to coarse mud particles; sensu Lazar et al., 2015). These grains can be allochthonous and/or autochthonous in origin and entrained in fluvial suspended load, account for approximately 70% of the global flux of sediment to the oceans (Aplin et al., 1999). The result is that mudstone is the most abundant sedimentary rock type on earth (Schieber & Southard, 2009; Schieber et al., 2010). In the submarine realm, recent studies have identified a range of physical processes that disperse and redistribute mud particles across shallow-water environments (e.g. Macquaker & Taylor, 1996; Mulder & Alexander, 2001; Macquaker & Bohacs, 2007; Schieber et al., 2007; Plint et al., 2009; Macquaker et al., 2010; Schieber, 2016a) and into deep-water settings (Stow, 1979; Stow et al., 2001; Boulesteix et al., 2019). 
A common theme in recent papers is evidence of mud-dominated depositional settings being more energetic than originally thought (e.g. Macquaker et al., 2007; 2010, Wilson & Schieber, 2014; 2015; 2017; Li et al., 2015; Li & Schieber, 2018; Birgenheier et al., 2017; Boulesteix et al., 2019). A variety of processes responsible for the deposition of mud have been identified, these include turbidity currents (Stow & Shanmugam, 1980), wave-enhanced sediment-gravity flows (Macquaker et al., 2010) and hyperpycnal flows (Mulder & Alexander, 2001). Like in sandstones, the products of these processes (beds) should stack to form architectural elements at kilometre to hundreds of metres scale. However, few studies have worked at this scale, most having been based on well data sets at  10 to 100 km spacing (e.g. Ver Straeten et al., 2011; Hemmesch et al., 2014; Birgenheier et al., 2017; Aryanci et al., 2018) and/or widely spaced outcrop studies (e.g. Plint, 2014). This wide spacing of datapoints has led to the assumption that mudstones are laterally homogenous at kilometre and sub-kilometre scales. This study aims to address sub-kilometre mudstone heterogeneity, using two time-equivalent outcrop sections along a continuous exposure of 1.6km to document the depositional process variability and map out the scale and geometry of architectural elements. The Book Cliffs provides a unique opportunity to undertake this study as the continuous exposures of mudstones allow sedimentological variability at decametre, hectometre and kilometre scales to be documented. The specific objectives of the study are: (1) to undertake a field-based study to record mudstone architecture and sedimentological variability, (2) to identify and quantify the processes responsible for the transport and deposition of mud in this shallow-water environment, and (3) to discuss the relationship between field and thin-section observations and combine the two to address architectural and depositional process variability.
Geological Background
The geological evolution of western North America during the Cretaceous is attributed to the subduction of the Farallon plate beneath the North American plate (Livacarri, 1992). Crustal loading and flexural subsidence associated with contraction resulted in the formation of the Western Interior foreland basin during the Early Cretaceous (Burchfiel et al., 1992). The NNW-SSE oriented epeiric sea dissected North America into two landmasses (Blakey, 2014) whilst linking the polar ocean in the north to the subtropical present-day Gulf of Mexico to the south (Fig. 1A). 
The Upper Cretaceous sedimentary rocks exposed in the Book Cliffs were deposited during the Campanian between ~83Ma and ~79Ma (Fouch et al., 1983) in a low-angled ramp margin along the western shoreline of the Western Interior Seaway in Utah (Fig. 1B). The Book Cliffs provide three-dimensional exposures to observe strata parallel and perpendicular to the palaeoshoreline through a variety of canyons that cross-cut stratigraphy (Fig. 2). 
The Blackhawk Formation is a sandstone-dominated siliciclastic wedge that has been interpreted as a third-order, prograding highstand sequence set (Van Wagoner et al., 1990) that interfingers with the offshore deposits of the Mancos Shale (Young, 1955). The Blackhawk Formation contains six lithostratigraphic shallow-marine members - the Spring Canyon, Aberdeen, Kenilworth, Sunnyside, Grassy and Desert members; each member contains shoreface sandstone parasequences and progrades farther basinward than the underlying member (Young, 1955) (Fig. 3). Many Blackhawk Formation studies tend to focus on the proximal shoreface sandy deposits (e.g. Van Wagoner, 1995; O’Byrne & Flint, 1995; Kamola & Huntoon, 1995; Kamola & Van Wagoner, 1995; Pattison, 1995; 2018; 2019a; 2019b; Hampson et al., 1999; Hampson, 2000; Hampson et al., 2001; Davies et al., 2006; Charvin et al., 2010; Taylor & Machent, 2010; Hampson & Howell, 2017) alongside a small number of studies that have investigated the time-equivalent offshore deposits of the six members in the Mancos Shale. However, the latter studies generally examined sandstone-rich channel fills (Pattison 2005a, b; Pattison et al., 2007) or diagenetic features (e.g. Klein et al., 1999; Taylor & Macquaker, 2000; 2014; Taylor & Machent, 2010; Dale et al., 2014).
This study focuses on the distal deposits of the Aberdeen Member which is the second oldest member of the Blackhawk Formation. The coastal to shoreface deposits are well documented (Kamola & Huntoon, 1995; Taylor et al., 2004; Charvin et al., 2010) in outcrops north of Price and can be traced from Gordon Creek (near its updip termination) to Soldier Creek (its downdip termination). The palaeoshoreline trend is roughly NNE-SSW (Balsley, 1980; Pattison et al., 2007) and the system prograded approximately 30km through the Aberdeen Member (Charvin et al., 2010). The parasequence-scale stratigraphic framework for the Aberdeen Member was developed by Kamola & Huntoon (1995) after identifying and naming four parasequences (from oldest to youngest); Standardville (Ab1), Deadman (Ab2), Coal Creek 1 (Ab3) and Coal Creek 2 (Ab4). Kamola & Huntoon (1995) interpreted these parasequences to record a transition from an overall progradational stacking pattern to a strongly aggradational stacking pattern and they display wave-dominated features throughout. Charvin et al. (2010) undertook a higher resolution study and identified fluvial-dominated deposits within the Standardville (Ab1) parasequence which has been interpreted to represent the periodic shifting between wave and fluvial dominance within the same deltaic parasequence. 
METHODOLOGY AND DATASET
Detailed sedimentological analysis was completed on the Battleship Butte and Blue Castle sections which are 1.6 km apart (Fig. 2D) and oriented parallel to the palaeoshoreline. A high degree of confidence for the correlation between the two sections was achieved through a combination of binocular observations, photomontage examinations and the physical walking out of coarsening-upward packages between the sections. Sedimentary logging of laminations/beds documented coarsening- and fining-upward packages at millimetre to decametre scales. The fine-grained nature of the outcrops means primary sediment grain sizes were determined using the grit test whereby the sample was bitten and grains held between the teeth to ascertain the dominant grain size (Table 1). A hand lens and a grain size chart were used for sandstone intervals. 
Sixty samples were collected using an adjusted uniform sampling method of one sample every 2 metres vertically due to the size of the measured sections. Samples were chosen to be representative of the intervals from which they were collected and their orientation noted so they could be cut down depositional dip. Of the sixty samples, thirty-three were selected across the two measured sections for thin-sections, to represent the range of lithofacies identified in the field and to provide a suitable spacing along the measured sections to display the temporal and spatial evolution of bed types (Bt). Polished thin sections (28 x 48mm) at 25-30 µm thickness were prepared for microfacies descriptions. Each thin section was scanned using an Epson Perfection V600 photo scanner at 3200 d.p.i resolution to observe details at centimetre-scale. Microscopic analysis using an optical Nikon Eclipse LV100NPOL microscope fitted with a Nikon DS-Fi2 camera was undertaken to observe millimetre and micrometre-scale details. 
To capture the key characteristics of the architectural elements and sedimentology of mudstones in outcrop and in thin-section, the classification scheme and terminology of Lazar et al. (2015) was adopted in this study. Here, the terms fine, medium and coarse mudstone are used to describe grain-sizes in the field and in thin-section (Table 1) over clay/silts. This is due to the difficulty in differentiating between clay-sized grains and very fine silt-sized grains in thin-section and in order to follow the ‘stone’ terminology similar to other sedimentary rocks (e.g. sandstones and limestones) (Lazar et al., 2015). The relationship between the terminology for the Lazar et al. (2015) classification scheme and previous studies using the clay/silt classification scheme is presented Table 1. 
Qualitative observations of thin sections identified the dominant components (quartz, clay or carbonate) and sedimentary structures. The bioturbation index (BI) of 0 to 6 was used macro and microscopically where 0 corresponds to no bioturbation and 6 corresponds to complete bioturbation (Taylor & Goldring, 1993). Bioturbation was used as a semi-quantitative tool to interpret palaeo-seafloor conditions (e.g. oxygenation, depositional energy, type of substrate). Based on thin-section features (e.g. type of grading, sedimentary structures, bioturbation), beds were classified into different bed types. Bed thicknesses were measured where the bed could be accurately and confidently assigned to a specific bed type. If a bed type could not be identified across a thin section due to moderate to high bioturbation (BI >3) that interval was assigned as ‘bioturbated interval’. 
[bookmark: _Toc13041351]RESULTS
This section describes, interprets and summarises bed-scale features in thin-section along with bedset-scale and parasequence-scale features in outcrop. Seven bed types were identified in thin-section which are described and interpreted below (Fig. 4). Five lithofacies were identified in the field and their descriptions are split into two parts. Firstly the architectural and sedimentological features observed in the field are described, followed by a description of thin-section features from samples collected from each lithofacies. The schematic diagrams presented for each lithofacies (Fig. 6) displays the key features observed in thin-sections from each lithofacies. Finally, the two measured sections are presented with a brief description and interpretation of the larger-scale stacking patterns. The measured sections include initial interpretations of parasequence boundaries, bioturbation index, sample locations and finally showing the spatial and temporal evolution of bed types (Fig. 7). 
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Bed type 1 (Bt1) – Unipartite normally graded beds
Observations –
Bed type 1 is characterised by a sharp, continuous to discontinuous, planar to occasionally wavy, erosional base. This bed type grades from a coarse mudstone-very fine sandstone basal section into a fine-medium mudstone (Fig. 4). Bioturbation generally increases upward with bioturbation index ranging from low to moderate (0-3). Moderate bioturbation occasionally disrupts the basal subdivision producing discontinuous bed bases. Beds range in thickness from 0.23 mm to 2.11 mm (n = 35), with an average bed thickness of 1.03 mm.
Interpretation –
The erosional base and normal grading suggest deposition from a dilute, waning low density turbidity current (Stow & Shanmugam, 1980; Lowe, 1982). 
Bed type 2 (Bt2) - Bipartite normally graded beds
Observations –
Bed type 2 is the most common bed type recognised in thin-sections and is characterised by a sharp, continuous to discontinuous, planar to wavy, erosional-scoured base and two subdivisions (A & B) (Fig. 4). The lower subdivision (A) is weakly normally-graded and dominated by coarse mudstone-very fine sandstone sized grains, with occasional planar laminations (Fig. 4). The contact between the two subdivisions is abrupt with a clear grain size change. The upper subdivision (B) is fine-mudstone and often contains outsized coarse mudstone-sized particles (Fig. 4). Bioturbation ranges from low to moderate (BI: 0-3) and generally increases upward. Bed bases are occasionally disrupted by bioturbation resulting in discontinuous contacts. Wood debris is commonly observed near the subdivision contact. Beds range in thickness from 0.20 mm to 2.17 mm (n = 75), with an average bed thickness of 0.78 mm.
Interpretation –
The erosional-scoured base, weak normal grading and occasional presence of planar laminations suggest subdivision A was deposited by a low-density turbidity current (Stow & Shanmugam, 1980; Lowe, 1982). The fine-grained matrix and presence of outsized coarse-mudstone sized particles suggests subdivision B was likely deposited by a low-strength cohesive debris flow (Talling et al., 2012). The sharp, erosional-scoured base and bipartite subdivision suggests depositional behaviour is similar to a transitional flow (Baas et al., 2011) or linked turbidity current-debris flow (Haughton et al., 2003). 
Bed type 3 (Bt3) - Tripartite normally graded beds
Observations –
Bed type 3 is characterised by a sharp, continuous to discontinuous, planar to wavy, erosional base overlain by a normally graded profile displaying a tripartite microstratigraphy (A, B and C) (Fig. 4). The lower subdivision (A) consists of coarse-grained mudstone, and exhibits a continuous to discontinuous base and occasionally displays low-angled laminations. The middle subdivision (B) consists of planar-parallel, normally graded medium mudstone laminations. The upper subdivision (C) consists of ungraded fine mudstone and is commonly moderately bioturbated (BI: 3). Discontinuous bed bases are a result of bioturbation disruption. Beds range in thickness from 0.49 mm to 1.80 mm (n = 13), with an average bed thickness of 1.05 mm.
Interpretation –
The sharp, erosional base and normal grading with tripartite microstratigraphy suggests deposition via a waning sediment-gravity flow with three episodes of flow evolution (Macquaker et al., 2010). The erosional base and isolated pods of low-angled laminations suggest subdivision A is likely deposited as bedload transport (Schieber et al., 2007; Macquaker et al., 2010; Denommee et al., 2016). Deposition of the intercalated ungraded-graded laminations (subdivision B) is considered to reflect a change in flow regime. Similar to the second interpretation of bed type 2, dampening of the turbulent flow is produced as flocculated grains are broken up and deposited (Stow & Bowen, 1978; 1980; Macquaker et al., 2010). Repetitive cycles of this process produce periodic pulses of faster and slower flows which lead to alternating deposition of coarser and finer particles (Macquaker et al., 2010; Plint, 2014). Finally, subdivision C is considered to represent a complete waning of the flow, resulting in the rapid deposition of finest material (Macquaker et al., 2010). The tripartite microstratigraphy of bed type 3 displays similar characteristics to those described in wave-enhanced sediment-gravity flows (sensu Macquaker et al., 2010; Denommee et al., 2016). 
Bed type 4 (Bt4) - Bigradational beds 
Observations – 
Bed type 4 is characterised by a sharp, erosional base and consists of two subdivisions. The lower subdivision (A) consists of a fine mudstone base that is inversely graded into a coarse mudstone-to- very fine sandstone. The contact between the lower and upper subdivision is gradational. The upper subdivision (B) consists of normally graded coarse to fine mudstone. Wood fragments are commonly observed at the contact between subdivision A and B. Bioturbation is absent. 
Interpretation –
The bigradational motif of bed type 4 suggests deposition via a sustained, waxing-waning flow (Mulder & Alexander, 2001). The lower subdivision (A) is interpreted to represent deposition via an accelerating turbulent flow (Mulder & Alexander, 2001). The gradational contact between the two subdivisions is considered to represent the beginning of a transition into a decelerating flow as subdivision B is interpreted to be deposited via settling within a waning flow (Mulder & Alexander, 2001). The presence of wood fragments are likely to be plant remains that were transported into the basin within a river effluent flow (e.g. Mulder et al., 2002; Soyinka & Slatt, 2008; Zavala et al., 2011; Zavala & Arcuri, 2016). The characteristics of bed type 4 are similar to interpreted products of hyperpycnal flows (Mulder & Alexander, 2001; Mulder et al., 2003; Soyinka & Slatt, 2008; Zavala et al., 2011; Boulesteix et al., 2019).
Bed type 5 (Bt5) - Inversely graded beds
Observations –
Bed type 5 is characterised by a sharp, planar base (Fig. 4). It displays a fine grained mudstone basal subdivision (A) that coarsens upward into coarse mudstone with occasional very fine sand-sized grains (B) that are subrounded to subangular (Fig. 4). The bed tops are sharp and erosional. Bioturbation is typically low to moderate (BI: 0-3), and generally constrained to the basal subdivision of the bed. Beds range in thickness from 0.51 mm to 2.87 mm (n = 7), with an average bed thickness of 1.30 mm.
Interpretation –
The non-erosional base coupled with inverse grading suggests deposition via an accelerating flow (similar to subdivision A of bed type 4). The sharp erosional tops and absence of an overlying normally graded product suggests downdip bypass of mud (e.g. Stevenson et al., 2015; Poyatos-Moré et al., 2016; Boulesteix et al., 2019). Bed type 5 is therefore interpreted to represent deposition via the waxing part of a hyperpycnal flow, producing incomplete hyperpycnites (Mulder et al., 2003).
Bed type 6 (Bt6) – Planar laminated beds
Observations –
Bed type 6 is characterised by a sharp and continuous base (Fig. 4). It consists of very well to well sorted ungraded fine to medium grained mudstone with internal planar laminations (Fig. 4). Organic matter is common and bioturbation is low to moderate (BI: 0-3). Beds range in thickness from 0.63 mm to 8.54 mm (n = 35), with an average bed thickness of 2.87 mm.
Interpretation –
The dominant grain size, laminations and absence of grading suggest deposition via particles in the water column settling out of suspension (Stow & Piper, 1984; Reading, 1996). The preservation of these beds indicates that faunal activity was absent. The laminations may also represent flattened low-angle laminations deposited by bedload transport (Schieber et al., 2007; Schieber, 2016b).
Bed type 7 (Bt7) – Highly to completely bioturbated intervals
Observations –
Bioturbation is a common feature throughout the majority of thin-sections. An interval with a moderate to high bioturbation index (>3) meant sedimentary structures were overprinted by biogenic reworking and original processes of deposition could not be identified (Fig. 5A). If a bed type could not be identified laterally across the thin section due to high to complete bioturbation; the bioturbated interval was measured and assigned ‘Bt 7’. These intervals commonly display a mottled texture, poorly defined burrowing networks with occasional vertical to diagonal burrows (Fig. 5A) and spherical burrows with distinct edges (Fig. 5B). Bioturbated intervals range in thickness from 0.4 mm to 11.78 mm (n = 62), with an average thickness of 4.66 mm.
Interpretation –
The mottled texture and poorly defined burrowing networks suggest a soft/soupy substrate whereby organisms may swim (Lobza & Schieber, 1999). Vertical to diagonal burrows and spherical burrows with distinct edges are interpreted to be Skolithos and Planolites respectively and are considered to reflect periods of a slightly firmer substrate. Coarse mudstone dispersed into under and overlying beds due to burrowing organisms suggest periods of higher energy. However, identifying the processes responsible for transporting this coarser sediment to the locality could not be recognized.  
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Facies 1 (F1): Homogenous Mudstone
Field Observation – 
F1 is the most common lithofacies observed in the field and consists of dark grey to black, fine mudstone. It often appeared as the most weathered lithofacies, indicated by its fissile textures and often weathered into very thin (~1 mm) platy material. Primary sedimentary structures are uncommon and excavated samples are moderately bioturbated (BI: 3-4) and consisted of small (<0.5 cm) trace fossil assemblages. Excavated samples are black in colour and although, uncommon, ~1mm light- to dark-grey planar laminations are recognized.
Microscopic Features – 
F1 consists of a siliceous-argillaceous fine-grained mudstone matrix with common subangular to rounded, medium-sized mudstone grains, and rare coarse mudstone grains. Although typically discontinuous at the scale of a thin-section, all bed types identified are recognized in samples from this lithofacies (Fig. 6) with relatively thick bed type 6 beds (~4 mm). The coarsest mudstone grains are generally held within indistinct burrows or at bed bases. 
Interpretation – 
Dominant grain size, bioturbation intensity, presence of discontinuous beds and thick bed type 6 suggests relatively low accumulation rates in a quiescent, fully oxygenated, bottom-water environment with occasional, weak across-shelf bedload currents. The presence of planar laminated beds (Bt 6) indicates deposition via suspension settling or bedload transport (Schieber et al., 2007; Schieber, 2016b) (Fig. 6). The presence of bed types 1 to 5, albeit with common discontinuous bases, suggests occasional higher energetic events and that all types of depositional process are responsible for the deposition of mud in this lithofacies. 
Facies 2 (F2): Very Thin Bedded Mudstone (<2mm)
Field Observation – 
F2 consists of light grey to black, medium- to coarse-grained bedded mudstones. Beds are very thin (sensu Campbell, 1967), continuous to discontinuous, planar-parallel and range in thickness from 0.5 mm up to 2 mm although beds are typically ~1mm thick. Beds often show sharp, erosional bases with slightly visible weak normal grading. 
Microscopic Features –
F2 typically displays a coarser matrix, coarser beds and bioturbation is more abundant in relation to F1.  Grains are typically subangular to rounded, with a siliceous-argillaceous composition. Coarser particles are generally more angular than finer particles. Occasional low-angled, wavy laminations are observed. One small (3 mm x 1 mm) scour, exhibiting normally graded features (Bt 1) displays an apparent palaeocurrent direction to the north or south. Despite bioturbated intervals being the thickest overall, bed type 2 is the most common bed type (Fig. 6). Thin-sections examined from F2 does not display bed type 4 (Fig. 6). 
Interpretation – 
The slightly coarser nature of F2 suggests higher depositional energy than F1. Low-angled, wavy laminations may indicate an element of bedload transport but without recognition of internal low angled laminations, this cannot be proven. The presence of bed type 6 suggests boundary layer and water column energy was occasionally low enough to support deposition via suspension settling. The scour oriented perpendicular to the thin-section suggests along-shelf or oblique-to-shoreline transport. This may derive from geostrophic flows or offshore directed flows deflected by subtle seafloor topography. Discontinuous beds, interpreted to be a result of bioturbation suggests faunal activity was abundant.
Facies 3 (F3): Very Thin to Thin Bedded Mudstone (>2mm)
Field Observation – 
F3 consists of predominantly light grey to occasionally black, siliceous-argillaceous, coarse-grained bedded mudstones. Beds are continuous, planar-parallel and range from 2 mm to 4 mm thick with an average bed thickness of 2.5 mm. Beds frequently show sharp, erosional bases with normal grading marked by contrasting colours from base and top. A faint mud-filled channel is observed between 8 m and 9 m in the Battleship Butte log by identifying slightly curved and onlapping laminations onto an interpreted channel margin.
Microscopic Features –
F3 displays the coarsest matrix (medium- to coarse-grained mudstone). Beds are commonly continuous and can be regularly traced laterally in thin-section. Grains are typically subangular to subrounded with a siliceous-argillaceous composition. Only bed types 1, 2 and 3 are identified, with bed type 2 being the most abundant (Fig. 6). Bioturbated intervals account for 70% of the cumulative thickness of thin-sections. 
Interpretation – 
The coarse-grained nature of F3 suggests the highest energy conditions of the mudstone-dominated lithofacies. The absence of bed type 6 suggests boundary layer and water column energy was too high to support deposition via suspension settling. The cumulative thickness of bioturbated intervals suggests there was still a considerable amount of post-depositional reworking of sediment by faunal activity. However, faunal activity appears to be constrained to intervals between event beds as the lateral continuity of beds is greater in F3 when compared to samples from other lithofacies (F1 and F2). The cut of the mud-filled channel suggests an element of north-south transport but the outcrop orientation means the true transport direction cannot be ascertained.
Facies 4 (F4): Cemented Mudstone 
Field Observation – 
Cemented horizons are a common feature in the coeval Mancos Shale deposits to the Aberdeen Member, and are orange to yellow in colour. The measured sections present two forms of these cemented horizons: (1) laterally continuous horizons that can be traced throughout Battleship Butte, Blue Castle and neighbouring canyons and (2) laterally discontinuous horizons. In both cases, cemented horizons ranged in thickness from 20 cm to 50 cm. These cemented horizons have a hard, blocky centre and show faint horizontal laminations towards the base and top that weather into very thin platy material (similar to the weathering of F1) and commonly display variable thicknesses (+/- 10 cm) when traced laterally. 
Microscopic Features –
F4 displays a yellow to occasionally orange, carbonate-cemented, fine mudstone. The finest matrix is observed in samples from F4 and grains are often <10µm in diameter. Bed type 6 is the thickest and most abundant with bed type 1 the most common event-bed (Fig. 6). Medium grained muds are present in the waning flow event-beds (Bt 1 to 3). Bioturbated intervals are rarer and the cumulative thickness is lower than previous lithofacies (F1, F2 and F3). 
Interpretation – 
The fine-grained nature, abundance of bed type 6, uncommon waning flow event beds and limited bioturbation suggests low accumulation rates in a quiescent, dysoxic, bottom-water environment with rare across-shelf flows. The carbonate-cement is interpreted to be of early diagenetic origin (e.g. Taylor & Macquaker, 2014) formed in relatively cool (~20˚C) and quiet bottom water environments (Klein et al. 1999). 
Facies 5 (F5): Bedded Sandstone
Field Observation – 
F5 consists of pale to light-grey, siliceous-argillaceous, very fine- to fine-grained sandstones. Bed thicknesses range from 0.5 cm to 2 cm and are commonly ~1 cm thick. The sandstone lithofacies can be characterised by two bedforms: (1) symmetrically rippled very fine to fine grained sandstones capping weak inversely graded beds from coarse-grained mudstone. Symmetrical ripples recognised towards the top of the logged successions displayed symmetrical internal laminations; (2) erosional base, weak normally graded fine sandstone to coarse mudstone beds with internal low angled laminations, ripples and planar laminations. The symmetrical rippled sandstones (bedform 1) capped parasequence 4 whereas the normally graded sandstones (bedform 2) are observed in parasequences throughout the measured sections (Fig. 7). 
Interpretation – 
F5 is the coarsest facies identified in the field. The erosional base and normal grading of bedform 2 suggest deposition via a turbidity current with later wave reworking as the internal features (low-angled laminations and ripples) suggest wave action (Myrow & Southard, 1991; Myrow et al., 2002). The sedimentary features in bedform 1 suggest boundary layer sediment was reworked by wave activity above the storm-weather wave base (SWWB) and near the sand wave base (e.g. Plint, 2014). 
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Description –
The bases of the measured sections are defined by isolated, 40 cm thick, sandstone-filled channel deposits at Battleship Butte (BB) and Blue Castle (BC) (Fig. 7 to 9) which contain shell fragments at BB. The channel-fills are overlain by small-scale coarsening-upward packages that range in thickness from 0.25 m to 6.1 m and commonly begin with F1, overlain by F2 and capped by F3, but are occasionally capped by F2 or F5 (Fig. 7). These smaller-scale packages coarsen-upward into larger-scale coarsening-upward packages that are bounded by laterally extensive cemented mudstones (F4) (Fig. 7). Through a combination of binocular observations and photomontage examinations, the laterally cemented mudstone lithofacies (F4) can be correlated across the measured sections indicating larger-scale coarsening-upward packages can be correlated across the measured sections with a high degree of confidence. Both measured sections displayed five large-scale coarsening-upward packages. Packages 1 and 2 are the thickest; package 1 at 12.30 m (BB) and 12.95 m (BC) and package 2 measured at 15.70 m (BB) and 13.45 m (BC). Packages 3 and 4 are thinner with package 3 measured at 8.85 m (BB) and 7.75 m (BC) and package 4 at 6.10 m (BB) and 6.75 m (BC). The capping large-scale package is characterised by fining- and thinning-upward packages (Fig. 7). Field observations indicate the highest bioturbation intensity at the bases of the coarsening upward packages (F1), generally becoming weaker upwards. 
Interpretation – 
The repeated, well organised stacking of lithofacies into coarsening upward packages are interpreted to represent bedsets (sensu Campbell, 1967). The stacking pattern of lithofacies is considered to reflect a change from low energy, quiet conditions (F1) into higher energy conditions for deposition of F2 and F3. The stacking of bedsets are interpreted to form parasequences. To delineate between bedset and parasequences boundaries, laterally extensive cemented mudstone horizons (F4) are used. Due to the laterally extensive nature of the cemented mudstone lithofacies (F4), F4 is interpreted to represent the offshore stratigraphic expression of marine flooding surfaces (Van Wagoner et al., 1990) and mark the base of each parasequence as they are regionally correlatable. The measured sections are characterised by two progradational parasequence sets (PS 1/2 and PS 3/4) (Fig. 10) and one retrogradational parasequence (PS5). The simplest explanation for these interpretations would be transgressive and regressive cycles which control the formation of parasequences. 
Parasequence Set 1 (Parasequences 1+2): Storm/Wave Dominated with Fluvial Influence
All bed types (Bt 1 to 6) are identified in samples from parasequence set 1. The abundance of bed types 1, 2 and 3 suggest deposition occurred in a storm-wave dominated shallow-marine regime (Bohacs et al., 2014). The results from this study concur with findings from Kamola & Huntoon (1995) and Charvin et al. (2010) who both interpreted a wave-dominated coastline in oblique updip, time-equivalent coastal- to shoreface strata. However, the identification of interpreted complete and incomplete hyperpycnites (Bt 4 and 5) suggest fluvial influence played a role in the transport and deposition of mud in the study area. In the oblique, updip coastal- to-shoreface strata, Kamola & Huntoon (1995) and Charvin et al. (2010) identified fluvial sandstone deposits suggesting fluvial sources were present in the region and that a fluvial source directly updip from this locality is possible. Furthermore, the absence of wave-rippled deposits and minor amount of sand suggests the measured localities were below the SWWB at time of deposition. The presence of a mud-filled channel and stacked thin (3cm) inversely graded bedsets (Fig. 7) suggests the Battleship Butte locality was subjected to higher energetic flows when compared to Blue Castle (Fig. 10A). 
Parasequence Set 2 (Parasequences 3+4): Storm/Wave Dominated
The abundance of bed types 1, 2 and 3 and absence of bed types 4 and 5 suggest deposition occurred in a storm-wave dominated shallow-marine regime (Bohacs et al., 2014). The absence of interpreted hyperpycnite deposits is expected to reflect a change from fluvial processes influencing downdip deposition to storm-wave processes controlling deposition in the study area. The coarser-grained nature and wave-rippled sandstones in parasequence set 2 suggest an overall shallowing from parasequence set 1 and final deposition above the SWWB (Fig. 10B). The overall coarser nature of Blue Castle and abundance of planar laminated beds in Battleship Butte measured sections (Fig. 7 to 9) suggests the proposed channel delivering sediment towards Battleship Butte in parasequence set 1 has avulsed and deposited material towards Blue Castle during deposition of parasequence set 2 (Fig. 10).





DISCUSSION
Mud transport and deposition in shallow-marine environments
Petrographic analysis of samples from distal deposits of the Aberdeen Member led to the identification of a variety of graded beds (Bt 1 to 5) and planar laminated, ungraded beds (Bt 6). These beds are interpreted to be the products of a range depositional processes including fluvial effluence, gravitational collapse and wave-induced flows. Each of these processes is considered to play a significant role in the distribution and redistribution of mud in the Western Interior Seaway and other shallow-marine environments (Macquaker & Taylor, 1996; Mulder & Alexander, 2001; Macquaker & Bohacs, 2007; Schieber et al., 2007; Plint et al., 2009; Macquaker et al., 2010; Schieber, 2016a; amongst others). 
The majority of clastic sediment is transported via fluvial systems to marine basins with the bulk of sediment deposited at river mouths where deltas build outward into the basin. Unstable deltas often collapse due to depositional oversteepening or seismicity resulting in the triggering of debris flows and surge-type turbidity currents (Pattison, 2005; Edwards et al., 2005a). During extended rainfall periods, a proportion of this sediment is transported directly into the basin via turbulent hyperpycnal flows with the products of these flows typically displaying a symmetrical ‘energy’ profile with an inversely graded basal section overlain by a  normally-graded upper division (Fig. 4 – Bt 4) (Mulder & Alexander, 2001). These bigradational deposits are considered to record the rise and fall of discharge of a flooded river system (Mulder & Alexander, 2001; Mulder et al., 2003) and are observed in shallow to deep-marine settings (e.g Soyinka & Slatt, 2008; Zavala et al., 2011; Boulesteix et al., 2019). In some cases, the full bigradational profile is not preserved as flow velocity is either too high or low; this results in incomplete hyperpycnites (Fig. 4 – Bt 5) (Mulder et al., 2003). The identification of interpreted complete and incomplete hyperpycnite beds (Bt 4 and Bt 5) within the studied succession suggests that fluvial processes may have played a key role in the transport and deposition of mud in this setting. 
Bed type 2 may be interpreted as two separate events but the repeated observation of an ungraded fine interval with outsized particles overlying a faint normally graded interval suggests deposition by two flows within the same depositional event. Although thinner and finer, these coarse-fine partitioned beds display similar characteristics to the linked turbidite-debrite model proposed by Haughton et al. (2003) in coarser grained systems. Here, the segregation is interpreted to be a result of deposition via an initial turbidity current followed by the deposits of a debris flow (Haughton et al., 2003). Due to their similar characteristics, these beds are proposed to be deposited by the same two-part process. This study therefore suggests that this process, commonly observed in deep-water systems (Konitzer et al., 2014; Boulesteix et al., 2019), may also be common in shallow-marine mudstone-dominated environments. The initiation process of these flows cannot be determined but they may be initiated by storm wave action or be the distal part of a flow induced by delta front instability. Wave-enhanced sediment-gravity flows (WESGFs) similar to those recognised in other ancient (Friedrichs & Wright, 2004; Macquaker et al., 2010) and modern deposits (Denommee et al., 2016) have been identified in collected samples (Fig. 4 – Bt 3). However, the paucity of these beds with respect to bed type 2 may be explained by their initiation locations and/or offshore reach of these flows. Although WESGFs are capable of transporting sediment on gradients as low as 0.5 m km-1 (Macquaker et al., 2010) they would need steeper gradients than, for example, flows initiated by intense wave-action or storm activity (Schieber, 2016a). This may suggest the triggering mechanism for bed type 2 contains greater initiation energy than the interpreted wave-induced flows of WESGFs. Therefore, the offshore reach of WESGFs would likely be less than that of higher energy flows and thus explain their paucity in this distal setting. 
Absence of composite particles (e.g. clasts and floccules)
Many recent shallow-water mudstone studies suggest that flocculated mud grains are abundant in mud-dominated settings and are commonly transported as bedload (Macquaker & Bohacs, 2007; Schieber et al., 2007; Plint et al., 2012; Schieber, 2016b). These loosely bound flocculated grains commonly form an unconsolidated low-density ‘fluff’ before consolidating into cohesive sediment through time (Plint et al., 2012). Partial consolidation likely occurs over seasonal to annual time scales and complete consolidation over decade to century timescales (Plint et al., 2012). Importantly, once in a partially consolidated state, this sediment is significantly more cohesive than the original ‘fluff’ layer and subsequently more resistant to erosion (Lundkvist et al., 2007; Plint et al., 2012). Consequently, if storm activity or sediment-gravity flows disturb seafloor sediment, they will likely erode clasts from the partially consolidated layer and redistribute as intraclasts (Plint et al., 2012). In contrast, flocculated grains held in the ‘fluff’ layer are likely disaggregated and resuspended in the flow (Wright & Friedrichs, 2006; Grabowski et al., 2011). 
In samples collected and analysed in this study, there is no evidence of flocculated grains. This suggests the conditions needed to enable flocculation were not present (i.e. water chemistry, mineralogy, mud concentration, turbulence intensity or grain size etc; Schieber et al., 2007) and that, the top ‘fluff’ layer may not have been present for a sufficient time to produce the more resistant, partially consolidated layer. In modern settings, grains flocculate during summer months, when energy is low, and break up into their constituent particles during winter months when energy is relatively greater (Chang et al., 2006). The abundance of event-beds recognized and the rarity of prolonged suspension fallout periods from both measured sections (Fig. 8 and 9) suggests that if grains had bound together and formed the ‘fluff’ layer, they were likely broken up during the deposition of energetic event beds (Bt 1 to 5) resulting in the absence of composite particles (e.g. clasts and floccules). 
The role of biogenic modification
Mudstone depositional environments are very likely to be bioturbated if oxic to dysoxic conditions are present (Bhattacharya & MacEachern, 2009). Poorly defined burrow networks, mottled textures and dispersion of coarse and fine mudstone into underlying and overlying beds are indicative of a soft/soupy substrate (Lobza & Schieber, 1999) but the minor presence of Skolithos and Planolites burrows indicate only limited periods of slightly firmer substrates. The general homogenisation and lack of distinct burrows indicate that organisms rarely burrowed and often swam in a muddy soupy substrate (Lobza & Schieber, 1999; MacEachern et al., 2005; Bhattacharya & MacEachern, 2009). Field analysis indicates the highest bioturbation intensity is at the bases of bedsets (homogenous mudstone, F1) and decreased upwards. The cumulative thickness of bioturbated intervals appears fairly equal throughout each lithofacies within bedsets and the lateral continuity of beds generally increases upward (Fig. 6). Therefore the lateral continuity of beds may be used as a tool for identifying changing boundary layer conditions and the periodic change between soft/soupy substrates to firmer substrates, even at microscale. 
[bookmark: _Toc13041364][bookmark: _Toc13041358]Intraparasequence and Parasequence Architecture: evidence for seafloor topography
Bedsets and parasequences in offshore settings are often difficult to identify in the field due to their basinward fining and thinning (Van Wagoner et al., 1990). In this study, bedsets that stack to form five parasequences (Fig. 7 to 9) which are interpreted to have been largely controlled by relative sea-level fluctuations (Van Wagoner et al., 1990; Kamola & Huntoon, 1995; Kamola & Van Wagoner, 1995; O’Byrne & Flint, 1995; Hampson et al., 2001; Charvin et al., 2010; amongst others). Whilst parasequences can be confidently correlated between the two measured sections (and much farther), bedsets cannot because of their varying quantity and thicknesses (Fig. 7 to 9). This suggests that bedsets can be highly variable at scales less than 2 kilometres which has important implications for the correlation of shallow-marine successions (Hampson et al., 1999).
A possible explanation for the intraparasequence variabilitymay be a result of subtle variations in seafloor topography. Many studies have proposed that subtle seafloor topography influenced the deposition of the Western Interior succession through the Turonian, Coniacian and Santonian (Martinson et al., 1998; Edwards et al., 2005a; 2005b; Merewether and Cobban, 1986; Schwartz and DeCelles, 1988; Heller et al., 1993). The tectonic deriver for these changes in seafloor topography have been ascribed to both Sevier tectonism (Merewether and Cobban, 1986) and early initiation of the Laramide uplift (Schwartz and DeCelles, 1988). Mud-laden flows, with flow column heights less than the surrounding seafloor topographic highs, would preferentially follow the lows before flow velocity decreases and results in deposition of mud within these subtle topographic lows (Fig. 11). The products of these flows (beds) would stack vertically before the channel delivering sediment avulses (Fig. 11). The depositional stacking of these beds may mirror the compensational stacking of deep-water lobes commonly observed on basin floors (Mutti and Sonnino, 1981; Prélat et al., 2009) but on a smaller and finer-grained scale. 
The presence of variable thickness (+/- 10cm), laterally continuous cemented horizons and discontinuous cemented horizons (cemented mudstone, F4) (Fig. 7-9) may provide evidence for this proposed subtle seafloor topography (Fig. 11 and 12). Microstratigraphic analysis of all samples collected from cemented mudstone horizons reveals an abundance of beds interpreted to be deposited by suspension settling (Bt 6) and very few normally-graded beds related to dilute turbidity currents (Bt1) (Fig. 6). Therefore, these cemented mudstone horizons (Fig. 7-9) are interpreted to be associated with the lowest sediment accumulation rates (Fig. 12) as a result of coarse mud and sand grade material being trapped up dip at times of increased accommodation. In contrast, discontinuous cemented mudstone horizons are not interpreted to represent widespread low sediment accumulation rates, even though they also contain an abundance of interpreted suspension settling beds. Instead, the formation of discontinuous cemented horizons is attributed to sediment starvation on subtle sea floor highs, with continued dilute turbidity current activity in adjacent lows (Fig. 11 and 12). Here, slightly elevated topography would remain relatively undisturbed by mud-laden flows that would follow the topographic depressions, allowing particles to settle out of suspension onto the minor topographic highs (Fig. 10). The mineralogy within these cemented mudstone horizons indicates development over prolonged periods of time and close to the sediment-water interface (Taylor & Macquaker, 2014). Therefore, their formation is interpreted to be a result of raised topography undergoing early diagenesis at the sediment-water interface for a prolonged period (Fig. 11 and 12).
Subtle seafloor topography has already been interpreted to be present in the study area during deposition of the Aberdeen and Kenilworth Members. Pattison et al. (2007) identified numerous mudstone encased sand-filled channel deposits passing through the studied region within a 30 km wide belt, running orthogonal to the palaeoshoreline and trending in a WNW-ESE direction. These sand-filled channels have been linked with tectonic pulses during the Campanian (Pattison et al., 2007). These pulses likely amplified fluvial activity due to increased elevation and erosion resulting in a greater abundance of submarine channels in front of fluvial systems (Pattison et al., 2007). If the 30km wide belt was tectonically controlled, it is likely that smaller-scale topographical variations were present which influenced the stacking of mud-dominated beds and bedsets. This study therefore suggests that subtle seafloor topography may have an important impact on flow processes and stacking patterns in the studied shallow-marine mudrock succession. 
[bookmark: _Toc13041365]CONCLUSIONS
In this study of mudrocks from the down-dip Aberdeen Member, five lithofacies have been described from extensive outcrops: 1) homogenous mudstone (F1), very thin bedded mudstone (F2), very thin to thin bedded mudstone (F3), cemented mudstone (F4) and bedded sandstone (F5) which stack to form bedsets. Detailed micro-scale sedimentological analysis of samples from these lithofacies has recognised six bed types (Bt 1-6) which have been interpreted to represent a range of depositional processes including turbidity currents (Bt1), linked turbidity current-debris flows (Bt2), wave-enhanced sediment-gravity flows (Bt3), hyperpycnal flows (Bt 4 and 5) and suspension settling (Bt6). Although bioturbation intensity weakens upwards within bedsets, thin-section analysis shows that bioturbation intensity displays a similar amount of biogenic modification within each lithofacies. However, grain-size generally coarsens-upward and the lateral continuity of beds/laminations increase upward. Bedsets stack to form parasequences which are bounded by marine flooding surfaces. 
Parasequences can be correlated across distances of greater than two kilometres with a high degree of confidence. However, bedsets show considerable spatial and temporal variability which has been interpreted to be the result of subtle seafloor topographical variations interpreted to be created by continued Sevier tectonism or early pulses of the Laramide uplift. Mud-laden flows likely followed topographic lows and deposited mud within these confined topographic lows as velocity reduced. The beds deposited from these flows stack vertically before the channel delivering sediment avulses and deposits mud in adjacent accommodation. This is interpreted to mirror the compensational stacking of deep-water lobes commonly observed on basin floors but on a smaller and finer-grained scale. The abundance of beds deposited from energetic flows (Bt1-5) suggests this ancient mud-dominated shallow-marine environment was largely energetic and these depositional processes play a crucial role in the transport and deposition of mud in shallow-marine settings globally. Consequently, it is important to acknowledge the temporal and spatial sequence stratigraphic and sedimentological variability of mudstones from hectometre- to kilometre-scale when correlating mudstones in cores and in outcrop. 
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Tables
	[bookmark: _Ref11683430]Grain Size
	Terminology - (This Study – based on Lazar et al., 2015)
	Terminology - (Previous studies using Clay/Silt)
	Grit Test Field Parameters

	<10µm
	Fine mud
	Clay to very fine silt
	Not gritty

	10-32µm
	Medium mud
	Fine to medium silt
	Slightly gritty

	32-62.5µm
	Coarse mud
	Coarse silt
	Very gritty

	62.5-125µm
	Very fine sand
	Very fine sand
	Observable in h/lens

	125-250µm
	Fine sand
	Fine sand
	Observable in h/lens


Table 1. Parameters used for grain size identification in petrographic and field analysis. h/lens = hand lens.
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[bookmark: _Ref11682820]Figure 1. (A) Western North America palaeogeography during the Middle Campanian (adapted from Blakey, 2014). The Western Interior Seaway extended from present-day subtropical Gulf of Mexico to the south to the Polar Ocean in the north. The Sevier Orogenic Belt developed along the western margin of Laramidia. (B) Palaeogeography during the Middle Campanian. The white rectangle represents the study area presented in this study (adapted from O’Byrne & Flint, 1995). 
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Figure 2. Location maps of the study area. (A) Utah location within the USA. (B) Study area in relation to Utah. The black box represents the location of the Book Cliffs and the blue line represents the approximate location of Fig. 3 transect. (C) Book Cliffs outline and canyon names. (D) Zoomed in map of Beckwith Plateau. Red dots indicate measured sections at Battleship Butte (BB) and Blue Castle (BC). 
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Figure 3. Blackhawk Formation stratigraphic framework and nomenclature (adapted from Hampson et al., 2001; Pattison et al., 2007). The blue line in Fig. 2B represents the approximate location of this transect which is oriented from Price (Utah) to the Utah/Colorado border. Abbreviations refer to Blackhawk Formation member names: SC = Spring Canyon, AB = Aberdeen, K = Kenilworth, S = Sunnyside, G = Grassy, D = Desert, C = Castlegate, SB = Sequence Boundary. The purple line represents the stratigraphy presented in this study.
[image: ]
Figure 4. (Part 1). Thin section photographs, graphic log and observations for the individual bed types identified in thin section. TD = Transport direction (interpreted from orientation of cut samples). Bed type 1: Unipartite normally graded mudstone - note the absence of abrupt grain size changes and the fairly uniform grading of this bed type. Bed type 2: Bipartite normally graded mudstone - note the abrupt grain size change and the presence of internal graded/ungraded laminations. Bed type 3: Tripartite normally graded mudstone - note the three-part microstratigraphy. *Note the different scales of the microphotographs and graphic logs. 
[image: ]
Figure 4. (Part 2). TD = Transport direction. Bed type 4: Bigradational mudstone - note the gradational contact between the normally graded and inversely graded motifs. Bed type 5: Inversely graded mudstone - note the erosional tops of the beds which are interpreted to indicate sediment bypass. Bed type 6: Planar laminated mudstone - note the coarser (medium mud-sized grains) planar laminations. *Note the different scales of the microphotographs and graphic logs.
[image: ]
Figure 5. Thin-section photographs of common types of bioturbation observed in the succession. (A) Biogenic modification often severely disrupted sediment and completely overprinted primary sedimentary features. Possible mantle and swirl features (yellow outlines) and diagonally oriented burrows may be Skolithos (white outline). (B) Spherical burrows attributed to Planolites are the most common trace fossil observed in the succession. *Note the different scales of the thin-section photographs.
[image: ]
Figure 6. Schematic drawings summarizing the main microscopic sedimentary features observed in each lithofacies. Note, lighter background colour indicates a coarser matrix, N = number of bed types counted. F1: Homogenous mudstone – biogenic modification commonly disrupts bed bases resulting in an abundance of discontinuous beds. F2: Very thin-bedded mudstone – lateral continuity of beds increase and planar laminated beds are absent. F3: Very thin to thin bedded mudstone – lateral continuity of beds increase once more and only waning flow beds (Bt 1, 2 and 3) are present. F4: Cemented mudstone – The finest grained lithofacies identified and displayed abundant planar laminated beds in thin section.
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Figure 7. Photomontage of Battleship Butte to Blue Castle. Battleship Butte and Blue Castle photos inset display parasequence architecture of the Aberdeen Member. Both measured sections are displayed with interpreted lithofacies (Lf). This correlation panel indicates parasequence bounding surfaces can be correlated across the measured sections but intraparasequence features cannot (parasequence nomenclature taken from Kamola & Huntoon, 1995).
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Figure 8. Battleship Butte measured section with interpreted lithofacies, approximate field BI and parasequence numbers. Thin-section thickness and number of beds counted are shown with pie charts showing the relative abundance and cumulative thickness of bed types identified in thin-section. PS = Parasequence number (see Fig. 7 to correlate with parasequence names). 
[image: ]
Figure 9. Blue Castle measured section with interpreted lithofacies, approximate field BI and parasequence numbers. Thin-section thickness and number of beds counted are shown with pie charts showing the relative abundance and cumulative thickness of bed types identified in thin-section. PS = Parasequence number (see Fig. 7 to correlate with parasequence names).

[image: ]
Figure 10. Schematic 3D depositional models for the storm/wave dominated offshore coeval deposits of the Aberdeen Member with rugose seafloor topography. (A) Parasequence set 1 (PS 1+2): the presence of bed types 4 and 5 suggests river effluence contributed to mud transport during deposition of parasequences 1 and 2. Outcrop-scale features suggest sediment was funnelled towards Battleship Butte. (B) Parasequence set 2 (PS 3+4): Absence of bed types 4 and 5 suggests mud transport and deposition via river discharge had ceased or avulsed. Planar laminated beds (Bt 6) become less common suggesting higher energetic environment compared to parasequences 1 and 2. 
[image: ]
Figure 11. Schematic diagram displaying rugose seafloor topography. Here, flows will follow topographic lows and sequentially deposit finer sediment in areas of accommodation as flow velocity weakens. Flows will likely deposit material in lobate features that compensationally stack to form bedsets resulting in the depositional architecture observed in the field (numbers refer to the relative timing of channel avulsion resulting in the stacking of beds into bedsets observed). Areas of raised seafloor will likely remain undisturbed by these flows and may undergo early diagenesis resulting in the formation of discontinuous cemented intervals. *Note the high vertical exaggeration. 
[image: ]
Figure 12. Proposed model for the formation of continuous and discontinuous cemented horizons and stacking pattern of bedsets and parasequences. (A) If flow heights are smaller than the surrounding elevated topography, muddy flows preferentially follow topographical lows. Topographical highs remain undisturbed and undergo early diagenesis. (B) Mud-laden flows continue to deposit in topographic lows resulting in a relatively flat seafloor. (C) Relative sea-level rise results in lower boundary layer energy with suspension settling and low energetic flows filling subtle accommodation. Contemporaneously, the relatively flat seafloor undergoes early diagenesis forming laterally extensive cemented horizons. Due to the interpretation of sea-level rise, abundance of beds deposited by suspension settling and paucity of energetic flows, these cemented horizons are interpreted to represent the stratigraphic expression of marine flooding surfaces. *Note, bedset thicknesses are exaggerated to display the patterns in which they stack and also note the 3x vertical exaggeration for water depth with respect to seafloor thickness. 
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Thin Section

Graphic Log

Observations

Bed Type 1
Unipartite Normally

Graded Beds

® Sharp, continuous to discontinuous,
planar to occasionally wavy, erosional
base.

® (A) Beds generally grade from coarse-
grained mudstone to fine-grained
mudstone with no abrupt grain size
alterations.

® Bioturbation increases upward but
occasionally disrupts base resulting in
discontinuous beds.

Bioturbation Index: 0-3

Bed Type 2
Bipartite Normally

Graded Beds

® Sharp, continuous to discontinuous,
planar, erosional-scoured base.

® Rapidly gradational displaying bipartite
organisation (A & B).

e (A) Basal section shows faint normal
grading with occasional
graded/ungraded planar laminations.

e (B) Abrupt grain-size change into
capping fine-grained mudstone
containing ‘floating’ coarser particles.

e Both intervals occasionally contain
wood debris.

Bioturbation Index: 0-3

Bed Type 3
Tripartite Normally

Graded Beds

® Sharp, continuous to discontinuous,
planar to wavy, erosional base.

® Normally graded profile displaying
tripartite organisation (A, B & C).

e (A) Continuous to discontinuous
coarse-grained mudstone base with
occasional low-angled laminae.

® (B) Series of stacked, faint,
intercalated ungraded-graded planar
laminae.

® (C) Bioturbated (BI: 4) fine-grained
material.

Bioturbation Index: 0-3





image5.png
Thin Section Graphic Log Observations

Bed Type 4
Bigradational Beds

e Sharp, continuous, erosional to non-
erosional base.

e Consists of two subdivisions (A & B).

e (A) Inversely graded, fine-grained to
coarse-grained mudstone.

® (B) Normally graded, coarse-grained
to fine-grained mudstone.

® Wood debris common in coarser
intervals.

Bioturbation Index: 0-2

Bed Type 5
Inversely Graded Beds

® Sharp, discontinuous, non-erosional
base.

® (A) Inversely graded, fine- to coarse-
grained mudstone.

® (B) Coarse-grained mudstone with
occasional v.fine sandstone grains.

® Coarsest grains are generally sub-
rounded to sub-angular.

® Erosional tops.

® Bioturbation generally constrained to
the basal section.

Bioturbation Index: 0-3

Bed Type 6
Planar Laminated Beds

® Sharp, continuous, non-erosive base.

® Very well to well sorted fine-grained
mudstone.

e Laminations of medium-grained
mudstone common.

e Beds are generally 4-10mm thick.

® Bioturbation common but not
intense.

® Very common in Cemented
Mudstone facies (F4).

Bioturbation Index: 0-3
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Microscopic Features

Observations

Bed Type 7
Bioturbated Mudstone

e Sediment intensely reworked by burrowing and
swimming organisms commonly displaying a
mottled texture (A).

e Characterised beds (Bt 1-6) could not be identified
in bioturbated intervals.

e Vertical and diagonal burrows (A - dashed white
line).

® Mantle and swirl features (B - dashed yellow line).

e Poorly defined burrow network (A) but occasional
spherical burrows identified with distinct edges (B).

Bioturbation Index: >3
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