The sedimentology of an ephemeral fluvial–aeolian succession
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ABSTRACT
Ephemeral fluvial systems are commonly associated with arid to semi-arid climates. Although their complex sedimentology and depositional settings have been described in much detail, depositional models depicting detailed lateral and vertical relationships, and interactions with coeval depositional environments, are lacking compared to well-recognized meandering and braided fluvial systems. This study critically evaluates the applicability of current models for ephemeral fluvial systems to an ancient arid fluvial example of the Lower Jurassic Kayenta Formation of the Colorado Plateau, USA. The study employs detailed sedimentary logging, palaeocurrent analysis and photogrammetric panels across the regional extent of the Kayenta. A generic model that accounts for the detailed sedimentology of a sandy arid ephemeral fluvial system (drawing upon both ancient and geomorphological studies) is developed, along with analysis of the spatial and temporal interactions with the aeolian setting. Results show that the ephemeral system is dominated by laterally and vertically amalgamated, poorly channelized to sheet-like elements, with abundant upper flow regime flat beds and high sediment load structures formed between periods of lower flow regime conditions. Through interaction with a coeval aeolian system, most of the fluvial deposits are dominated by sand-grade sediment, unlike many modern ephemeral fluvial systems that contain a high proportion of conglomeratic and/or finer grained mudstone and siltstone deposits. During dominantly fluvial deposition, high width to thickness ratios are observed for channelized and sheet-like elements. However, with increasing aridity, the aeolian environment becomes dominant and fluvial deposition is restricted to interdune corridors, resulting in lower width to thickness ratio channels dominated by flash-flood and debris-flow facies. The data presented here, coupled with modern examples of ephemeral systems and flood regimes, suggest that ephemeral flow produces and preserves distinctive sedimentological traits that can not only be recognized in outcrops, but also within core. 
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[bookmark: _Hlk18441009]INTRODUCTION
Many arid continental basins comprise a sedimentary fill that records the activity of both fluvial and aeolian environments. The preserved deposits from each individual environment have been studied in great depth, along with the sedimentary interactions between the deposits of coeval depositional systems (e.g. Langford, 1989; Langford & Chan, 1989; Herries, 1993; Veiga et al., 2002; Al-Masrahy & Mountney, 2015; Reis et al., 2019; Formolo Ferronatto et al., 2019). In many cases, these relationships can be related to a cyclo-stratigraphical framework based upon a climatic control (Howell & Mountney, 1997; Mountney & Jagger, 2004; Hassan et al., 2018; Soares et al., 2018; Xu et al., 2019). 
The fluvial components of arid continental basins may be either ephemeral or perennial in nature, and can be influenced strongly by climate (Mather, 2007; Hooke, 2016) amongst a number of other factors. Depositional facies models have long been used to aid our understanding of these sedimentary systems and processes by combining data from both ancient and modern systems (Reading, 1978, Walker, 1979; 1984). Recent advancements have focused on quantifying such models in terms of statistics pertaining to physical dimensions and distributions of elements they contain, and therefore the distribution of sediments and sediment properties, at multiple scales (Colombera et al., 2013; Colombera & Mountney, 2019), to provide valuable data for subsurface prediction (Walker, 1984; 2006). 
However, despite detailed studies of ephemeral fluvial systems from within the rock record (e.g. Bromley,1991; North & Taylor,1996; Gulliford et al., 2014; Bachmann & Wang, 2014; Lowe & Arnott, 2016; Bartz et al., 2017; Horn et al., 2018) and from present-day settings (e.g. Thomas et al., 1997; Tooth, 2005; 2013; Sutfin et al., 2014; Goudie & Viles, 2015; Jaeger et al., 2017; Billi et al., 2018; Carling & Leclair, 2019; Lima & Lupinacci, 2019; Colombera & Mountney, 2019), detailed three-dimensional facies models for ephemeral systems are appreciably fewer in number and are less developed compared to those of their meandering and braided fluvial counterparts. In particular, comparatively fewer models depict detailed lateral and vertical variations in architectural elements and the nature of interactions with sediments of competing and coeval dispositional systems compared to models for other fluvial settings. 
This study critically evaluates the applicability of current sedimentary models for ephemeral fluvial systems to an ancient dryland fluvial example, and demonstrates the impact of aeolian interactions upon sedimentary architecture of the preserved deposits. The Lower Jurassic Kayenta Formation of the Colorado Plateau, USA, (Fig. 1), is used as a field case study, because it comprises the preserved deposits of an ephemeral fluvial system with minor perennial influxes and interactions with deposits of an aeolian system. Comparisons can be drawn with modern dryland systems [for example, the Luni River (Carling & Leclair, 2019)], ancient systems [for example, the Tacuarembó Formation (Amarante et al., 2019)] and the Kayenta can be considered analogous to several North Sea reservoirs [for example, the Leman Sandstone (Glennie & Provan, 1990)]. Consequently, the study has the potential to illustrate generic concepts in the understanding of ephemeral fluvio–aeolian systems. To that end, the work will: (i) document in detail the sedimentary architecture of the ephemeral fluvial–aeolian Kayenta Formation, from its proximal setting in south-eastern Utah to its distal setting in north-western Arizona; (ii) describe the characteristic spatial interactions between the ephemeral-fluvial and aeolian deposits at multiple scales; (iii) develop a generic facies model that illustrates the detailed sedimentology of an ephemeral fluvial system (drawing upon both ancient and geomorphological studies), along with the spatial and temporal interactions with aeolian settings; and (iv) compare the detailed sedimentology of the Kayenta to core from the Leman Sandstone of the Southern North Sea Gas Basin to illustrate generic applicability of the developed model.
BACKGROUND
Ephemeral fluvial systems are commonly associated with arid to semi-arid climates (Tunbridge, 1981; 1984; Billi et al., 2018; Colombera & Mountney, 2019), are characterized typically by seasonal to strongly intermittent discharge (Tunbridge, 1984; Horn et al., 2018; Billi et al., 2018), and are highly dependent on climatic and seasonal variations in rainfall (Mather, 2007; Hooke, 2016; Billi et al., 2018). Their large-scale architecture typically comprises unconfined sheets and low-sinuosity channels (Williams, 1971; Tunbridge, 1984; Tooth, 2000; Al-Masrahy & Mountney, 2015) with large width to depth ratios (Billi et al., 2018), that decrease in size and discharge downstream, as substantial water is lost due to evapotranspiration and infiltration into the dry, sandy substrate (Lane et al., 1971; Picard & High, 1973; Tunbridge; 1984, Sutfin et al., 2014). Most sandy ephemeral fluvial systems are endorheic and terminate within muddy flood plains or ephemeral lakes (Tunbridge, 1981; Tunbridge, 1984) in the centres of continental basins, in a similar way to distributive fluvial systems (Weissmann et al., 2010; Gulliford et al., 2014; Reis et al., 2019) or terminal fluvial fans (Cain & Mountney, 2009). 
Deposition in ephemeral systems is dominated by unconfined sheet-like flows and large, single, flood-driven ‘scour and fill’ sedimentation, as large volumes of sediment are deposited in short periods of time (Picard & High, 1973; Jaeger et al., 2017). In addition to typical channelized Newtonian flow and its associated sedimentary deposits, periodically high concentrations of sediment result in non-Newtonian to pseudo-plastic flows, both channel-confined and unconfined in nature, that deposit dominantly structureless debris flows (Reid & Laronne, 1995; Tooth, 2000; Billi, 2011; Miall, 2013). The sediment deposited has a bimodal grain-size distribution, with a dominance of fine-grained mud/silt and coarser sediment that ranges from very coarse-grained sand to large pebbles (Dreyer, 1993; Reid et al., 1995; Billi, 2007). The conglomeratic sediment is typically poorly sorted, sub-angular to sub-rounded, contains both intra-formational and extra-formational clasts, and ranges from matrix to clast supported (Dreyer, 1993; Batezelli et al., 2019). 
With normal sediment concentrations, brief periods of supercritical flow deposit antidune cross-strata and upper flow regime plane beds, along with some rarer features including overturned cross-strata (recumbent cross-bedding) (Allen & Banks, 1972) and mudballs (Karcz, 1972; Foley, 1978). These features are typically described as the product of intermediate to high discharge variance (Fielding et al., 2018). Rapid variations in both discharge and sediment load promote preservation of these features by comparison to non-ephemeral systems where they are typically reworked into lower flow regime structures as the flow wanes.
Interactions between ephemeral-fluvial and aeolian systems can be observed in both modern environments such as the Mojave River, California (Langford, 1989), the Kuiseb River, Namibia (Thomas et al., 1997) and the Luni River, India (Carling & Leclair, 2019), and in the stratigraphical record, including the De La Cuesta Formation of north-western Argentina (Spalletti et al., 2010), the Swanshaw Sandstone Formation of Scotland (Smith et al., 2006) and the Organ Rock Formation of Utah (Cain & Mountney, 2011). In mixed fluvial and aeolian settings, a dominance of fluvial processes can affect the development of the aeolian system by: (i) eroding dunes to cause over-steepening of dune flanks and eventual collapse, resulting in transport and deposition of aeolian sediment in the fluvial system (Langford, 1989; Liu & Coulthard, 2015); (ii) reducing the sediment available for wind-blown transport during periods of high water table or episodic flooding (Fryberger & Schenk, 1988; Mountney & Jagger, 2004); and/or (iii) by completely blocking aeolian dune movement by intercepting transported sediment (Sweet et al., 1988; Muhs et al., 2003; Liu & Coulthard, 2015). By contrast, a dominance of aeolian processes inhibits development of the fluvial system by: (i) diverting or damming fluvial pathways, resulting in dried-up relic channels in ephemeral systems (Langford, 1989; Loope et al., 1995; Jones & Blakey, 1997); (ii) changing the pattern and behaviour of the river system, for example from a single-channel river to a braided system (Smith & Smith, 1984); and/or (iii) providing sediment from dried-up river systems for aeolian transportation (Roskin, et al., 2011; Draut, 2012). Within mixed fluvial and aeolian settings, sediment calibre varies from that of a typical ephemeral system. Typically, sand-grade sediment dominates with minor siltstone and conglomeratic deposits (Marra et al., 2014; Mehl et al., 2018).
GEOLOGICAL SETTING
The late Sinemurian to early Toarcian Kayenta Formation of the Four Corners area of the USA (Figs 1 and 2) comprises a continental red bed assemblage of fine to coarse-grained sandstones, siltstones and occasional intra-formational conglomerates (Harshbarger et al., 1957; Peterson & Pipiringos, 1979; Luttrell, 1993), deposited in a dominantly ephemeral-fluvial system, with minor perennial influxes and aeolian interactions. Deposition occurred on a broad alluvial plain, from south-westward to westward flowing rivers, sourced from the Ancestral Rocky Mountains (North & Taylor, 1996), along with north-westward flowing rivers sourced from the Mogollon Highlands in the Cordilleran Magmatic Arc (Luttrell, 1993). 
Harshbarger et al. (1957) described two distinct lithofacies within the Kayenta Formation, the so-called ‘sandy’ and ‘silty’ facies, which resulted from the downstream variation of the fluvial system across the Colorado Plateau. In the proximal region of south-eastern Utah and western Colorado, the ‘sandy’ Kayenta is characterized by grey to reddish orange, fine to coarse-grained, well sorted, well to sub-rounded sandstones, with minor reddish-purple siltstones and matrix-supported conglomerates. In north-western Arizona, the ‘silty’ Kayenta is characterized by reddish purple siltstones/mudstones and minor sandstones. The transition from predominately sandy facies to predominately silty facies is gradational and can be observed from US highway 89 along several miles of the Echo Cliffs, from Page to Tuba City, Arizona, (Fig. 1). 
Lithostratigraphically, the Kayenta comprises two members – the Springdale Sandstone and the Tenny Canyon Tongue members – separated by the ‘main body’ of the Kayenta (Fig. 2). The basal Springdale Sandstone Member comprises up to 32 m of medium to coarse-grained sandstones, with occasional discontinuous conglomerates and minor mudstone lenses (Lucas & Tanner, 2007), deposited in a northward flowing braided-fluvial system, with small floodplains (Clemmensen & Blakey, 1989; Blakey, 1994). The main body of the Kayenta conformably and gradationally overlies the Springdale Sandstone, and comprises between 28 m and 460 m of reddish-brown fine to coarse-grained sandstones, siltstones and minor claystones (Luttrell, 1993). Occasional limestones and conglomeratic beds are present, derived from flooding events that ripped up the overbank and floodplain deposits (North & Taylor, 1996; Fillmore, 2011). The Tenny Canyon Tongue comprises up to 98 m of pale reddish-brown, lenticular, fine-grained sandstones, siltstones and mudstones, with minor limestones and claystones, deposited in a distal river and playa system (Luttrell, 1993).
The Kayenta Formation is bound by two aeolian formations – the underlying Wingate and overlying Navajo formations (Fig. 2) – except for in south-western Utah and north-eastern Arizona where the Kayenta overlies the lacustrine Moenave Formation: the lateral equivalent to the Wingate. The boundary of the Kayenta Formation with the overlying aeolian Navajo Formation is generally considered to be conformable, with a gradational contact and frequent interfingering between deposits of the two formations (Bromley, 1991; Luttrell, 1993; Blakey, 1994; Hassan et al., 2018). However, the lower boundary with the underlying aeolian Wingate Formation is locally unconformable (the J-sub-K unconformity), with a 2 Myr hiatus in parts of the plateau (for example, Comb Wash, Comb Ridge, UT) (Marzolf, 1994; Blakey, 1994; Lucas & Tanner, 2006; 2014) but elsewhere it is conformable and gradational (Bromley, 1991; Doelling, 2010; Morris et al., 2010). The aforementioned formations constitute the Glen Canyon Group, which is bound by the underlying J-0 unconformity and the overlying J-1 (west Utah) and J-2 (east Utah) unconformities (Pipiringos & Sullivan, 1978). 
The interfingering between the Kayenta and overlying Navajo Formation has been attributed to Milankovitch-style climatic cyclicity (Hassan et al., 2018). Three ‘large-scale’ drying upward cycles have been observed within the distal setting, and 13 ‘medium-scale’ cycles have been identified in the medial setting that relate to long-eccentricity cycles, each of approximately 400 kyr (Middleton & Blakey, 1983; Herries, 1993; Hassan et al., 2018).
STUDY AREA AND METHODS
This study uses extensive regional sedimentological fieldwork in conjunction with three-dimensional photogrammetry techniques to examine the sedimentary detail and interactions of fluvial and aeolian deposits of the Kayenta Formation across the Colorado Plateau, from proximal to distal settings. To investigate sedimentary interactions, 25 detailed vertical sections were logged, with a total measured length over 1700 m, spaced within a grid pattern, each section approximately 25 km apart, over an area of approximately 200 km2 (Figs 1 and 3). Sedimentary logs were combined with detailed photogrammetric panels through key sections within proximal, medial and distal fluvial settings (Figs 1, 4, 5 and 6), to create digital outcrop models totalling a combined length of 5 km.  The outcrop models depict: (i) the lateral and vertical relationships between fluvial and aeolian architectural elements; (ii) the geometry and dimensions of the elements; (iii) the nature of the interactions between the elements; (iv) the changes in architecture and sedimentology from proximal to distal settings; and (v) the vertical changes within the formation that represent the temporal evolution of the system. 
Detailed sedimentological analysis of these datasets has identified 21 facies and nine architectural elements. Facies proportions within each architectural element have been calculated from the measured sections, and facies relationships in fluvial channels, sheets and accretionary elements have been analysed using Markov Chain Analysis to determine idealized successions for each element (Miall, 1973).
A total of 362 palaeocurrent measurements were collected across the study area, of which 235 are measured from planar and trough cross-bedded foresets, ripple-cross laminated foresets and primary current lineations within fluvial sediments (Fig. 3). The remainder are measured from planar and trough cross-bedded foresets within aeolian sediments. 
Palaeocurrent measurements provided a means of determining the local direction of palaeoflow from the mean azimuth of cross-bedded foresets within channel-fill elements, and for assessing the accretionary nature of adjacent elements. The nature of element accretion was inferred from the angle between the dip-azimuth of accretionary surfaces within the element and the direction of local palaeoflow. Angles of less than 60° indicate downstream accretion; angles between 60 and 120° indicate mixed downstream/lateral accretion; and angles of 120 to 180° indicate up-flow element accretion (cf. Miall, 1994; Long, 2006, 2011; Ielpi & Rainbird, 2015; Lebeau & Ielpi, 2017). 
The limits of architectural elements were mapped onto digital outcrop models to determine apparent dimensions of elements in the plane of the model. Palaeocurrent measurements were used to correct for the orientation of the model and to calculate true element dimensions in a direction perpendicular to flow (Visser & Chessa, 2000; Pringle et al., 2010; Rarity et al., 2013). The dimensions of partial or incomplete elements within models have been approximated using methods outlined in Geehan & Underwood (1993). For further detail on the methods of photogrammetric analysis, the reader is referred to Priddy et al., 2019.
All datasets were combined and distilled to produce generic models for ephemeral fluvial systems within arid sandy settings with competing aeolian environments. 
SEDIMENTOLOGY OF THE KAYENTA FORMATION
Twenty-one facies have been identified within the Kayenta Formation and they are summarized in Table 1. Sixteen facies relate to sub-aqueous processes and the remainder relate to wind-blown processes. Analogous facies have been recognized previously by many workers to typify deposition in aeolian or fluvial settings (Hunter, 1977; Miall, 1988; Langford & Chan, 1989; Kocurek, 1991; North & Taylor, 1996; Hassan et al., 2018). The 21 facies form nine architectural elements. Each element is detailed below, and its key characteristics are summarized in Fig. 7.
Fluvial channel elements
In sections perpendicular to flow, elements of this type have a concave upward ‘U’-shaped geometry. They can occur as isolated entities within overbank elements or stacked with repeated examples laterally and vertically amalgamated giving a sheet-like or ribbon bodies at the larger scale. Elements of this type have erosional fifth-order basal bounding surfaces (sensu Miall, 1996) and comprise eight facies: matrix-supported (Cms), clast-supported (Ccs) and rip-up clast dominated (Cru) conglomerates, which line the basal bounding surface with occasional very coarse to granule sized clasts lining crudely developed foresets and comprise 5% of the element. Planar cross-bedded sandstones (Sxb) that overlie the basal conglomerate and contain sets approximately 0.2 to 2.0 m thick with foresets occasionally lined with siltstone comprise most of the element (75%).  Rarer trough cross-bedded (Stxb) and recumbent cross-bedded (Srb) sandstones comprise 5% of the element in more or less equal proportions and occur as sets in between sets of planar cross-bedded sandstones. Parallel-laminated (Spl), and structureless (Smf) sandstones form the upper units of the succession and comprise the remainder of the element. The palaeocurrent data indicate a unimodal palaeoflow with an average azimuth to the west/south-west (240°), and a high dispersion ranging from south-west to north-west (Fig. 7). Preservation of the full element is rare (approximately 15% of examples) with most examples truncated and eroded by basal fifth-order surfaces from either other elements of this type or from sheet-like elements. However, where fully preserved, examples of the element have a thickness to width ratio of approximately 1:50 (Priddy et al., 2019).
Interpretation
Elements with this geometry are interpreted as fluvial channels of a multi-storey, low-sinuosity, braided to ephemeral system (Miall, 1985). The approximate 1:50 thickness to width ratio suggests channels belonging to an ephemeral fluvial system within an arid environment with little vegetation cover (North & Taylor, 1996; Billi et al., 2018). Conglomeratic basal units with clasts lining crude foreset development represent channel lag deposits formed with high flow velocities and dominantly bedload transport where the large sediment grain size prevents the mixed-load transport required for bedform formation. Structureless sands with crude foreset development suggest flows with a high sediment load which lead to rapid deposition and suppressed bedform development (Bridge & Best, 1988; Todd, 1996). Sets of planar cross-bedding and trough cross-bedding represent the migration of straight-crested and sinuous-crested dune-scale bedform trains along the bases of channels during times of lower sediment load. However, the evidence of mud-draping along foresets indicates either fluctuations in discharge (Miall, 1983) giving rise to alternations in coarse and fine clastic sediments (Puigdefabregas & Vliet, 1978), or deposition of silt derived from flow at maximum carrying capacity (Olsen, 1987; Nwajide, 1988). Sets of recumbent cross-bedding initially form in a similar manner; however, the tops of the foresets are ripped back in the direction of flow during periods of high sediment load (Allen & Banks, 1972). Palaeocurrent measurements indicate a strong west/south-westerly transport direction with a low degree of sinuosity to the channel plan-form. The arrangement of facies in a vertical section with no clear fining upward trend suggests deposition in a flow with fluctuating sediment load, with only minor evidence of waning flow preserved.
Fluvial sheet-like elements
Elements of this type consist of thin, tabular, laterally extensive bodies with flat to very slightly concave upward and erosional fifth-order basal bounding surfaces. Rip-up clast conglomerates (Cru) comprise 5% of the element, and overlie the basal bounding surface with sporadic very coarse to granule-sized clasts (up to 30 cm along the long axis) forming crudely developed foresets. These sediments are overlain by planar bedded sandstones (Spb) with primary current lineation, that comprise the majority of the element (75%), and then by sigmoidal bedded (Sma), structureless (Smf) and parallel-laminated (Spl) sandstones, which comprise 15% of the total element in more or less equal proportions. Ripple-cross-laminated (Sfrl) sandstones, and flaser-laminated siltstones (Sfl) form the upper units of the succession and comprise the remaining 10% of the element. Units of sigmoidal-bedded sandstone have a symmetrical convex upward geometry, mimicked by the internal structure of the bedding. Palaeocurrent data for the element indicate a unimodal distribution with an average azimuth to the west/south-west (242°), and a high degree of dispersion ranging from south-west to north-west (Fig. 7). Preservation of the full, fining upward element is rare and examples are typically truncated and eroded by basal fourth-order surfaces from either other elements of this type, or from fluvial channel elements. The lateral extents of these elements can range between 250 m and 400 m, with thicknesses of no more than 5 m, giving a thickness to width ratio of approximately 1:100 (Priddy et al., 2019) when the full lateral and vertical extent of the element was preserved.
Interpretation
Elements of this type, with thin laterally extensive geometries and sedimentary fill from both upper and lower flow regime structures, are interpreted as unconfined sheet-like deposits (Miall, 1985; North & Davidson, 2012). The approximate 1:100 thickness to width ratios suggest unconfined sheets belonging to an ephemeral fluvial system within an arid environment with little vegetation cover (North & Taylor, 1996; Billi et al., 2018). Each individual fining upward succession with an erosive base represents an individual flood event (Miall, 2014). The basal conglomeratic unit suggests that the flood events had high enough energy to rip up underlying elements and transport up to boulder-sized clasts. The sigmoidal-bedded sandstones (Sma) are interpreted as humpback cross-bedding of antidunes with a symmetrical geometry and preservation of the stoss and lee slope of the bedform (Fielding, 2006; Lang & Winsemann, 2013).  These structures represent the transition from conditions of lower flow regime dune formation to upper flow regime plane bed formation, and they were probably formed under high rates of sediment deposition (Fielding, 2006; Lang & Winsemann, 2013). The abundance of flat beds (Spb) with primary current lineation and sigmoidal-bedded sandstone (Sma) suggest that upper flow regime conditions dominated, with even the parallel-laminated sandstones most probably reflecting upper flow regime plane-bed conditions (Arnott & Hand, 1989; Carling, 2013; Guan et al., 2016). Structureless sandstones indicate deposition from hyper-concentrated flows where rapid deposition supressed bedform development (Olsen, 1987). Ripple-laminated sandstones suggest that flow waned enough for bedform development and migration; however, sediment supply was significant enough to promote supercritical climb. Palaeocurrent measurements indicate a strong west/south-westerly transport direction with a low degree of sinuosity. The arrangement of facies in a vertical section with dominant upper flow regime structures and evident fining upward trend, suggests deposition within a high velocity flow that waned quickly in a dominantly aggradational setting.
Lateral accretion element
Elements of this type have a lensoidal to wedge-like geometry, internal second-order and third-order bounding surfaces and are bound typically by second-order surfaces or sporadically by basal fifth-order bounding surfaces that extend laterally and merge with the basal fifth-order bounding surfaces of examples of the fluvial channel element (Miall, 1996). Trough cross-bedded sandstones (Stxb), typically with clasts lining the foresets, form the basal 5% of this element and are overlain by low-angle cross-bedded sandstones (Slxb) with sporadic examples of mud draped foresets. Low-angle cross-bedded sandstones (Slxb), comprise approximately 85% of the element and are overlain by parallel-laminated (Spl) and ripple-cross-laminated (Sfrl) sandstones, which comprise the remaining upper units of the element in roughly equal proportions. Palaeocurrent data indicate a slightly bimodal distribution with a dominant azimuth to the south-east (139°), which has a moderate degree of dispersion, ranging from east to SSW, and subordinate azimuth towards the north (009°) (Fig. 7). Preserved examples of the full, fining upward element are rare, and most examples of the element are typically truncated and eroded by basal fourth-order or fifth-order surfaces from sheet-like or channel elements. Lateral extents of the element range from 2 m to 15 m, with thicknesses no greater than 3 m.
Interpretation
Elements with sets of low-angle cross-bedding dominating the sedimentary fill and lensoidal to wedge-like geometries with internal second-order and third-order bounding surfaces (sensu Miall, 1996) dipping approximately perpendicular to the average channel palaeoflow are interpreted as laterally accreting barforms (Miall, 1985; Simon & Gibling, 2017). Silt draped on foresets suggests a high sediment load within the flow with the finer sediment deposited after the flow reaches its full carrying capacity for fine material (Olsen, 1987). Subcritically climbing trough cross-bedded sets of sandstone represent the migration of sinuous crested dune-scale bedforms in a flow with a normal sediment load. The presence of parallel laminated and ripple-cross-laminated sandstones towards the top of the element, as well as the presence of slight fining upward trend, indicate a reduction in flow depth as the barform builds towards the surface (Miall, 1985). 
Downstream accretion element
Elements of this type have lensoidal geometries with internal convex-up, erosional third-order bounding surfaces (sensu Miall, 1996). A relatively flat fourth-order surface forms the upper bounding surface to the element, and a relatively flat to slight concave fourth-order or fifth-order bounding surface forms the basal surface and extends sporadically to merge with a basal fifth-order bounding surface of the fluvial channel element. Matrix-supported conglomerates (Cms) comprise 5% of the element and immediately overlie the basal fourth-order or fifth-order bounding surface. These deposits are overlain by planar cross-bedded (Sxb), low-angle cross-bedded (Slxb) and recumbent cross-bedded (Srb) sandstones in sets ranging from 0.3 m to 1.2 m, that together comprise most of the element (approximately 80%), and parallel-laminated (Spl) and ripple-cross-laminated (Sfrl) sandstones that comprise the remainder of the element in more or less equal proportions. Palaeocurrent data indicate a unimodal distribution with an average azimuth to the west (265°), and a low dispersion from south-west to north-west (Fig. 7). Preserved examples of the full, fining upward element are rare, and the element is often truncated and eroded by basal fourth-order or fifth-order surfaces from sheet-like or channel elements. 
Interpretation
Elements of this geometry and fill with internal erosional third-order bounding surfaces (sensu Miall, 1996) dipping approximately parallel to the average channel palaeoflow are interpreted as the incremental growth and downstream migration of simple or compound in-channel barforms (Miall, 1985; Ghinassi & Ielpi, 2018). Where the basal surfaces are fourth-order, barforms developed on top of existing barforms, without significant erosion, to form compound barforms (Jackson, 1975; Miall, 1977; Almeida et al., 2016). Planar cross-bedding represents the downstream migration of straight crested dune-scale bedforms, and the occasional bi-directionality to some of the foresets may indicate a degree of lateral accretion on the outside margins of a downstream accreting bar (Rust, 1972; Miall, 1977). Recumbent cross-bedding represents possible fluctuations within flow conditions and sediment load, causing the overriding flow to overturn the underlying saturated beds (Stikes, 2007). The presence of parallel laminated and ripple-cross-laminated sandstones towards the top of the element and the presence of a slight fining upward trend indicates a reduction in flow depth as the barform builds towards the surface. 
Bank collapse element
Elements of this type have flat erosive basal bounding surfaces that merge laterally with basal fifth-order bounding surfaces of the fluvial channel elements. Examples of the element contain two facies: soft-sediment deformed sandstone (Sssd), which comprises the majority of the element (90%) and brown parallel-laminated siltstone (Stpl), which comprises the remainder. Units of soft-sediment deformed sandstone are present as contorted intra-formational clasts with mud-draping along the folded foresets, all held within a brown, parallel laminated siltstone matrix (Stpl). Elements of this type range from 1 to 3 m in thickness and have lateral extents up to 20 m. 
Interpretation
Elements of this geometry and fill are interpreted as mass transport debris-flow deposits formed by the collapse of the river banks into high sediment load flow (Owen, 1996, 2017; Rana et al., 2016; Van den Berg et al., 2017; Carling & Leclair, 2019). The abundance of siltstone and silt/mud draping on foresets of the contorted clasts suggests a high sediment load within the flow with the finer sediment deposited after the flow reaches its maximum carrying capacity (Olsen, 1987).
Overbank/floodplain elements
Elements of this type have a laterally extensive tabular geometry and are bound by basal fourth-order surfaces (sensu Miall, 1996) and comprise three facies: parallel-laminated to faintly rippled siltstone (Stpl) and parallel-laminated sandstone (Spl), which together comprise most of the element (95%); and structureless to undulose laminated, siliciclastic-rich, carbonate wackestones (Lm), which comprise the remainder. Mottling, bioturbation, rhizoliths and desiccation cracks are common features within the siliciclastic facies, whereas the carbonate wackestones occur as structureless to undulose laminated isolated lenses, with thicknesses of 5 to 20 cm and widths of 2 m, or as very thin laterally extensive sheets. This element is very poorly preserved and regularly occurs as clasts within other fluvial elements. 
Interpretation
Elements of this type are interpreted as overbank or floodplain deposits (Miall, 1985). Laminated siltstones and sandstones represent deposition from suspension in standing water after flooding (Eberth & Miall, 1991). The sporadic mottling and bioturbation indicate pedogenesis and stabilization of the floodplain (Eberth & Miall, 1991). Preserved examples of this element are extremely rare due to reworking and erosion by other elements. Atypically thick deposits occur near the top of the formation where they contain desiccation cracks and rhizoliths that indicate stabilization and drying of the floodplain (Miall, 1988), and within the distal region, where they represent waning of flow and channel abandonment. Isolated siliciclastic-rich carbonate wackestone lenses result from entrapment of water in small depressions for relatively long periods after the fluvial system wanes (Allen, 1974).
Compound aeolian dune element
Elements of this type comprise cross-stratified tabular bodies with sharp planar upper and lower bounding surfaces, and are composed of four facies: planar cross-bedded (Smxb) and trough cross-bedded (Smtxb) sandstones, which together comprise 85% of the element; planar bedded sandstones (Smpb), which comprise approximately 10%; and undulose to rippled (Smwb) sandstones, which comprise the remainder of the element. The lateral extents of these elements range from 2 to 100 m, and elements often intertongue with overbank or sandsheet and interdunal elements. Individual sets of cross-strata range from 1 to 5 m in thickness and comprise couplets of alternating inversely graded medium-grained and finer grained sandstone exhibiting sweeping, sporadically deformed, asymptotic foresets with truncated tops and climbing ripple-cross-lamination (Smwb) at bases of toesets. The average dip directions of the foresets are towards the east (095°) with a distribution between 57° and 150° (Fig. 7). The set-bounding surfaces range from planar where sets comprise dominantly planar cross-bedded sandstones (Smxb), to slightly concave upward where sets comprise dominantly trough cross-bedded sandstones (Smtxb). Planar bedded sandstones (Smpb) are typically observed between sets of planar cross-bedded sandstone (Smxb).
Interpretation
Large-scale cross-bedded sandstones with couplets of medium-grained and fine-grained sandstone, with sporadic inverse grading, represent dune-scale, wind-blown bedforms migrating by the combined processes of grainfall and grainflow (Hunter, 1977; Kocurek, 1981; 1991; 1996; Langford & Chan, 1989). Subcritically climbing planar cross-bedded sets (Smxb) with planar bounding surfaces represent the migration of straight crested dunes, whereas trough cross-bedded sets (Smtxb) with slightly concave set bounding surfaces represent the migration of sinuous-crested dunes. The presence of both planar cross-bedded sets (Smpb) and trough cross-bedded sets (Smtxb) indicate compound dunes of sufficient size to affect sediment supply and wind direction locally. Palaeocurrent measurements indicate a dominantly eastward sediment transport direction and the dispersion of the measurements suggest either a degree of sinuosity to the migrating dunes or more localized changes of the wind direction. The undulose to ripple-laminated facies (Smwb) represent the superimposition of ripple-scale bedforms onto dune-scale bedforms (Sharp, 1963; Fryberger & Schenk, 1988). Soft-sediment deformation of the cross-bedding indicates fluctuation of the water table at or shortly after the time of deposition, before the cross-bedded sets were fully lithified (Doe & Dott, 1980; Mckee et al., 1971, Bryant et al., 2013; 2016).
Aeolian sandsheet element
Elements of this type comprise tabular bodies with large lateral extents over hundreds of metres and comprise three facies: planar bedded sandstone (Smpb) that comprises approximately 75% of the element; and undulose to ripple-laminated (Smwb) sandstones and structureless (Sm) sandstones that comprise the remainder of the element in approximately equal proportions. This element has an almost uniform grain size, making individual facies hard to distinguish. The upper and lower contacts have sharp planar bounding surfaces, with element thicknesses ranging from 0.1 to 3.0 m. Many examples of the element display gradual thinning and pinching out on a regional scale, with lateral extents of up to 100 m. 
Interpretation
Planar bedded tabular bodies of well-sorted sandstone, with occasional undulose to ripple-laminated beds are indicative of sandsheet depositional settings, where dune development is inhibited. Sediment supply available for dune development is limited because of either a high water table (Fryberger & Schenk, 1988; Mountney & Jagger, 2004) or episodic flooding (Kocurek & Nielson, 1986). Undulose to ripple-laminated strata are interpreted as ballistic or translatent wind ripples formed by the migration of ripple-scale bedforms through the process of saltation of fine-grained sand, which accumulate along the saltation wavelength, then reptation of coarser grains over the accumulated grains (Sharp, 1963; Fryberger & Schenk, 1988).
Interdune elements
Elements of this type occur as either isolated lenses or continuous sheets that separate tabular aeolian deposits. They comprise four facies: massive (Sm) to parallel-laminated (Spl) sandstones, ripple-laminated sandstones (Sfrl) and parallel-laminated siltstones (Stpl). The upper and lower contacts can be either sharp or interfinger with aeolian dune and sandsheet elements. Two sub-types of elements are recognized: (i) lens-shaped to continuous sheets, approximately 0.2 to 0.5 m thick, comprising predominately structureless (Sm) and parallel-laminated (Spl) sandstones, that typically occur gradational with aeolian dune elements, and have evidence of desiccation cracks and bioturbation; and (ii) lens-shaped to continuous sheets, approximately 0.5 to 1.0 m thick, comprising ripple-laminated sandstones (Sfrl) and parallel-laminated siltstones (Stpl) with evidence of rhizoliths, bioturbation and desiccation cracks.
Interpretation
Continuous sheets or lens-shaped elements composed predominately of massive (Sm) to parallel-laminated (Spl) well-sorted sandstone suggest deposition in a dry interdune environment where the water table has had very little to no influence on the depositional processes because it lies significantly below the depositional surface. The massive to parallel-laminated appearance is due to the lack of defined translatent strata caused by a uniform grain-size (Kocurek, 1981). Continuous sheets to lens-shaped elements composed of ripple-cross-laminated sandstones (Sfrl) and parallel-laminated siltstones (Stpl) suggest deposition in a damp interdune environment where the water table is within the capillary fringe of the surface (Mountney, 2006) resulting in the adhesion of grains, bioturbation and rhizolith development.
FACIES ASSOCIATIONS
The nine architectural elements can be grouped into three broad associations related to aeolian, braided-fluvial and ephemeral-fluvial depositional settings.
Association 1: Dominantly aeolian deposition
The association comprises three architectural elements: aeolian dunes, sandsheets and interdunes. Most of the association (75%) is dominated by sets of grainfall and grainflow strata deposited by the migration of dune-scale bedforms. Most foresets within the aeolian sets exhibit soft sediment deformation. Sandsheet elements of planar to undulose laminated sandstone are typically preserved between aeolian dune and fluvial elements. Interdune sediments constitute a minor proportion of the association and are typically observed between sets of aeolian dunes.
This association represents the deposits of damp to wet aeolian environment that often interfingers with fluvial associations. The switch to aeolian dominated deposition is interpreted as a slight change in climatic regime, representing more arid conditions (Howell & Mountney, 1997).
Association 2: Dominantly braided fluvial deposition
The association comprises five architectural elements: fluvial channels, lateral accretion, downstream accretion and minor sheet-like and overbank/floodplain elements. The association is dominated by channel and accretionary elements composed of fine to medium-grained sandstone. The channels are typically stacked and amalgamated.  They display conglomeratic bases and progressively fining upward fill that is interpreted as the progressive abandonment of channels with fairly steady flow (Bromley, 1991). The lateral accretionary elements have a lensoidal to wedge-like geometry, with internal second-order and third-order bounding surfaces. The internal cross-bedding foresets dip approximately parallel to the strike of the higher order accretionary surfaces (Miall, 1988). This element is interpreted as a bank-attached macroforms/point-bar deposited on the inside bends of channels, indicating a moderate level of sinuosity (Miall, 1988). The downstream accretionary elements have a lensoidal geometry with internal convex up erosional third-order bounding surfaces. The internal cross-bedding foresets dip approximately parallel to the dip of the higher order accretionary surfaces (Miall, 1988). This element is interpreted as the deposits of mid-channel bars within channels of indeterminate sinuosity (Miall, 1988). The occasional interfingering of the accretionary and channel elements is interpreted as mutually active deposition (i.e. the channel was active during the deposition of the accretionary elements) (Bromley, 1991). Sandy sheet-like elements constitute a minor proportion of the association and represent deposits of unconfined flow. Overbank/floodplain deposits also constitute a minor proportion, especially within the proximal region and become more prevalent and laterally extensive within the distal region. 
Overall this association represents the build-up of a channel belt during the migration and deposition of low-amplitude compound braid bars. Discharge was relatively steady with minor more localized scours. Channel incision and abandonment as well as overbank/floodplain deposition followed periods of avulsion (Lowe & Arnott, 2016).
Association 3: Dominantly ephemeral fluvial deposition.
The association comprises three architectural elements: fluvial channels, sheet-like elements and overbank/floodplain. This association is dominated by laterally extensive sheet-like elements (80%) composed of dominantly upper flow regime structures such as antidunes and parallel-laminations (with parting lineation), often topped with climbing ripple cross-stratified structures. These elements are often stacked and amalgamated and are the result of unconfined, high-energy, waning flows. Within the distal setting, these sheet-like elements are isolated within overbank/floodplain deposits and are interpreted as terminal splays deposited by unconfined flows downstream of poorly/shallowly confined channels (Nichols & Fisher, 2007). Fluvial channels are less common features and are typically composed of scour and fill sedimentation. The channels either comprise laterally extensive, gravel-dominated, clast-supported, structureless to crudely cross-bedded conglomerates with clasts of intraformational sediment, or confined channels dominated by structureless sandstones within minor basal rip-up clast, matrix-supported conglomerates. The laterally extensive gravel-dominated conglomerates are interpreted as highly erosive fluvial discharge events that occasionally traversed into the distal alluvial plain (Cain & Mountney, 2009). Whereas, the structureless channels are interpreted as deposits from a heavy-laden flow with a rapid waning stage and the inclusion of rip-up clasts suggest that the flows were highly erosive and ripped up the previously deposited overbank/floodplain elements (Horn et al., 2018).
Overall, this association represents the build-up of a distributive channel belt by deposition of high energy sheet-like terminal splays fed by distributary fluvial networks with episodic discharge (Lowe & Arnott, 2016).
DEPOSITIONAL SETTING AND GENERIC MODELS
From the data and analysis presented in this work, the Kayenta Formation is interpreted as the preserved deposits of an ephemeral braided fluvial system with minor perennial and aeolian influxes within an arid to semi-arid climate. The dominance of sandy, bedload-dominated, multi-lateral sheet-like elements with minor channelized scours and minimal floodplain/overbank elements provides evidence of an ephemeral nature (Fig. 8), with little variation in palaeocurrent direction (Hassan et al., 2018).  
The fluvial system was highly cannibalistic as very little overbank/floodplain is preserved, although clasts composed of overbank facies are common features within channel, sheet-like and lateral accretion elements (Fig. 8), and provide evidence of stabilized overbank being reworked (North & Taylor, 1996; Hassan et al., 2018). 
The dominance of upper flow regime deposits implies that high discharge events were most abundant but preservation of many of these features implies highly variable discharge; conditions attested to by frequent alternations in preserved strata between deposits of upper and lower flow regime conditions. Fluctuations in sediment supply and the interaction with the aeolian system plays an important role in the preserved sedimentology. Very coarse to granule size grains lining foresets and suppressing bedform development prove the only major grain-size change, with the majority of the fluvial sediment being composed of fine to medium-grained, aeolian sourced sediment (Fig. 9). Consequently, in some channel elements, bedforms are rare due to the high concentration of sediment within the flow. Other examples of high sediment load structures include recumbent cross-bedding (Figs 8 and 9) that are formed when the tops of bedforms are ripped over in the direction of flow in a concentrated solute that preserves the foresets in a relatively coherent state (Allen & Banks, 1972).
Spatial variations
Architectural element analysis across the expanse of Kayenta deposition shows a generally consistent percentage of fluvial channel and sheet-like elements, with an increase in the proportion of overbank sediments and decrease in accretionary elements towards the south-west (Figs 10 and 11). The proximal region around Moab, UT, consists of a series of laterally and vertically amalgamated channel-fill complexes with abundant stacked sandy sheet-like deposits and very little overbank (Figs 4 and 10). The medial region around Comb Ridge, UT, illustrates a decrease in the lateral and vertical amalgamation of channels, but continues to display an abundance of stacked sheet-like deposits and minimal overbank fines (Figs 5 and 10). The decreasing trend in the amalgamation of channels continues into the distal region around Kanab, UT, where the amalgamation of sheet-like deposits also decreases, as they become more isolated within overbank fines (Figs 6 and 10). The regional sedimentology indicates a normal waning trend from proximal to distal settings with a decrease in flow velocity and grain-size distribution that is similar to that of a distributive fluvial system (Blakey, 1994; North & Taylor, 1996). Palaeocurrent analysis shows a general palaeoflow to the south-west/west and towards the Utah–Idaho Trough, where sediment accumulation also thickens to over 300 m. However, within the distal setting of this fluvial system large beds of polymictic conglomerates have been observed with palaeocurrents indicating flow towards the west and north-west, suggesting that a second fluvial system was also present (Luttrell, 1993).  Palaeocurrent measurements within this region are also comparatively more dispersed, with the average palaeoflow towards the north-west and a dispersion from WSW to north. 
The distributions of aeolian architectural elements remain fairly constant across the plateau (Fig. 11). Within the proximal region, smaller isolated dune elements (between 0.5 to 1.0 m in thickness) occur in abundance. The aeolian dunes generally increase in size but decrease in abundance with proximity to the distal setting, eventually resulting in two large aeolian tongues reaching up to 100 m in thickness within the distal region around Kanab. The fluctuations in aeolian dune sizes and abundance suggests possible expansion and contraction of a dune field located to the south-west of the Colorado Plateau, perhaps as a consequence of the developing fluvial system.
Temporal variations
Climatic variations play a key role within arid continental settings, controlling the preserved architecture, facies distributions and stratigraphy of successions. The temporal interactions between the fluvial and aeolian systems occur as a result of climatic variations, and depict the sedimentological change across the systems as the climate becomes wetter to establish a fluvial system, or dries to promote expansion of the aeolian dune field. 
On a system-scale, an overall switch between depositional settings can be observed across the expanse of the Kayenta Formation. The underlying Wingate Formation represents aeolian deposition, the lower Kayenta is first dominantly ephemeral in nature with most deposition the result of high-energy unconfined flows and minor large scour events from flash-flood discharge. In the middle section of the Kayenta, a transition from dominantly ephemeral to dominantly braided fluvial deposits is observed, marked by the onset of large laterally extensive accretionary elements, before sedimentation switches back to dominantly ephemeral deposition. However, within the upper section of the Kayenta, sediments of the ephemeral system intertongue with the aeolian deposits of the transitional units of the Navajo Formation. This interaction alters the sedimentology observed within the ephemeral system as the ephemeral fluvial deposition now becomes confined to interdunal corridors within the aeolian dune field. Eventually, the aeolian system dominates and the fluvial system dries out.
On an architectural element-scale, wetting trends are characterized by either a gradual or, more typically, a sharp erosive contact between the underlying aeolian and overlying fluvial elements (Fig. 12). For example, the most common transition between architectural elements occurs as aeolian dune fields are deflated into sandsheet elements before the encroachment of the fluvial system by erosive channel and sheet-like elements (Fig. 12). Moreover, during times of higher erosion in wetting upward trends, sandsheet elements are often not observed. Instead, a sharp erosive contact is typically observed between the aeolian dune and the overlying channel/sheet-like elements (Fig. 12). The local provenance of sediment from the aeolian system is evident from the well-rounded sand of uniform grade that comprises the sediments of fluvial channels and sheet-like elements.
Conversely, drying trends are characterized by a more gradual transition from underlying fluvial to overlying aeolian architectural elements. This results from the stabilization of the fluvial system before the encroachment of aeolian dune fields. For example, the most typical transition between architectural elements occurs as the overbank stabilizes and dries – evidenced by desiccation cracks and rhizoliths – before the development of aeolian dunes that typically contain soft-sediment deformation features at the base. Other elemental transitions occur as sandy channel, sheet-like, downstream and lateral accretion elements are reworked by aeolian processes to form dunes.
DISCUSSION
Despite several detailed studies of ephemeral fluvial systems and their sedimentology, 3D depositional facies models depicting their complex sedimentology, their lateral and vertical variations of architectural elements, and the nature of their interactions with competing depositional settings are less well documented compared with those for their meandering and braided fluvial counterparts. Typically, published models depict a braid plain in a distal setting with shallow, poorly defined, intercalated channels, laminated sandsheets and rare to no preservation of overbank sediments (e.g. Miall, 1985). Some models depict an abundance of downstream accretion (Colombera et al., 2013; Batezelli et al., 2019) in addition to those features outlined above, and recent advancements have focused more on quantification of models at multiple scales (Colombera et al., 2013; Colombera & Mountney, 2019), rather than upon their sedimentology
In the study presented here, the sediments of laterally and vertically amalgamated, poorly channelized sheets and fluvial channels dominate the preserved deposits (36% and 26%, respectively) with corresponding element thickness to width ratios of 1:100 and 1:50. In proximal and medial settings, overbank sediments comprise less than 4% of the succession, but comprise up to 32% within the distal setting. Channel architectures range from poorly defined sheet-like bodies, dominated by planar cross-bedding (Spxb) and parallel laminations (Spl) to channels with steeply dipping sides, dominated by features of debris-driven flow [matrix-supported conglomerates (Cms) and structureless sandstones (Smf)]. Upper flow regime flat beds and high sediment load structures form the most dominant features, and typically occur between sediments representing periods of lower flow regime conditions. The fluctuation in flow regime, and the geometry and architecture of the fluvial system, indicate highly variable discharge, often with high velocity flows dominating. Architectural element analysis across the expanse of deposition shows a generally consistent percentage of fluvial channel and sheet-like elements within the system, but a decrease in amalgamation of these elements downstream. An increase in the proportion of overbank sediments is also observed, from isolated pockets preserved within the proximal setting to laterally extensive sheets of overbank preserved within the distal setting. Vertical variations in the strata depict temporal changes within the system depict a large-scale drying upward trend from the establishment of the fluvial system to the encroachment of an aeolian dune field. Smaller scale cycles can also be recognized within the system, relating to the intertonguing of the fluvial and aeolian environments.
By comparison, modern ephemeral fluvial systems tend to display large proportions of mud or silt grade and/or gravel grade facies (e.g. Reid et al., 1995; Billi, 2007; Tooth et al, 2013), and studies of preserved ancient examples show a similar dominance (e.g. Olsen, 1989; Dreyer, 1993; Long, 2017). Published quantitative arid to semi-arid ephemeral braided fluvial models (Colombera et al., (2013) tend to show a dominance of channel (approximately 55%) and accretionary (approximately 40%) elements with comparatively low preservation of sheets (less than 5%). The channel elements have a thickness to width ratio of approximately 1:25, whereas the sheets have a thickness to width ratio of approximately 1:70. On a facies-scale, channel elements are dominated by trough cross-bedded sandstone (approximately 50%), followed by low-angle cross-bedded sandstone (approximately 12%) and horizontally-laminated sandstone (approximately 12%). However, authors of the models acknowledge a general lack of input data on ephemeral systems and typically propose an arid to semi-arid braided fluvial system model as a more appropriate quantitative representation of sand-dominated ephemeral fluvial systems like that depicted by sediments of the Kayenta Formation (Colombera et al., 2013). Braided models of this type typically comprise approximately 45% channel elements, approximately 30% accretionary elements, approximately 15% sheets and approximately 8% overbank deposits. On a facies-scale, channel complexes are dominated by trough cross-bedded (approximately 20%), planar cross-bedded (approximately 15%), horizontally-laminated (approximately 12%) and structureless to faintly laminated sandstone (approximately 12%).
Both of these models depict a larger proportion of channel and accretionary elements with a lower proportion of sheets, as well as much smaller thickness to width ratios of both channel and sheet elements when compared to the data and analysis of this study of the Kayenta Formation. On a facies-scale these models also depict a much lower percentage of upper flow regime and high sediment load facies such as parallel-laminated and structureless sandstones than observed within the Kayenta. However, when compared with quantitative studies of modern ephemeral fluvial systems (Colombera & Mountney, 2019), a dominance of upper flow regime flat beds and structureless sandstones is observed, similar to that of the preserved deposits of the Kayenta Formation.
Compositional and geometric differences between previously published examples of modern and ancient ephemeral fluvial systems and the study of the Kayenta Formation presented here may relate to the dominantly arid and aeolian-influenced setting of the Kayenta fluvial system at the time of deposition. At the facies level, a dominance of ‘sandy’ fluvial facies within the Kayenta that are composed of well-sorted and well-rounded aeolian-derived sediment is most likely a direct result of a dominance of sediment from local aeolian provenance within the system that would not be present without a coeval and competing aeolian setting (Dickinson & Gehrels, 2009). Furthermore, the high volume of sediment available for transport from the aeolian system may account for the high proportion of fluvial facies that indicate a high sediment load as well as spatial and temporal variations in sediment load that promote their preservation. 
During dominantly fluvial deposition, high width to depth ratios are observed for channel and sheet-like elements as a result of both the high sediment concentrations and the high erosion rates within the fluvial system (Tunbridge, 1984; Dam & Andreasen, 1990; Bull & Kirkby, 2002). However, as the system dries and the aeolian environment dominates and restricts fluvial deposition to within interdunal corridors, channels with lower width to depth ratios dominated by flash-flood and debris-flow facies developed. These are spatio-temporal relationships between architectural elements within an ephemeral fluvial system that are the consequence of the coeval and competing aeolian system that may not be present in other settings. Consequently, the model presented represents a sandy ephemeral system influenced strongly by aeolian deposition. 
Sandy ephemeral fluvial sandstones constitute a significant component of reservoirs within many oil and gas fields, including the Permian Leman Sandstone of the Southern Gas Basin (Glennie & Provan, 1990) and the Upper Triassic Lunde Formation of the Snorre Field within the Tampen Spur of the Norwegian North Sea (Nystuen et al., 1989). Correctly characterizing sedimentary architecture of ephemeral fluvial systems from outcrops is vital in aiding the understanding of subsurface reservoirs. 
To demonstrate applicability of the sandy ephemeral models presented here, comparisons can be drawn with the Leman Sandstone of the Southern North Sea. Sand to silt ratios, channel thicknesses, aeolian set thicknesses and the percentage of fluvial sediments versus aeolian sediments have been measured from core data from the Leman Sandstone, and direct comparisons between the two systems can be observed (Fig. 13). Key characteristic sedimentary structures of the ephemeral fluvial model presented here can also be identified directly within core from the Leman Sandstone, including mud-draping along foresets of fluvial channel elements, upper flow regime structures such as parallel laminated flat beds, and debris-driven, matrix-supported conglomerates (Fig. 14). Equally, similarities between the aeolian–fluvial interactions can be observed, including the recycling of aeolian sediment within the fluvial system evidenced by the dominantly well-rounded and well-sorted sand grains of fine to medium-grained distribution. Recycling of the fluvial sediment within the aeolian system is also observed, picked out by the gradual change in sediment colour, with dominantly red fluvial sandstones and grey aeolian sandstones. 
The data presented here, coupled with modern studies (e.g. Tooth & Nanson, 2011; Tooth, 2013; Sutfin et al., 2014; Jaeger et al., 2017; Colombera & Mountney, 2019) and ancient studies (Colombera et al., 2013; Gulliford et al., 2014; Lowe & Arnott, 2016; Bartz et al., 2017; Horn et al., 2018) of ephemeral systems and flood regimes, suggest that ephemeral flow produces and preserves sufficiently distinctive sedimentology that these systems can be classified as such and distinctly from other types of fluvial system. However, ephemeral fluvial systems are sedimentologically variable and strongly influenced by their specific setting and by coeval sedimentary systems. Consequently, a standard or ‘all encompassing’ model for ephemeral fluvial systems may be insufficient and inappropriate for many scenarios. Ephemeral systems may be better represented by a suite of generic facies models, not all of which contain significant sandy sediments, and with the characteristics of each model determined principally by the coeval environments to the fluvial system. 
The model derived from the Kayenta Formation presented here represents an ephemeral sandy braided fluvial model for an arid to semi-arid, aeolian-influenced setting. It describes an ephemeral fluvial setting that lacks significant fines and in which typical fluvial facies, comprising well-rounded, well-sorted, reworked aeolian sediment, stack into vertically and horizontally amalgamated extensive sandstone bodies with high reservoir or aquifer potential. The proposed model shows differences in architecture and composition from previously published models. It provides useful generic geometrical and compositional details for the characterization of analogous settings in the subsurface where the key sedimentary detail can be extracted from only 1D core, and it provides a means of extrapolating 3D geometries of architectural elements to characterize the subsurface beyond and between well control. 
  
CONCLUSIONS
Ephemeral fluvial systems within arid to semi-arid climates are dominated by fluctuations in discharge and sediment supply. The fluvial style is highly cannibalistic and dominated by vertically and laterally amalgamated channel and sheet-like elements, and comprises sediment of aeolian source. Little overbank is preserved, and the regional-scale depositional system shows waning flow and a decrease in stacking of fluvial channels and sheet-like elements, similar to that of a distributive fluvial system or terminal fluvial fan. Ephemeral systems preserve unique deposits that are dominated by upper flow regime structures such as upper plane beds and antidunes, and high sediment load structures such as recumbent cross bedding and mud-draped foresets.
The interaction of the fluvial system with neighbouring aeolian environments impacts greatly upon the sedimentology observed within the ephemeral fluvial setting. Fluvial architectural elements are dominated by fine to medium-grained aeolian-sourced sandstone, providing an almost uniform grain-size distribution, with the exception of very coarse-grained to granule conglomeratic basal units. High width to depth ratios are observed for channel and sheet-like elements as a result of high sediment concentrations and minimal vegetation during the dominance of the ephemeral fluvial system; however, during more arid times when the whole system is drying and the aeolian dune field expands, fluvial channels are confined to interdunal corridors resulting in lower width to depth ratios and channel sedimentology dominated by flash-flood and debris facies. 
Consequently, characterization of ephemeral fluvial systems requires specific facies models that are strongly influenced by coeval sedimentary systems. The model presented here represents sandy ephemeral fluvial deposition in an arid setting influenced by aeolian deposition. It differs from published ephemeral models in the proportion of fine-grained and gravel-grade sediment, percentage of architectural elements and their width to depth ratios, as well as dominant facies type. Consequently, it describes a subsurface sedimentary body with good reservoir or aquifer potential that may be applicable to similar subsurface settings. 
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FIGURES/TABLE 
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Figure 1. The Colorado Plateau, situated in the Four Corner states, USA, showing the extent of the Kayenta Formation deposition. The Kayenta fluvial systems deposited sediment across the Colorado Plateau sourced from the Ancestral Rocky Mountains (Uncompahgre Uplift) to the north-east and the Cordilleran Magmatic Arc to the south-west, locations of logged sections are indicated in white ellipses (see key) (modified after Harshbarger et al., 1957; Middleton & Blakey, 1983; Blakey 1994). The rose diagram depicts palaeocurrent measurements from the ‘silty’ (brown) and ‘sandy’ (light yellow) fluvial system and the aeolian system (yellow), along with their arithmetic averages (arrows); ‘n’ gives the number of measurements in each set.
[image: ]
Figure 2. The stratigraphy of the Glen Canyon Group including members, facies and spatial distribution of facies across the Colorado Plateau. The focus of this study is the Kayenta Formation that, along with the underlying Wingate and overlying Navajo formations, form the Glen Canyon Group. Modified after North & Taylor (1996); Tanner & Lucas (2007). TCT = Tenny Canyon Tongue.
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Figure 3. Representative sedimentary logs showing the downstream lithofacies and palaeocurrent variations observed in the Kayenta Formation. Proximal succession – Sevenmile Canyon (north-west of Moab); Medial succession – Comb Ridge (west of Bluff); Distal succession – Hildale (north of Colorado City).  Sedimentary logs are coloured by lithofacies (see key) with architectural element codes listed down the side. Examples of bounding surfaces are highlighted by hierarchical numbers (see Figs 4, 5 and 6 for codes). Stars represent changes in gross depositional environment (blue = sharp contacts between underlying aeolian and overlying fluvial sediments, pink = gradual contacts between underlying fluvial and over lying aeolian sediments.) See Fig. 1 for locations.
[image: ]
Figure 4. Architectural element outcrop panel for the proximal Kayenta Formation with hierarchical bounding surface analysis and palaeocurrent measurements. The proximal region is dominated by vertically and laterally amalgamated fluvial channel, sheets and accretionary elements with sporadic small isolated pockets of overbank.
[image: ]
Figure 5. Architectural element outcrop panel for the medial Kayenta Formation with hierarchical bounding surface analysis and palaeocurrent measurements. The medial region is dominated by vertically and laterally amalgamated fluvial channel, sheets and accretionary elements; however, channels are more isolated and overbank elements are thicker and more laterally extensive.
[image: ]
Figure 6. Architectural element outcrop panel for the distal Kayenta Formation with hierarchical bounding surface analysis and palaeocurrent measurements. In the distal region the degree of stacking between channel, sheets and accretionary elements is significantly reduced, with several channel and sheet-like elements being isolated within laterally extensive overbank deposits.
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	Smxb
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 2\Many Farms\IMG_0811.JPG]1 m

	[image: ]
	Grey to orange, fine to medium-grained quartz arenite, well sorted & well rounded.
	Planar cross-bedding with mm/cm scale alternations in grainsize in single or multiple sets, sporadic soft sediment deformation.
	Migration of wind-blown straight-crested dune-scale bedforms and dune trains. Soft sediment deformation formed as a result of loading on a damp substrate.

	Smtxb
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 1\58.JPG]10 cm

	[image: ]
	Grey to orange, fine to medium-grained quartz arenite, well sorted & well rounded.
	Trough cross-bedding with mm/cm scale alternations in grainsize in single or multiple sets, sporadic soft sediment deformation.
	Migration of wind-blown sinuous-crested dune-scale bedforms and dune trains. Soft sediment deformation formed as a result of loading on a damp substrate.

	Smpb
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 3\Kanab\1. Squaw trail\IMG_1328.JPG]
	[image: ]
	Grey to orange, fine to medium-grained quartz arenite, well sorted & well rounded.
	Planar-bedding with millimetre scale alternations in grainsize.
	Wind-blown deposits formed by the deflation of dune-scale bedforms. 

	Smwb
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 2\San Raefel Swell\IMG_2702.JPG]
	[image: ]
	Grey to orange, fine to medium-grained quartz arenite, well sorted & well rounded.
	Undulose-laminations with millimetre scale alternations in grainsize. 
	Migration of wind-blown ripple-scale bedforms, producing pinstripe laminae.

	Sm
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 2\Kayenta\DSCN0925.JPG]
	[image: ]
	Grey to orange, very fine to medium-grained quartz arenite, well sorted & well rounded.
	Structureless, sporadic desiccation cracks and bioturbation.
	Suspension settling of wind-blown sediment in areas affected by surface water, followed by drying.

	Sxb
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 3\Kanab\1. Squaw trail\IMG_1310.JPG]
	[image: ]
	Brown medium-grained sub-arkosic arenite to quartz arenite, moderate/well sorted & sub-rounded/well rounded.
	Planar cross-bedding with normal grading, in single or multiple sets, sporadic clasts, mud draping and soft sediment deformation.
	Migration of straight-crested dune-scale bedforms and dune trains sub-aqueously under lower flow regime conditions with high sediment load.

	Stxb
	[image: C:\Users\reg06\AppData\Local\Microsoft\Windows\INetCache\Content.Word\IMG_0411.jpg]
	[image: ]
	Brown medium-grained sub-arkosic arenite to quartz arenite, moderate/well sorted & sub-rounded/well rounded.
	Trough cross-bedding with normal grading, in single or multiple sets, sporadic clasts and soft sediment deformation.
	Migration of sinuous-crested dune-scale bedforms and dune trains sub-aqueously under lower flow regime conditions.

	Slxb
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 2\Lions Park\IMG_1610.JPG]
	[image: ]
	Brown medium-grained sub-arkosic arenite to quartz arenite, moderate/well sorted & sub-rounded/well rounded.
	Low-angle cross-bedding in single or multiple lenticular sets and sporadic reactivation surfaces.
	Lateral migration of macro-forms in lower flow regime conditions.

	Spb
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 1\118.JPG]50 cm

	[image: ]
	Brown medium-grained sub-arkosic arenite to quartz arenite, moderate/well sorted & sub-rounded/well rounded.
	Planar-bedding, sporadic clasts.
	Sub-aqueous upper flow regime flat beds.

	Spl
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 2\Dewey Bridge\DSCN1174.JPG]
	[image: ]
	Brown fine to medium-grained sub-arkosic arenite to quartz arenite, moderate/well sorted & sub-rounded/well rounded.
	Parallel laminations.
	Sub-aqueous upper flow regime flat beds.

	Sfrl
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 1\53.JPG]
	[image: ]
	Brown siltstone to medium-grained sub-arkosic arenite, moderate/well sorted & sub-rounded/well rounded.
	Ripple-cross-laminations, with sub-critically to super-critically climbing multiple sets which form cosets.
	Migration of ripple-scale bedforms in lower flow regime.

	Smf
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 2\The Gap\DSCN2066.JPG]1 m

	[image: ]
	Orange to brown medium-grained sub-arkosic arenite to quartz arenite, moderate/well sorted & sub-rounded/well rounded.
	Structureless, sporadic clasts concentrated in basal sections.
	Rapid deposition in high sediment load suppressing bedform development.

	Sma
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 2\Sevenmile Canyon\IMG_2849.JPG]20 cm

	[image: ]
	Orange to brown medium-grained sub-arkosic arenite to quartz arenite, moderate/well sorted & sub-rounded/well rounded.
	Sigmoidal-bedding with normally graded foresets in single or multiple sets.
	Upper flow regime- antidune development.

	Srb
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 1\60.JPG]
	[image: ]
	Orange to grey medium-grained sub-arkosic arenite to quartz arenite, moderate/well sorted & sub-rounded/well rounded.
	Recumbent cross-bedding, sporadic mud draping on foresets in single or multiple sets, with slightly concave set bounding surfaces.
	Migration of sinuous-crested dune-scale bedforms in lower flow regime with high sediment load.

	Sfl
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 1\23.JPG]
	[image: ]
	Brown siltstone to fine-grained sub-arkosic arenite.
	Flaser laminations with silt lining foreset and set bounding surfaces.
	Migration of ripple-scale bedforms in lower flow regime/waning flow conditions.

	Sssd
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 2\Sevenmile Canyon\IMG_0703.JPG]50 cm

	[image: ]
	Purple to brown siltstone to fine-grained sub-arkosic arenite matrix, with locally derived sediment, forming moderate/poorly sorted & sub-rounded clasts.
	Soft sediment deformed clasts with silt lining the contorted foresets and between the deformed clasts.
	Sub-aqueous mass transport deposits: debris flow/slumping/ sliding into a high sediment load flow.

	Stpl
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 2\Comb wash\IMG_0332.JPG]50 cm

	[image: ]
	Dark brown siltstone, sporadic mottling.
	Parallel to faint undulose laminations, sporadic rhizoliths, desiccation cracks and bioturbation.
	Suspension fall out from stationary waters. Stabilization for vegetation to develop.

	Cms
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 2\Sevenmile Canyon\IMG_2865.JPG]
	[image: ]
	Grey to brown medium-grained sand to pebble-grade, polymictic conglomerate, poorly sorted, sub-rounded, matrix-supported.
	Structureless to sporadic crude trough cross-bedding, with abundant clasts lining foresets.
	Sub-aqueous lower flow regime conditions with high sediment load, intermittent development and migration of dune-forms.

	Ccs
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 2\The Gap\DSCN2015.JPG]
	[image: ]
	Grey to brown coarse-grained sand to pebble-grade, polymictic conglomerate, poorly sorted, sub-rounded, clast-supported.
	Structureless to very crude cross-bedding, abundant clasts throughout.
	Sub-aqueous, high energy Newtonian flow under high sediment load conditions, with suppressed bedform development.

	Cru
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 3\Lees Ferry\IMG_1241.JPG]
	[image: ]
	Grey to orange medium-grained, poorly sorted, sub-rounded/sub-angular, matrix-supported. Rip up clasts ranging from granule to cobble grade.
	Structureless to very sporadically crudely cross-bedded, rip up clasts at base.
	Sub-aqueous high energy flow under high sediment load conditions and reworking of locally derived sediment.

	Lm
	[image: C:\Users\reg06\Pictures\Utah Pictures\Field season 3\Kanab\3. Moqui Cave\IMG_1376.JPG]
	[image: ]
	Grey siliciclastic rich, carbonate wackestone with sporadic red chert.
	Structureless to undulose laminated.
	Sub-aqueous precipitation of allochthomous carbonate with siliciclastic input.



Table 1. Summary of lithofacies observed in the Kayenta Formation. Smpb: Sub-aerial planar cross-bedded sandstone; Smtxb: Sub-aerial trough cross-bedded sandstone; Smpb: Sub-aerial planar-bedded sandstone; Smwb: Sub-aerial undulose laminated sandstone; Sm: Sub-aerial structureless sandstone; Sxb: Sub-aqueous planar cross-bedded sandstone; Stxb: Sub-aqueous trough cross-bedded sandstone; Slxb: Sub-aqueous low-angle cross-bedded sandstone; Spb: Sub-aqueous planar-bedded sandstone; Spl: Sub-aqueous parallel laminated sandstone; Sfrl: Sub-aqueous ripple cross-laminated sandstone; Smf: Sub-aqueous structureless sandstone; Sma: Sub-aqueous sigmoidal bedded sandstone; Srb: Sub-aqueous recumbent cross-bedded sandstone; Sfl: Sub-aqueous flaser laminated sandstone; Sssd: Sub-aqueous soft sediment deformed sandstone; Stpl: Sub-aqueous parallel-laminated siltstone; Cms: Sub-aqueous matrix-supported conglomerate; Ccs: Sub-aqueous clast-supported conglomerate; Cru: Sub-aqueous rip-up clast conglomerate; Lm: Sub-aqueous siliciclastic-rich limestone.



[image: ]
Figure 7. Summary table of architectural elements with brief description and geometry, their contained facies (see Table 1 for detailed facies descriptions), and bounding surface analysis. Two-dimensional illustrations of commonly occurring relationships with overlying and underlying elements are indicated along with their respective palaeocurrent measurements; n = number of measurements, m = mean palaeocurrent direction.



[image: ]
Figure 8. Depositional model of an ephemeral fluvial system based upon field data from the Kayenta Formation. The model highlights the interaction between the aeolian and fluvial environments, and the dominance of upper flow regime and high sediment load structures within the fluvial environment.



[image: ]
Figure 9. Idealized succession highlighting the typical sedimentology observed in an ephemeral fluvial environment. Channel element (orange) with conglomeratic base, crude cross-bedding with clasts lining foresets, a sharp grain-size change to massive to intermittent parallel laminated sandstone, topped by climbing ripples. Downstream accretion element (pale orange) with conglomeratic base and low-angle and recumbent cross-bedding, topped by wavy to ripple cross-laminated siltstone. Sheet-like element (brown) with conglomeratic base, upper flow regime plane beds and antidunes, topped by supercritical climbing ripples. Markov chain analysis for each architectural element was conducted highlighting the probability of each facies occurring in succession.
[image: ]
Figure 10. Depositional models of an arid ephemeral fluvial system from (A) proximal to (B) medial to (C) distal, based upon field data from the Kayenta Formation. The models show the detailed sedimentology and key characteristics observed, as along with the interaction between the aeolian and fluvial environment. See Fig. 8 for key.
[image: ]
Figure 11. Spatial distribution of architectural elements across proximal, medial and distal settings within Kayenta Formation, with three transects through logged localities (see Fig. 1 for locality names). Fluvial channel and sheet-like elements remain fairly constant across the system, accretionary elements are most prevalent within the proximal and medial regions, whereas overbank elements are most prevalent within the distal region.
[image: ]
Figure 12. Temporal variations in sediments of the Kayenta Formation, highlighting the wetting (blue arrow) and drying (red arrow) trends within the system. Wetting trends are characterized by a sharp or erosive contact between the underlying aeolian and overlying fluvial sediments, whereas drying trends are characterized by a more gradational contact between the underlying fluvial and overlying aeolian sediments. Smaller scale drying trends are also observed, particularly within the aeolian deposits.
[image: ]
Figure 13. Comparison of data from the Kayenta Formation and Leman Sandstone including percentage of sand versus silt, fluvial channel thicknesses, aeolian dune set thicknesses and percentage of fluvial versus aeolian elements.
[bookmark: _GoBack][image: ]
Figure 14. Comparison of sedimentary logs from the Kayenta Formation and Leman Sandstone including photographs of key sedimentary structures.
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