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ABSTRACT
The strata of arid continental basins commonly comprise evaporitic sediments deposited in sabkha settings combined with clastic sediments derived from aeolian, fluvial and/or lacustrine settings.  The sedimentary character of these mixed successions and the degree to which evaporitic strata influence their composition, both contribute towards the economic potential of the evaporitic and the clastic component. This work describes, interprets, and provides predictive models for the preserved deposits of sabkha settings that interact with contemporaneous and competing arid continental environments, using the Permian Cedar Mesa Sandstone Formation of the Colorado Plateau, USA, as a case study. Detailed analysis of the sediments reveal a number of distinct sedimentary successions in which the interplay of clastic and evaporitic strata describe deposition in continental sabkha-influenced settings that gradually become drier with time. Each succession is separated from the subsequent one by a sudden ‘wetting’ of the setting in which sediments were deposited. The drying upwards successions show two distinct assemblages, an aeolian erg-margin sabkha, and a lacustrine-margin sabkha. For both settings, the preserved strata demonstrate that the intercalation of clastic and evaporitic sediments on the small (facies) scale is prevalent to such a degree that it would have economic implications for the exploitation of both resources. However, in the lacustrine marginal sabkha, the interbedding of evaporitic and clastic sediments at a larger (association) scale is significantly rarer, with dominantly evaporitic strata giving way to dominantly clastic strata abruptly in upward succession. These observations are considered in the context of climatic variation to construct models of the interplay between climate, clastic and evaporitic sediment supply, and accommodation space. The models provide a means of subsurface prediction where sediments are deposited in similar settings, and the observations provide important new insight for the interpretation and exploitation of economic continental sabkha sediments in the subsurface.
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INTRODUCTION
Evaporitic sabkha systems of varying scales and complexities are present in many arid environments (e.g. Moiola & Glover, 1965; Surdam & Wolfbauer, 1975; Warren, 2016). They are significantly more prevalent in arid coastal settings, such as those of modern-day UAE and Egypt (e.g. Court et al., 2017; West & Hilmy, 1979) but also occur within the continental realm devoid of influence from marine systems (e.g. Gunatilaka & Mwango, 1987; König, 2012). In the continental realm, sabkhas are associated typically with arid-lacustrine and playa settings, such as Death Valley, U.S.A (Smoot & Castens-Seidell, 1994) and Lake Eyre, Australia (Gillespie et al., 1991: Magee et al., 2004), or they occur within aeolian systems where they are hosted in erg-marginal interdunal areas. Modern day examples include Rub' al Khali, UAE (Mckay et al., 2016), Al Liwa, Abu Dhabi (Bristow et al., 1996) and Poolowanna Lakes, Australia (Warren, 2016). In each instance, the spatial and temporal development of sabkhas are influenced by elements of neighbouring settings of the arid system including lakes, lake margins, dunes, interdunes and sandsheets.
The preserved clastic sediments of aeolian and arid lake-margin settings are recognised for their potential to act as high-quality hydrocarbon reservoirs or aquifers within the subsurface (e.g. Glennie et al., 1978) but interdigitated fluvial sediments are known to have detrimental effects upon reservoir performance (e.g. North & Prosser, 1993). Consequently, the evolution of co-existing fluvial and aeolian or lacustrine systems, and the preservation of mixed sediments they deposit, have been well documented (e.g. Langford & Chan, 1989:  Mountney & Jagger, 2004; Herries 1993; Veiga et al., 2002). Conversely, comparatively little attention has been paid by past workers to the interactions between evaporitic and clastic sediments within arid continental settings and the roles coeval environments, along with their temporal evolution, play in regards to deposition and preservation of the system. This is despite the economic potential of evaporitic deposits themselves, or their recognised association with other economic minerals (Warren, 1999), or their potentially detrimental influence on clastic reservoirs.  
This study investigates the deposits of sabkhas within arid and dominantly clastic continental settings, utilising the preserved sedimentary succession of the Cedar Mesa Sandstone, south-eastern Utah, USA as a case study. Specific objectives are:  1) to describe and interpret relationships between evaporitic and clastic sediments  deposited from sabkhas and neighbouring settings of arid continental systems at a range of scales; 2) to develop generic depositional models that account for the features observed; and 3) to develop and discuss theoretical models of the interplay between evaporitic and clastic sediment supply, accommodation space and climate that may be used to provide insight into probable distributions of, and relationships between, evaporitic and clastic strata in similar subsurface settings.  
The work presents a high-resolution dataset that allows three-dimensional demonstration of the sedimentary responses of a continental sabkha system to changes in climate, and of the preserved sedimentary relationships between evaporites and associated clastic deposits that these responses create. Separate models are presented for sedimentary relationships in dominantly lacustrine-marginal and dominantly erg-marginal settings. As such, the work builds upon previous models of sabkha systems (e.g. Warren, 2016; Handford, 1981), refines them for arid continental settings, and sets the models in the context of the evolving arid climate. The models are then combined and discussed in the context of climatic variation, sediment supply and accommodation space to provide explanation for the sediment development, preservation and interaction these terms. As a consequence, the work provides significant new interpretations that may be utilised predictively to provide insight into the volumes distributions, purities and economic potential of subsurface evaporites that have been deposited in similar settings. 
Sabkhas are low-gradient, sub-aerially exposed saline environments that are typically contiguous with bodies of water. They are characterised by frequent and typically cyclic fluctuations in groundwater that concentrate solutes and precipitate evaporites within the sediment or upon the surface (Warren and Kendall, 1985; Warren 1989). Marginal-marine sabkhas (e.g. Alsharhan & Kendall, 2003; Lokier & Steuber, 2008) are defined as those located in the upper intertidal to supratidal zone of arid coastlines and are strongly influenced by marine waters. Continental sabkhas are defined variously as saline pans and mudflats, or interdunal sabkhas, present in arid, inland, closed basins (e.g. Benison & Goldstein, 2001; Gunatilaka & Mwango, 1987; Handford 1982; Hardie & Lowenstein 1978; Lowenstein & Hardie, 1985). 
Saline pans and mudflats
In dominantly submerged settings, periodic expansion and contraction of a saline lake forms a salt pan of layered evaporites and clastics in which the sediments record a ‘saline lake stage’ and a ‘desiccation stage’ (Lowenstein & Hardie, 1985) as the lake dries. During times of flood, lake waters usually inundate an area greater than that of the pan to form a wide shallow, brackish lake. Clastic sediments derived from lake-marginal environments are re-deposited from suspension through the lake waters as thin strata, typically with rippled and wavy bedding surfaces recording slight agitation of the water by wind shear (Eugster & Hardie, 1978). With evaporation, salts are concentrated in the remaining water to form a smaller saline lake in which evaporite minerals precipitate (e.g. Last, 1984; Smoot & Lowenstein, 1991). The earliest precipitates nucleate at the water-air interface as thin rafts of connected platy euhedral cumulate crystals that are held by surface tension until they grow too large and sink (Hardie et al., 1985; Last, 1984; Smoot & Lowenstein, 1991; Lowenstein & Hardie, 1985; Schreiber & Kinsman, 1975; Castens-Seidell, 1984; Alderman, 1985). As lake waters evaporate further, bottom nucleating vertically elongated crystals, with a radial texture, precipitate as crusts from the brine, forming ‘bull’s eye’ patterns (Kendal, 1978).  The most soluble minerals remain in solution until they precipitate at the centre of the bulls’ eyes to give the eyes a concentric mineralogical composition (Hardie, 1968, 1984; Eugster, 1970; Smoot & Lowenstein, 1991). Wind shear on the surface of the saline lake periodically disarticulates rafts and crusts that are then reworked into slumps and debris flows characterised by sediments of euhedral evaporitic crystals dispersed in a clastic matrix (1967; Weiler et al., 1974; Gwynn & Murphy, 1980; Last, 1984; Smoot & Lowenstein, 1991). Complete desiccation of the saline lake produces polygonal fractures in the lakebed that typically fill with detrital evaporitic or clastic sediment. They preserve as crack fills, or as so-called ‘tepee structures’ where the fill incorporates displacive evaporites (Lowenstein & Hardie, 1985; Lokier & Steuber, 2009; Warren, 1983).
Lake-marginal saline mudflats form in dominantly emergent settings and are characterised by fine-grained clastic sediments that are deposited by settlement through the floodwater of the shallow brackish lake. With lake contraction, the mudflats are exposed. Variations in ground water levels and circulation promote subsurface phreatic evaporite growth as random crystals or nodules, or as concentrated thick layers, displacing surrounding sediment (Warren, 2016; Smoot & Lowenstein, 1991). Efflorescent evaporites, forming either powdery undulating surfaces or hard crystalline crusts, precipitate from the evaporation of saline ground waters at the surface (Warren, 2016; Smoot & Lowenstein, 1991).  
Interdunal Sabkhas
Within aeolian interdunes, sabkhas may form when a saline water table is in contact with, or above, the depositional surface (Warren, 2016). They are typically classified as ‘wet aeolian sabkhas’ if they display a capillary succession showing haloturbation but little to no preserved capillary salt, or as ‘chemically-dominated saline aeolian sabkha’ if abundant capillary salts are preserved (Warren, 2016). The sediments of wet aeolian sabkhas typically show some or all of the following: subaqueous current and wave ripples and associated cross-lamination; wavy laminae and contorted bedding; adhesion structures; bioturbated structures; desiccation cracks; megapolygons (Warren & Kendall, 1985); deflation surfaces; and wind-ripple lamination (Warren, 2016; Mountney & Thompson, 2002; Goodall et al., 2000; Martin & Evans, 1988). Similar structures are seen in chemically dominated saline aeolian sabkhas (Warren, 2016), although overprinting by extensive disruptive evaporite crystal growth can modify or destroy primary depositional features (Ahlbrandt & Fryberger, 1981; Warren, 2016).
The preservation potential of interdunal sabkhas depends greatly upon sediment supply, accommodation and movement of the water table. Accretion of the sediment surface is required for preservation and occurs most readily in settings with high sediment supply and developing accommodation. Deflationary systems have little preservation potential, often with only an evaporite-cemented deflationary surface preserved (Warren 2016).
GEOLOGICAL SETTING
The early Permian Cedar Mesa Sandstone of the Cutler Group is predominantly a ‘wet aeolian’ (cf. Crabaugh & Kocurek, 1993) succession exposed across much of the Colorado Plateau of southern Utah and northern Arizona, USA. It was deposited within the Paradox Basin; a roughly oval shaped, Carboniferous-foreland flexural basin formed by loading in response to the uplift of the Ancestral Rocky Mountains (ARM), and defined in shape by the depositional extent of the underlying evaporites of the Paradox Formation (Mallory, 1960). The basin fill comprises four kilometres of late Pennsylvanian to mid-Permian sediments, derived principally from the Uncompahgre Plateau of the ARM, to the northeast (Loope, 1984). 
In southeastern Utah, the Cutler Group comprises four units; the lower Cutler beds, the Cedar Mesa Sandstone Formation, the Organ Rock Formation and the De Chelly Sandstone. The oldest unit, the lower Cutler Beds, comprises aeolian, fluvial and shallow marine sediments (Jordan & Mountney, 2010) related to repeated and cyclic transgressions driven by alternations between arid and humid climate (Jordan & Mountney, 2012). It is overlain conformably by the predominantly wet aeolian sediments of the Cedar Mesa Sandstone Formation (Mountney & Jagger, 2004). The Organ Rock Formation comprises sediments of a terminal fluvial fan system (Cain & Mountney, 2009) and conformably overlies the Cedar Mesa Formation. This in turn is overlain conformably by the aeolian sediments of the De Chelly Sandstone (Blakey, 1996; Dubiel et al., 1996; Condon, 1997; Stanesco et al., 2000).
Deposited in an erg system, the northeast-southwest trending aeolian dune-fields of the Cedar Mesa were bound to the northwest by a palaeoshoreline, and to the northeast by the Uncompahgre Plateau (Blakey, 1988; Blakey et al., 1988; Peterson, 1988; Huntoon et al.,2000) (Fig. 1).  To the southeast, in what is now the ‘four corners’ area of the Colorado Plateau (Fig. 1), the dune-fields of the erg became progressively smaller and more isolated with distance from the erg centre, and individual dunes were separated by wet interdunes and that graded into sabkha deposits (Condon, 1997; Blakey, 1988).
The Cedar Mesa Sandstone has received considerable scientific attention, with interpretations from various authors generally converging upon a wet aeolian environment of deposition (e.g. Langford & Chan, 1989; Mountney 2006; Mountney & Jagger, 2004). However, the evaporitic to aeolian transition on the south-eastern side of the erg, described by Langford & Massad (2014), has received comparatively little attention and its interpreted evolution remains somewhat equivocal.
The deposits of the sabkha show sedimentary features, such as nodular evaporites and enterolithic growth structures interbedded with aeolian sands and fine-grained deposits, that indicate deposition in inland sabkhas associated with playa lakes of an aeolian system (Glennie, 1972). However, sulphur isotope (S34) analyses from gypsum samples (Stanesco & Campbell, 1989) fall within the narrow marine indicator range for the Permian (Claypool et al., 1980). Results from oxygen (O18) and carbon (C13) isotope analyses are less than definitive, with only two of four samples tested falling within the common marine range for limestones (Hudson, 1977). Consequently, Stanesco & Campbell (1989) conclude that the Cedar Mesa Sandstone was, in part, fed by marine waters, with a mixing of fresh and marine waters under conditions of intense evaporation. More recent workers (Langford & Massad, 2014) describe abundant evidence of fresh water vegetation and mud-cracks, and suggest an environment isolated from marine waters, with episodic drying within an inland evaporitic lake (cf. Clemmensen 1978). 
STUDY AREA AND METHODS
This work concentrates on a field area to the west of the town of Bluff, Utah (Fig.1), where sediments of the Cedar Mesa Sandstone are well exposed as gently southwestwardly dipping strata within incised canyons of the modern land surface. In this region, the aeolian erg deposits of a dune field show a lateral transition to sabkha deposits dominated by mixed clastic and evaporitic sediments (Condon, 1997; Blakey, 1988; Langford & Massad, 2014), and to lacustrine deposition.  Cedar Mesa sediments sharply overlie the shallow-marine strata of the lower Cutler beds. The vertical transition is marked by a distinct change from the last shallow-marine limestone of the lower Cutler beds to overlying gypsiferous strata of the Cedar Mesa Sandstone. A laterally continuous and distinctive fluvial sheetflood deposit marks the top of the Cedar Mesa, overlain in turn by the terminal fluvial fan deposits of the Organ Rock Formation.
Ten detailed sedimentary logs were recorded through canyons running perpendicularly to the strike of the sediments at approximately 3 km intervals along a 15 km long north–south transect, and totalling approximately 7.5 km of recorded sediment.  A further two logs (one 60 km to the south and one 100 km to the north of Bluff) were recorded to show the spatial variability in sediments preserved, and to provide regional context. The logs were correlated to one another using the base and top of the Cedar Mesa, and by tracing prominent units within continuous outcrop. 
Facies and facies associations have been derived from log data to examine relationships between the sediments of competing arid environments of the Cedar Mesa Sandstone. The associations present in each log are interpreted in terms of the relative degree of humidity (water) in the depositional setting for each association. ‘Relative humidity’ curves are plotted for each log from which cyclicity of generically related sedimentary successions can be recognised. These analyses, coupled with spatial variations in them, form the basis of three-dimensional sedimentary models that describe temporal and spatial sedimentary relationships at facies and association scale. The models provide insights into how larger scale, allogenic processes control the sediments deposited and preserved.
SEDIMENTOLOGY
Logged sections across the study area (Fig. 1a,c) demonstrate nineteen lithofacies deposited by subaqueous, sub-aerial, and evaporitic processes that form commonly occurring associations typical of the arid environment.  The facies observed are consistent with those typically recognised in aeolian, arid fluvial, arid lacustrine and sabkha environments. For the sake of brevity, their distinctive features and interpretation are summarised in Table 1 and illustrated in Figure 2. 
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The lithofacies are grouped into eleven associations interpreted to have been deposited in discrete depositional settings.  The associations are summarised in Table 2 and are described fully below.
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Compound Aeolian Dune Association (AD)
Basal beds of this association are typically characterised by occurrences of pin-stripe laminated sandstone (Spl), no more than 20 cm thick, that are overlain by cross-bedded sandstones (Sxb) displaying foreset grainflows up to 3 cm thick, each draped with millimetre-scale grainfall laminae. Sporadically, foresets of basal sets are gypsiferous, with gypsum following the foreset surfaces (Fig. 4). The cross-bedded sandstones are arranged into sets 0.2–1 m thick that climb subcritically and are bound dominantly by planar surfaces. The sets are stacked into cosets, typically 5 m thick, but sporadically reaching up to 10 m. Typically, the toesets of cross-bedded units grade into translatent wind-ripple-laminated sandstone (Sxr) along the foreset-bounding surfaces.  Sets of cross-bedded sandstone are sporadically overlain by, or replaced by, sets of similar sized trough-cross-bedded sandstone (Stxb) which climb sub-critically. The set-bounding surfaces are typically slightly curvi-planar and concave upwards on the metre to decametre scale. Convolute bedded sandstone facies (Sxc) are present sporadically at the base of the association and typically grade into, or modify, pin-stripe laminated sandstone, cross-bedded sandstone or trough-cross-bedded sandstone facies.
This association is interpreted as the deposits of migrating compound aeolian dunes.  Cross-bedded sandstones displaying foresets of grainfall and flow indicate reasonably well developed dune-forms with lee-slope slip-faces close to, or at, the angle of repose (Hunter, 1977; Kocurek, 1981, 1991, 1996; Mountney, 2006; Langford & Chan, 1989).  Preservation of pinstripe lamination suggests well-developed dune plinths in front of the dune lee slopes from which ripples migrated up the toe of the lee slope to preserve translatent wind-ripple-laminated sandstone in a strong relationship with the toesets of cross strata. Dunes were dominantly straight-crested transverse forms, preserving planar cross-bedded sets with straight bounding surfaces. Occasionally, sinuous-crested transverse forms developed, or straight-crested forms evolved into sinuous-crested bedforms, under localised conditions of increased sediment supply.  Convolute bedded sandstone facies, typically preserved near the base of the association, indicates dunes migrated in the presence of a water table close to, or at the surface. Loading of water-saturated sediment as the dune advanced resulted in soft-sediment deformation of the dune plinth (McKee et al., 1971; Mountney & Thompson, 2002; Doe & Dott, 1980; Horowitz, 1982). The presence of gypsum along basal foresets (Sxb), indicates solute-rich water was drawn up preferential flow pathways in the sediments of the advancing dune as a result of capillary action (Banham & Mountney, 2013).
Aeolian Sandsheet (SS)
Most of the association is characterised by pin-stripe laminated sandstone (Spl), which typically grades upwards into translatent wind-ripple-laminated sandstone (Sxr), and sporadically into crudely developed cross-bedded sandstone (Sxb). This association is bound by laterally continuous, planar bounding surfaces and forms units 1–2 m thick. Sporadically,  convolute bedded sandstone facies (Scu) are present at the base of the association typically grading with, or modifying, pin-stripe laminated sandstone.
A lack of well-developed cross strata and combined with abundant pin-stripe and translatent wind-ripple-laminations suggests aeolian sandsheets formed under conditions of low sediment supply. Convolute bedding indicates a water table close to the surface, with deformation resulting from water table fluctuations and loading of the sandsheet by the following dune deposits (McKee et al., 1971). Wind-ripple-lamination and crude cross-bedding show some bedform development, but sediment supply was insufficient for full-scale dune development (Biswas, 2005; Kocurek & Nielson, 1986). 
Dry Interdune (ID)
Associations of this type comprise almost exclusively structureless sandstone (Sm) with occasional beds of intercalated pin-stripe laminated sandstone (Spl). The association is of limited thicknesses (<1.5 m) and is bound by flat-lying upper and basal bounding surfaces. 
Sediments of aeolian calibre and texture, deposited with a mostly structureless appearance, are interpreted as dry interdunes formed in settings where the water table lies significantly below the depositional surface and has negligible influence on the depositional processes. The structureless appearance results from translatent strata with limited grainsize variations which consequently do not form defined surfaces (Kocurek, 1981).
Damp Interdune (DI)
Associations of this type are often limited in their lateral extend and pinch out. The base of the association is characterised by slightly concave basal bounding surfaces, whilst the association comprises structureless sandstone (Sm) which is commonly overlain by pin-striped laminated strata (Spl). Some occurrences display sporadic convolute bedded sandstone (Scu) at their bases, and sporadic rhizolith development throughout.
Associations of this type containing facies indicative of wind-blown processes under conditions of low sediment supply (Spl), and evidence of subaqueous deposition (Sm) are interpreted as the deposits of damp interdunes, in which either flooding or a rise of the water table leads to direct contact of water with the depositional surface (Mountney 2006). Periodic influxes of water support plant life (Mountney & Jagger, 2004; Loope, 1984, 1988), whilst convolute bedding structures develop as subsequent dunes migrate over a water-laden substrate (Collinson, 1994). The isolated nature of the deposits and the shape of the basal bounding surfaces suggest isolated, lensoid shaped interdunal areas probably associated with sinuous-crested dune-forms. 
Wet Interdune (WI)
Associations of this type occur in isolated lenses bound basally by planar surfaces. In well exposed examples upper bounding surfaces are slightly convex up. The basal surfaces are typically overlain by 0.4–1 m thick beds of arenaceous-rich carbonates (Lsm), or fine-grained carbonates (Lm). These carbonates are typically overlain by wave-rippled-laminated sandstone (Swr) deposited in beds less than 0.5 m thick with a planar to undulose laminated appearance. Rhizoliths, bioturbation and mottling are present frequently throughout this association.
This association is interpreted as deposits of a wet interdune. Carbonate deposits have accumulated in long-lived shallow ponds of standing water above the depositional surface, close to an aeolian dune field (Langford & Chan, 1989; Loope 1981, 1984). Wave ripples form from wind shear over shallow water (Martell & Gibling, 1991). The isolated nature of the deposits signifies laterally restricted interdunes developing in an enclosed or semi-enclosed setting, either as a result of floodwaters trapped between surrounding sinuous-crested dunes or by rise in the water-table in topographical depressions (Loope, 1984; Mountney & Jagger, 2004; Purvis 1991). 
Confined Flow Association (FC)
Associations of this type are characterised by concave-up, erosive basal bounding surfaces, overlain by intraformational conglomerates (Cm), and planar cross-bedded gravels (Cxb). Cross-bedding is poorly developed, with coarser gravel lining foresets. These facies are overlain by planar cross-bedded, moderately sorted sandstones that are massive to sporadically crudely cross-bedded (Sfxb), in sets no thicker than 0.5 m. The association fines upward into planar laminated sandstone (Sfpl), which is topped by climbing-ripple-laminated sandstone (Sfrl) below a planar to sub-planar upper bounding surface.
Associations with a characteristic concave-up erosive basal bounding surface and a fining upward fill are interpreted as the deposits of fluvial channels. Conglomeratic basal units with clasts lining crude foreset development represent channel lag deposits formed from bedload transport within high energy flows concentrated along the channel thalweg (Miall, 1985). Crudely developed cross-bedding with pebble lined foresets indicates supressed bedform development and migration due to the large grainsize of the bedload, within a high sediment load system (Bridge & Best, 1988; Todd, 1996). Sets of planar cross-bedded sandstone represent the migration of straight-crested dunes and dune trains along the base of a channel in times of lower sediment load and reduced grainsize (Miall, 1985). Planar-laminated sandstone followed by climbing-ripple laminated sandstones suggests rapid waning of flow and bedform aggradation. 
Unconfined Flow Association (UF)
This association is characterised by a laterally extensive erosional base overlain by low-angle cross-bedded sandstone (Sfxb) with foresets in multiple directions arranged into sets with curved bounding surfaces. Set thicknesses range from 0.02–0.15 m within cosets of approximately 0.2–0.3 m.  Cross-bedded sandstones are overlain by horizontally laminated sandstones (Sfbl), which are sporadically overlain by climbing-ripple laminated sandstone (Sfrl). The association is bound by a planar upper bounding surface and is often laterally extensive. In some occurrences, planar cross-bedded sandstones branch into composite thinner units, which maintain the same internal sedimentary structures.
 The flat erosional base of this association represents a characteristic non-channelised flow incorporating either splay or sheetflood type architectures (Tunbridge, 1981; Sneh, 1983; Stear, 1985). Dominance of low-angle cross-bedding and planar-laminated sand indicates a transition from lower flow regime into upper flow regime as a result of a rapid reduction in depth associated with an ephemeral, sand-rich sheet flood, (Miall 1985).  Facies that stack in a vertical section with dominant upper flow regime structures and fining upwards trends, suggest deposition within a high velocity flow that waned quickly, and thin units that split and branch represent the margins of individual sheet floods (Miall, 1996).
Ponded Water Association (PA)
Basal beds of this association typically comprise arenaceous-rich (Lsm) or fine-grained carbonate (Lm) facies. Wave-ripple laminated sandstone (Swr), when present, dominates the association forming thick units (up to 10 m) intercalated with thin beds (rarely great than 1 m) of arenaceous-rich carbonate, fine-grained carbonate or carbonate mudstone. Rhizoliths and bioturbation occur sporadically within the wave-rippled sandstone and fine-grained carbonate facies, however the carbonate facies are almost devoid of fossils, with only sporadic ostracod preservation. Both the top and bottom bounding surfaces of the association are planar and typically gradational with Unconfined Flow, Suspension Settle or Palaeosol associations.  
A dominance of wave-ripple sandstone and fine-grained carbonates suggest a shallow ponded water setting. Wave-ripples have been generated by wind shear across the water surface (Martell & Gibling, 1991), whilst fine-grained carbonate facies suggest variations in clastic content and prolonged conditions of low energy standing water (Tucker, 1978; Platt & Wright, 1991). The development of rhizoliths indicates surface stabilisation around edges of these long-standing quiet waters (Owen et al., 2008; Platt & Wright, 1991). Low diversity of fossil species within the carbonates suggests a high salinity or restricted environment (Flügel, 2004). 
Suspension Settlement Association (SA)
Associations of this type have planar, laterally extensive basal bounding surfaces that are overlain by a progressively fining upwards organic-rich siltstone (Ssl) intercalated sporadically with wave-ripple sandstone (Swr). The association is commonly topped by horizontally laminated pedogenic facies (Sfo) below a planar top bounding surface. The upper and lower contacts of the association are typically gradational with Ponded or Palaeosol associations.
Fine-grained deposits that lack internal sedimentary structures indicate deposition in lakes that were perennial and of greater extent than the deposits of the association Ponded Water Association (PA), in which suspension settling of sediment dominates deposition (Tanner & Lucas, 2007; Fielding, 1984). Occasional evidence for high organic content within the siltstone (Ssl) could indicate depths sufficient to cause thermal stratification (Boehrer & Schultze, 2008). Intermittent intercalation with wave-ripples (Swr) shows a shallowing of the water level, potentially caused by climate fluctuations, and an increasing influence from wind shear (Martell & Gibling, 1991). The occurrence of horizontally laminated pedogenic facies suggests stabilisation around the margins of a long-standing body of water (Eberth & Miall, 1991).
Palaeosol Association (PS)
This association is typically laterally extensive with planar upper and lower bounding surfaces and comprises calcrete-rich pedogenic (Sao) and horizontally laminated pedogenic facies (Sfo). Fining upwards, massive calcrete-rich pedogenic facies (Sao) forms the most common component of the association, frequently related to modification of aeolian and sabkha associations (AD, SS, DI, WI, SK). The horizontally laminated pedogenic facies (Sfo) forms minor components occasionally interbedded with the calcrete facies (Sao) and is primarily associated with the modification of fluvial (UF, FC) and lacustrine associations (PA, SA). The association has a distinctive rooted and mottled appearance, with the calcrete-rich pedogenic facies (Sao) typically displaying nodules and veins of gypsum and calcrete. Calcrete is absent from the horizontally laminated pedogenic facies (Sfo) with only infrequent gypsum nodules and veins. 
The pedogenic features shown within the association suggest periods of surface stabilisation and soil development, with sufficient moisture for plant colonisation. The presence of gypsum and replacement of roots within the calcrete-rich facies (Sao) supports an arid to semi-arid climate (e.g. Cecil 1990; Retallack, 1994; Kraus, 1999), with potential saline groundwater geochemistry precipitating gypsum within the vadose zone, defined as a Gypisol by Mack et al.,(1982). The horizontally laminated facies (Sfo) indicate an immature palaeosol, as primary sedimentary features are visible (laminations) and can be defined as either a protosol or vertisol (Mack et al., 1982). These are associated with more humid climatic conditions (Cecil, 1990) due to the lack of gypsum and calcrete and the modification of the previously described fluvial and lacustrine associations. 
Sabkha Association (SK)
This association is bound by laterally extensive planar bounding surfaces, and comprises predominantly crystalline gypsum (G) regularly arranged into centimetre-scale, asymmetrical and overlapping folds, within a clastic matrix composed of fine to very fine sand and detrital gypsum. This is intercalated with planar and thin (1 cm) interlocking crystalline pink to clear sheet-like gypsum rafts up to 30 cm across, teepee structures and massive bedded nodular gypsum. The gypsum (G) is sporadically interbedded with gypsum-bound sandstone (Gspl), calcrete-rich pedogenic facies (Sao) and horizontally laminated pedogenic facies (Sfo). The association has an inconsistent thickness ranging from 0.2 m up to 10 m. 
Associations dominantly composed of folded and nodular crystalline gypsum and intermittent clastic material indicate deposition within an evaporitic sabkha environment (e.g. Kendall, 1978; Warren and Kendall, 1985; Clement & Holland, 2016; Raine and Smith, 2017). The asymmetrically folded nature of the evaporitic deposits is the result of enterolithic growth within a saline-saturated ground water close to a saline body of water (Warren 2016). The presence and preservation of teepee structures suggests a calm low-energy environment (Lokier & Steuber 2008, 2009) consistent with sabkha development in association with a lacustrine setting.  
Thin planar interlocking crystalline evaporites indicate the construction of cumulate rafts formed on the surface of standing saline bodies of water (Warren 2016).  The intercalated nature of the rafts within nodular, bedded gypsum and clastic material suggests periodic influx of fresh water, followed by a period of concentration. Eventually, crusts of bottom nucleating salts cover sunken rafts as sabkha waters evaporate and desiccate (Warren, 2016). These cumulate salts often contain tepee structures as desiccation results in the polygonal fracturing of the evaporate crusts. These fractures trap sediment and infill the crusts, resulting in the interbedding of evaporites and clastic material (Kendall & Warren, 1987). The interbedded gypsum-bound sandstone with intercalated gypsum nodules and veins relate to saline pan deposition, occurring at the margins of saline lakes (Lowenstein & Hardie, 1985). The pedogenesis demonstrates a degree of hiatus, the presence of an emergent or near-emergent surface, and sufficient moisture for plant colonisation, probably formed from the modification of background sedimentation within or at the edges of saline rich lakes. 
ANALYSIS OF THE SABKHA-INFLUENCED CEDAR MESA SEDIMENTS
In the north of the studied area, logs 1.0 to 1.3 (covering a transect approximately 60 km long from Canyonlands to south of US95) demonstrate dominantly aeolian associations of dune, sandsheet and interdune deposits, and indicate an aeolian setting throughout Cedar Mesa times. In each log, the relative proportions of sandsheet and wet interdune associations compared to those of dunes and dry interdunes indicate a progressive wetting of the aeolian environment southward (Fig. 3). South of US163, log 1.9 demonstrates dominantly suspension settlement and unconfined flow associations of a lacustrine setting. From US163 northward for approximately 30 km (the central part of the studied area), the Cedar Mesa contains aeolian and lacustrine associations mixed with sabkha, ponded water, palaeosol and confined flow associations in varying proportions, with the relative proportion of ‘water derived’ associations increasing southward.  Given their location between aeolian and lacustrine settings to the north and south respectively, a pragmatic explanation for the range of associations observed in these strata is that they represent a sabkha-influenced setting with varying degrees of input from aeolian, fluvial and lacustrine sediments.
Over the extent of the sabkha-influenced Cedar Mesa (Logs 1.4 to 1.8) spatial correlations can be achieved by tracing key stratal horizons in outcrop between logging sites (Fig. 4). They provide constraint on generally coeval sections of strata. Lateral variations in sedimentology across this area, coupled with variations up section in each log, provide a means of constraining and interpreting sedimentary relationships between sabkha associations and those of coeval sedimentary settings at a variety of scales.
Variations in relative humidity 
The distribution and relative proportions of associations in each log across the studied area demonstrate that the sabkha-influenced sediments of the Cedar Mesa describe a gradual wetting of the environment from north to south (Fig 3). This relationship can be utilised to assign each association an integer from zero to ten to represent the general relative ‘wetness’ of the setting in which it was deposited. The dune associations of the northern erg represent the driest setting (wetness = 0) and the suspension settlement associations of the lacustrine dominated south (wetness 10) represent the wettest setting. Wetness values for associations between these extremes are determined from their relative prevalence in different logs across the area. Using these values, a wetness value is determined for each metre of each logged section using an average over a three metre interval. The resultant relative humidity curves (Fig. 4) describe the relative degree of wetness for the setting in which the sediments were deposited.
In all logged sections, the relative humidity curves show a general increase in humidity up section overall. This relationship is crude, and is somewhat obscured by higher frequency patterns, but it is most evident in logs 1.5 and 1.8. In each individual log, the relative humidity curve indicates up to four separate successions of genetically related sediments that show a progressive drying in depositional setting upward. Each succession is separated from the succeeding one by a depositional break given by associations deposited in a setting that indicates a sudden wetting. 
Each succession contains sabkha associations. However, in each succession these occur with either aeolian associations (dune, interdune and sandsheet), or separately with fluvio-lacustrine associations (confined and unconfined flow, suspension settlement and palaeosol). In each case, the proportion of the succession that comprises sabkha associations and the proportions of different sabkha facies within those associations are distinctly different, as are the influences of evaporitic sediment upon adjacent clastic facies.
Each log alternates between successions featuring aeolian associations and those featuring fluvio-lacustrine associations. The depositional breaks may be correlated between logged sections based on this cyclicity and constrained by established field relations. 
As a consequence of this analysis and correlation, this work recognises two distinct sedimentary assemblages that involve evaporitic deposits. These are ‘aeolian - sabkha’ and ‘fluvio-lacustrine - sabkha’ sediment assemblages, and they are described in detail below.  
Aeolian – Sabkha Assemblage  
Aeolian associations of dune (AD), sandsheet (SS), and interdune (DI) are frequently intercalated with sabkha facies to produce aeolian sediments that are highly gypsiferous and contain gypsum nodules or veins (Fig. 5). 
Dune associations (Stxb, Sxb), although common in this setting, are usually of limited vertical extent within logged data and cannot be correlated directly between logged sections, suggesting a limited lateral extent also. They generally lack the large-scale set and coeset development seen in typical aeolian-dominated sediments (e.g. Rubin & Hunter, 1982; Kocurek, 1981). Dune associations typically overlie gypsum associations (G) and regularly show gypsum precipitated along the bounding surfaces (Fig.5). The thickest precipitates are found typically along set-bounding surfaces, with thinner deposits along foreset surfaces. 
Thin units of gypsum (G) associations and carbonate facies (Lm, Lsm) are interbedded frequently between sets of aeolian dune sand with soft sediment deformation developed along basal bounding surfaces. These units grade into pedogenic facies that are frequently gypsum rich, displaying enterolithic growth structures, gypsum nodules and evidence of haloturbation (Fig 5).
Idealised sections through this assemblage (Fig 5) typically begin with unconfined flow (UF) and ponded water (PA) associations, which dry up through aeolian dune (AD) associations with interdune (ID, Di, WI) or sabkha (Sk) associations sandwiched between. The top is commonly marked by palaeosol associations (PS) followed by associations that indicate a sudden wetting of the depositional setting.  Aeolian associations dominate the vertical section, sabkha associations however are typically thin forming less than 10 percent of the section. However, aeolian facies are typically strongly influenced by evaporitic sediments. 
A characteristic dryness curve (Fig. 5) shows an overall decreasing humidity value related to the drying upwards of the sequence, a low straight line indicates large dune associations, (AD) often with a V shaped kick associated with wetter interdune (WI) or sabkha deposits (SK).
Fluvio-Lacustrine - Sabkha Assemblage
Fluvio-lacustrine associations of confined and unconfined flow, suspension settlement, ponded and palaeosol occur in logs 1.4-1.8 intercalated with sabkha associations and individual occurrences of gypsum facies (G, Gspl, Sfo).
Thick sabkha associations of bedded gypsum (G) containing multiple polygonal crusts, rafts and cumulates (Fig. 6) are interbedded with thin unconfined flow associations (<1 m), along with gypsum bound sandstone and pedogenic facies which contain frequent gypsum nodules and enterolithic growth structures (Fig.6).
In all logged sections, these strata typically overly suspension settlement associations which are intercalated with unconfined flow associations and / or thin units of carbonate facies, both of which can be commonly correlated between adjacent logs (Fig. 4). 
Idealised sections through this assemblage (Fig 6) typically begin with unconfined flow (UF) and suspension settle associations (SA) which dry up through progressively thinner suspension settle deposits interbedded with ponded water associations (PA) containing carbonates and wave-rippled clastics. The top is marked by thick sabkha associations (SK) containing bedded evaporites and palaeosols with enterolithic growth followed by associations that indicate a sudden wetting of the depositional setting.  Lacustrine and sabkha associations comprise approximately ninety percent of the vertical succession. Aeolian associations are somewhat limited in extent, and are largely unaffected by the presence of evaporitic sediments. 
A characteristic dryness curve (Fig. 6) describes a smooth cylinder curve which decreases to a straight curve within sabkha associations (SK), occasional fluctuations in the curve relate to aeolian deposits (AD).
DEPOSITIONAL MODELS OF THE SABKHA-INFLUENCED CEDAR MESA SANDSTONE
Logged sedimentary sections, spatial correlations between them, and assemblages recognised within them provide a quasi-three-dimensional analysis of the dataset from which spatial and temporal depositional models of the sabkha influenced Cedar Mesa can be developed. Two separate models describe the sedimentary relationships observed, each derived from the assemblages described above. Each model describes a sedimentary setting in which the climate progressively dries through time to preserve the drying upward assemblages typically observed in the Cedar Mesa. 
Erg-margin Sabkha Setting 
Sedimentary relationships observed at both facies and association scale within the aeolian – sabkha assemblages suggest an erg-marginal setting (Fig. 7) in which small-scale sinuous-crested aeolian dunes migrated with damp to wet, solute-rich interdunal areas separating them. In some areas, the solute-rich substrate was wet enough for the direct precipitation of gypsum and carbonates, intercalated with aeolian calibre clastic sediments, to form evaporitic wet interdune deposits. In other areas, enterolithic growth of gypsum within the damp subsurface and evidence of haloturbation indicate damp interdune settings. A wet solute-rich substrate severely limited sediment supply to dunes and consequently dunes were isolated from one another, most likely barchanoid, and the damp interdunes are interconnected laterally.
As the dunes migrated over interdunal areas they deformed the soft substrate and drew concentrated brine up the foreset bounding surfaces to deposit gypsum through capillary action. Thicker deposits of deformed gypsum that are present along set and coset bounding surfaces represent the migration and climb of wet or damp interdune facies with the migration and climb of dunes. 
  At a time of high humidity, the erg-margin sabkha was influenced by a wet marginal aeolian erg interacting with limited ephemeral fluvial systems (e.g. Mountney & Jagger, 2004) that fed small saline lakes in interdunal areas. Sabkha development was limited, with lake-marginal areas characterised by vegetation and the formation of soils. Evidence for the evaporitic nature of the system as a whole is limited to gypsiferous nodules and calcrete development within soils (Sao, Sfo).  As the climate dried, aeolian dunes increased in magnitude and frequency, and became contiguous, forming dune fields dominated by straight-crested dunes evolving through time into sinuous-crested forms with well-developed dune plinths. Water-derived sediments were deposited within laterally restricted and isolated interdune areas surrounded by sabkha facies.  
Although water plays a role in the formation of sediments within the erg-margin sabkha, the dominant sediment transport processes were wind-driven, with increases or decreases in the amount of water probably the result of variations in the elevation of the water table, rather than sustained surface flow from outside the system that fed significant and long-standing bodies of water. 
Consequently, evaporitic associations within the deposited assemblages of this setting are thin and form a subordinate proportion of the vertical succession. They are intercalated with interdune associations and are typically of limited lateral extent despite lateral connectivity of interdune deposits themselves.   However, preserved aeolian associations are strongly influenced by evaporitic sediments, and typically contain gypsum precipitated on bounding surfaces. 
Lacustrine-margin Sabkha Setting 
Sedimentary relationships observed within the fluvio-lacustrine – sabkha assemblages suggest an arid evaporitic lacustrine-margin setting (Fig.8). Thick suspension settlement associations represent lacustrine sediment interbedded with either fluvial or carbonate sediments depending on the rate of fluvial input and the magnitude of its clastic load. In dominantly submerged areas, thick arid saline pan deposits of bedded gypsum deposits formed from both surface nucleating rafts, and bottom nucleating salts, with eventual surface exposure indicated by polygonal growth structures. 
The gypsum bound sandstone and evaporite-rich palaeosols show capillary and phreatic growth of salts around the edges of an evaporitic lake from the infiltration of saline groundwater, indicative of a saline mudflat setting.
At a time of high humidity, the lacustrine-margin sabkha was dominated by fluvio-lacustrine systems. Aeolian dunes were small-scale, barcanoid and strongly isolated between well-developed fluvial systems and associated vegetated overbank. Around the lake margins, the fluvial deposits of unconfined flow produced sediments conducive to vegetation growth, and distal lacustrine settings were dominated by clastic sediment from fluvial input, despite the salt concentration in the water. As the environment dried, the lake contracted. By a time of maximum aridity extensive lake-marginal saline mudflats developed over the edges of the lacustrine depression. Surface and enterolithic mineral growth in these areas severely limited the sediment that is available for aeolian transport, and trapped much wind-blown sediment on damp surfaces. Consequently, the dune field showed little to no growth as the environment dried. Fluvial systems incised and straightened in response to lake base-level drop, isolating the surrounding sabkhas from fluvial flooding, severely reducing clastic dilution of the evaporitic sediments, and further restricting the aeolian sediment budget. In the lake, a lack of clastic input from fluvial systems, coupled with concentration of dissolved salts as the water evaporated, produced a saline pan  with lacustrine carbonate precipitation, followed by gypsiferous sediments dominated first by rafts formed on the lake surface and later by bottom nucleating sediments. Finally, lacustrine derived gypsum deposits are superseded by those of the aggrading sabkha as the lake contracts completely.   
In the preserved assemblages of this setting (Fig. 8), lacustrine and sabkha associations dominate, with subordinate aeolian sediments. This is despite the drying upward trend portrayed by the assemblage.  Evaporitic sediments have limited influence upon the aeolian facies also. This probably results from poor development of dune-fields of small size that formed in response to limited sediment available for aeolian transport.
DISCUSSION
Examination and analysis of the sabkha-influenced sediments of the Cedar Mesa sandstone exposed in south-eastern Utah and northern Arizona (Fig. 1) demonstrates a number of drying upward successions of generically related sediments. Each succession is separated from the succeeding one by a depositional break represented by a sudden wetting of the setting in which succeeding associations were deposited. All successions contain sabkha associations, but the distinctive character of the associated clastic sediments and their relationships to the evaporitic sediments describe two distinct assemblages of aeolian-sabkha and fluvial-lacustrine-sabkha. In each log, successions alternate in character and a correlation of drying upward successions describes cycles of sedimentary deposition and preservation that form in an erg-marginal sabkha setting and in a lacustrine-marginal sabkha setting. 
The preservation potential of sediment in any environment is controlled by the interaction between sediment accumulation (a function of environment, supply and climate), and developing accommodation space through time (tectonics) (Howell & Mountney, 1997; Cecil, 2003).  
With a constant rate of subsidence, the preservation potential of continental sediments responding to cyclic changes in climate is governed by the relationship between the rate of creation of accommodation space and the independent rate of sediment flux (the difference between the rate at which sediment enters and leaves the system) under different climatic conditions within the depositional setting (Howell & Mountney, 1997). If sediment is supplied continually, but the rate is insufficient to overfill the developing accommodation, then the preserved sedimentary succession may reflect both wetting and drying of climate. If rates of sediment flux are sufficiently high during part of the climate cycle to over-fill accommodation then sediment deposited above accommodation is transient and will not be preserved; it will be reworked during periods of lower sediment flux and redeposited under different climatic conditions. Consequently, preserved sedimentary successions may represent deposition during only part of the climate cycle (Howel & Mountney, 1997; Mountney, 2006).  
The deposited sediments of sabkha settings are influenced by separate clastic and evaporitic sediment fluxes that respond differently to climatic change, but combine to deposit sediment in the developing accommodation space. The likely effects of climatic variability upon both clastic and evaporitic sediment fluxes in erg-marginal and lacustrine-margin sabkha settings are discussed below, and combined subsequently with developing accommodation space to produce a theoretical model that accounts for the preserved successions observed in the Cedar Mesa sediments. 
Erg-marginal sabkha settings are dominated by aeolian deposition. During climatic drying, the clastic sediment flux rate is likely to be comparatively high and significant volumes of sediment accumulate, typically to well above base level. Accommodation is exceeded by clastic deposition at or near the point of maximum aridity (Howell & Mountney 1997). Interdune brine pools evaporate, concentrating solutes and producing evaporitic sediments in pools and in subsurface sediments surrounding them. Evaporitic sediment flux rates increase rapidly from zero to a maximum probably relatively early on in the climatic drying cycle once solute concentration in the spatially limited pools of evaporating water exceeds the threshold for precipitation.  Once water is exhausted, the rate of evaporitic sediment deposition falls rapidly to zero. As the climate wets, a rise in the water table probably reduces the clastic sediment available for aeolian transport significantly. Material is removed, producing a negative clastic sediment flux and the dunes deflate to, or near, the water table. Small saline puddles and lakes form, solutes are diluted, evaporitic sedimentation flux remains near zero and may fall to negative as some deposited evaporites are dissolved. 
In lacustrine-marginal sabkha settings, As the climate dries, evaporitic sediment flux rates are near zero until the large volumes of water within lakes are reduced sufficiently to concentrate solutes (e.g. Handford 1982; Gunatilaka & Mwango, 1987; Lowenstein & Hardie, 1985; Hardie et al., 1978) and promote precipitation of evaporites. With continued drying, evaporitic flux rates increase dramatically toward the point of maximum aridity for as long as water remains in brine pools or within the subsurface. Evaporitic sediment may accumulate to slightly above accommodation space as brine pool dry completely and surface evaporitic sediments form. A wetting climate dilutes evaporite concentration in surface and subsurface water and reduces evaporitic sediment flux rates significantly. In the initial stages of climatic wetting areas inundated with water may experience negative evaporitic flux rates as some evaporitic crusts are dissolved, while areas above water may experience a slightly positive evaporitic flux as evaporites are reworked by aeolian dunes.  Clastic sediment flux rates are probably greatest at the point of maximum aridity when the lake is completely dry and the exposed bed supplies sediment to aeolian dunes.  However, the magnitude of the flux at this point is low, because much clastic sediment is bound by evaporitic precipitation on or within the former lakebed. With wetting, clastic flux rates fall further, fall rapidly, and may fall negative as the lake expands rapidly over areas of former clastic sediment source.
The effects of these variations in both clastic and evaporitic flux rates may be investigated using theoretical models that build upon the approach of Howell and Mountney (1997). In the models (Fig 9), subsidence rates are considered constant over a defined period time during which the climate cycles from wet to dry. Clastic and evaporitic sediment flux rates are modelled independently with shapes and variations in magnitude described by the preceding discussion. 
A constant rate of subsidence produces linearly increasing accommodation space through time (Fig.9).  The cumulative accumulation of sediment through time is independent of accommodation space and is the cumulative total of the clastic and evaporitic flux rates combined (Fig.9). Over periods of time where the rate of total sediment flux is less than the rate of subsidence, the accommodation and accumulation lines diverge and created accommodation space is under filled. Over periods of time where the rate of total sediment flux is greater than the rate of subsidence, the accommodation and accumulation lines converge: accommodation space is filled, and may be over filled. When the rate of total sediment flux is negative, previously accumulated sediment is removed and accommodation space may be created. Sediment that is deposited below the accommodation line, and that is not subsequently eroded by a negative sediment flux, is preserved. Sediment deposited above the accommodation line is transient and ultimately is not preserved. 
In an erg margin setting, the model demonstrates that a large amount of sediment from both clastic and evaporitic sources is likely to accumulate during the drying phase, and accommodation space may be dramatically overfilled. During the wetting phase the total sediment flux reduces and may fall negative as clastic sediment is removed and evaporitic sediment is not produced. Much of the sediment deposited during the drying phase is not preserved, sediment accumulation falls below accommodation, and new accommodation space is generated for deposition to fill during the next drying phase. Consequently, erg margin sabkha settings preserve drying-upwards only motifs. By contrast to typical erg-centre drying-upward successions (Howell & Mountney, 1997), the base of each drying upward cycle is characterised by sediments deposited in sabkha ponds of limited spatial extent within interdune corridors. These sediments represent accumulation during the earliest stages of drying, at or soon after the point of maximum humidity, when significant water is still present. As the climate dries and water evaporates, subsequent deposition evolves rapidly to become dominated by aeolian sediments. Consequently, sabkha associations constitute only a small proportion of the sediments preserved in aeolian-sabkha assemblages, but their intimidate association with dunes means that significant interaction at the facies scale takes place, and dune associations in this assemblage are strongly influenced by evaporitic sediments.  
Drying-upward motifs to lacustrine-margin sabkha settings occur because significant evaporitic sediment is precipitated during latter half of dying phase when solutes become concentrated in the remaining lake water. Clastic sediment flux increases with drying, but is comparatively low and contributes comparatively less to the sedimentary succession. Rapid switching to evaporitic deposition occurs when evaporation of lake waters is sufficient to concentrate solutes and precipitate evaporites. A generally low clastic flux severely limits facies-scale interactions between clastic and evaporitic facies, and when evaporitic sediments are deposited they quickly dominate the succession. With wetting, sediment flux from both evaporitic and clastic sources is severely curtailed.
The simple models presented demonstrate that in both erg-marginal and lacustrine-marginal sabkha systems, drying upward motifs will be observed in the preserved assemblages if sediments completely fill accommodation space during each climatic cycle. The relative timing of the points of maximum clastic and evaporitic production on the climate curve provide arguments for relationships between clastic and evaporitic sediments, and for the relative proportion of each observed within the preserved assemblages. 
However, these interpretations come with caveats of both temporal and spatial scale.  The two models undoubtedly represent end-members of a continuous spectrum of sabkha influenced settings that were present across the study area during Cedar Mesa times and that can be observed in many similar modern settings. This factor may be responsible for some of the sedimentary variation observed in the assemblages, but distinct assemblages representing intermediary settings between erg marginal and lacustrine marginal settings are not clearly observed in the data. The extent to which any intermediate setting would preserve drying upward sedimentary trends is also unclear.  
The preservation of continental sediments is a function of the depositional process intrinsic to the sedimentary setting, coupled with the spatial and time scales over which the sedimentary environments evolve, and the frequency of climatic change. It may be possible that the depositional processes intrinsic to the aeolian and lacustrine settings have a dominant influence on deposition and preservation of the sediments of sabkha settings, such that intermediate settings are less likely to be preserved, or are preserved with signatures that reflect one of these end members, biasing the sedimentary record. Alternatively, preservation of intermediate settings may require different spatial or temporal scales of evolution to those examined in this work. Higher frequency oscillations in climate may produce wet and dry trends if the period of the oscillation is insufficient for sediments to fill accommodation space, or in settings where the processes of deposition can respond quickly enough. In other settings, high-frequency scales may be overprinted by lower frequency ones depending upon sedimentation rates (Havholm & Kocurek, 1994). 
The models assume constant subsidence with time. Furthermore, a correlation of depositional assemblages across the sabkha influenced Cedar Mesa (Fig 4) based upon the nature of the assemblages and their thicknesses assumes constant subsidence spatially across the study area.  However, sabkhas form in topographical depressions and the effects of differential subsidence across the depositional system should not be dismissed. The correlation of assemblages and their boundaries is less evident, and thickness of assemblages are more varied, in the lower Cedar Mesa than it is in the upper two thirds.  This may be the signature of independent rates of subsidence across the study area that resulted in isolated and independently evolving sabkha systems in the early stages of Cedar Mesa development, with each system responding to its own accommodation space and localised sediment supply.  Within the study area (Fig 1), the presence of local fault-controlled pre-Cedar Mesa topography is a moot point, and it is possible that the early stages of development of the sabkha influenced Cedar Mesa were isolated, before a broad-scale erg-margin to lacustrine-margin sabkha system developed across the area. 
The models provide an explanation for the sedimentology of individual depositional cycles within the succession. However they do not provide explanation for the alternating nature of the preserved assemblages in any given log, or for the overall apparent wetting upward in each log. These trends may result from longer term and higher amplitude oscillations in climate that drive similar scale oscillations in sediment supply to the system. The effects of these scales cannot be investigated conclusively within the sabkha-influenced succession alone and require a more regional analysis over significantly greater thicknesses of sediment.  
Nevertheless, the models presented provide valuable insight into the distributions of preserved sediments across erg-margin to lacustrine margin sabkha settings. They provide means of predicting distributions of evaporitic and clastic strata in the subsurface, their relative volumes, and the relationships between them. As such they have useful economic potential for evaluating the possible volumes of exploitable evaporites in the subsurface, or the effects at a variety of scales that evaporitic sediment have upon their contemporary and coeval clastic sediments.  

CONCLUSIONS
This work has demonstrated characteristic relationships between sabkha sediments and those of neighbouring arid continental settings using the Cedar Mesa of the Colorado Plateau as a case study. The relationships may be summarised by separate models of aeolian-margin and lacustrine-margin sabkha systems. Aeolian-margin systems represent small-scale interdune sabkhas hosted between and around dominantly aeolian sediments. Lacustrine-margin systems represent sabkha development in saline pan and mud flats around an arid saline lake. In each model, drying upward successions are preserved in response to climatic oscillation, as long as the combined clastic and evaporitic sediment flux is sufficient to fill developing accommodation space during each climate cycle. 
Preserved drying-upward assemblages deposited from erg-margin settings are dominated by aeolian sediments. Evaporitic associations at their base that give way over very short vertical distances to exclusively aeolian associations. At the facies scale, aeolian associations show extensive and  pervasive modification by evaporitic sediments. 
Preserved drying-upward assemblages deposited from lacustrine-margin settings are dominated by clastic lacustrine associations at their bases that give way over short vertical distances to evaporitic associations toward the top. Aeolian associations are minimal.  At the facies scale, lake sediments are altered by evaporitic deposition. Abrupt switching of sedimentary styles is a consequence of the relative timing of the independent points of maximum rate of sediment flux for clastic and evaporitic sediments within one climate cycle. 
The extent to which evaporitic-clastic sediments interact in different settings has important implications for the interpretation of mixed evaporitic and clastic environments and for their economic potential. The models presented in this work provide a basis for interpreting sabkha sediments in terms of their dominant depositional setting. They provide insight into likely distributions and volumes of both clastic and evaporitic sediment laterally and up-section, and at a variety of scales; and models of climatic cyclicity provide explanations for these relationships. With application to core and wireline data, the models could provide a predictive tool for the economic interpretation of evaporitic strata in the subsurface. They predict distributions of significant volumes of evaporites that are uncontaminated by clastic strata, and they provide insight into facies-scale interactions that are detrimental to reservoir performance.  
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Figure Captions 
Fig. 1 A) Reconstructed paleogeography of the Cedar Mesa Sandstone Formation during the early Permian Period (after Blakey et al., 1988). Location of the dune field is marked in dark yellow, with the location of sabkha sediments shown in purple against an inferred land surface (light yellow). Present day state boundaries are superimposed along with highlighted study area. B) Stratigraphy of the study area from Pennsylvanian to Triassic. Unconformities are marked with an undulating line (after Barbeau, 2003). C) Study area and log localities pictured with roads, national parks and state boundaries. Paleogeographical location of the sabkha facies (purple) and Uncompahgre Uplift (red) are also shown (after Blakey et al., 1988).
Fig. 2 Field examples of facies encountered within the study area. Each facies is identified by the label and fully described in table 1. A) Large sets of cross-bedded aeolian sandstone (sxb) overlying convoluted sandstone (Scu). B) Trough cross-bedded aeolian sandstone (Stxb). C) Shallow climb and migration of ballistic wind-ripples. D) Pinstriped sandstone (Spl). E) Rooted massive sandstone (Sm). F) ‘Blocky’ fine grained limestone (Lm). G) Interbedded laminated pedogenic facies (Sfo) and clastic-rich limestone (Lsm). H) Wave ripples (Swr). I) Mottled silts (Ssl). J) Erosive conglomerates (Cm), overlain by horizontally laminated sandstone (Sfpl). K) Cross-bedded conglomerates (Cxb). L) Planar cross-bedded sandstone (Sfxb). M) Climbing-ripple laminated sandstone (Sfrl). N) Gypsum raft and tepee structures. O) Planar cross-bedded sandstone (Sxb) overlying caliche pedogenic facies (Sao). P) Interbedded gypsum (G), gypsum-bound sandstone (Gspl) and horizontal-laminated pedogenic facies (Sfo).
Fig. 3 The spatial variation in sedimentary characteristics. Three representative logs (A-C) are shown in a general north-south transect to highlight the spatial variability. Logs are coloured by facies, facies associations are indicated by the coloured bar along the side of the logs. Log 1.5 also highlights the alternating aeolian-sabkha or lacustrine-sabkha interactions by red or salmon boxes respectively. A) Log 1.2 shows dominantly sediments of an aeolian environment. B) Log 1.5  sediments of a sabkha dominated setting. C) log 1.9 sediments of a lacustrine setting. D) Histogram plot of the percentage of each facies association in each log of the transect, demosntrating a gineeral increase in fluvio-lacustrine assocaitions and decrease in aeolian associations southward. Sabkha aassociations dominate the central portinion of the trasect (logs 1.4 to 1.8). Locations of the logs are shown in (E).
Fig. 4 Four representative sedimentary logs (logs 1.5, 1.6, 1.7, 1.8) from the sabkha depositional setting have been correlated across the study area by formational relationships and key lithological units.  Logs are coloured by facies, facies associations are indicated by the colour bars to the side of the logs. A rolling average relative humidity curve from maximum aridity to maximum humidity is shown. The humidity values are shown next to corresponding associations within the key, 0 indicates most dry whilst 10 is the wettest. Interpreted drying upwards successions are indicated by coloured arrows, red arrows indicate erg margin assemblages, whilst salmon arrows show the lacustrine margin assemblages.
Fig. 5 Representative sedimentary features, outcrop characteristics and schematic log for the aeolian-sabkha assemblage. A) Outcrop panel showing: Dry interdune deposits (1)  overlain by a mixed sabkha setting consiting of pedogenic facies, gypsum-bound sandstone and gypsum (2), and gypsum-rich aeolian dune sediments (3). B) Deformed gypsum-rich aeolian dune sediments with frequent gypsum along bounding surfaces (3) overlying a sabkha realted pedogenic facies (2). C) Close up image of gypsum within the bounding surfaces of aeolian dune sediments (3). D) Idealised log and idealised realtive humidity curve for aeolian-sabkha assemblage. Log coloured by facies with associations indicated by coloured side bar, red bar denotes the full aeolian-sabkha assemblage sequence, for full key see Fig. 3 and 4.
Fig. 6 Representative sedimentary features, outcrop characteritics and schematic log for the lacustrine-sabkha assemblage. A) Outcrop panel showing: Interbedded gypsum and pedogenic facies with frequenct enertolithic growth overlain (1)  by sabkha realted pedogenic facies (2) and gypsum rich aeolian dune sediments (3). B) Deformed gypsum teepee structures (3). C) Enterolitch growth structures (3). D) Idealised log and idealised realtive humidity curve for lacustrine-sabkha assemblage log coloured by facies with association indicated by coloured side bar, salmon bar denotes the full aeolian-sabkha assemblage sequence, for full key see Fig. 3 and 4. 
Fig. 7 Conceptual depositional model for the erg-margin setting of the Cedar Mesa Sandstone Formation.  Three sections of field logs are shown, highlighting key characteristics of the erg-margin sabkha setting, also highlighted on the depositional model: (1) The presence of occasional interdune carbonate deposits; (2) aeolian cross-bedded sandstone with gypsum-rich bounding surfaces overlying gypsum deposits; (3) development of palaeosols. Logs are coloured by facies, and associations are indicated by the colour bar alongside the logs. Key interactions are indicated by a grey box. The depositional model shows the three-dimensional relationships between associations during deposition and the bounding surface relationships of preserved deposits. Field photos detail (a) gypsum precipitation up the set and forest bounding surfaces of aeolian dune deposits (b) the preserved nature of the deposits.
Fig. 8 Conceptual depositional model for the lacustrine-margin sabkha setting of the Cedar Mesa Sandstone Formation.  Three sections of field logs are shown, highlighting key characteristics of the lacustrine margin sabkha setting, also highlighted on the depositional model: (1) multiple gypsum nodules and enterolithic growth; (2) the contraction and concentration of desert lakes. Key interactions are indicated by a grey box. The depositional model shows the three-dimensional relationships between associations during deposition and the bounding surface relationships of preserved deposits. Field photos show (a) the lateral extent of deposits, (b) close-up detail of the enterolithic growth structures seen within pedogenic facies. 
Fig. 9 Theoretical sediment accumulation and accommodation space development with time that could account for the deposits observed in the Cedar Mesa Formation.  A) Cumulative accommodation and cumulative total sediment accumulation.  Sediment accumulation below the accommodation line is preserved, accumulation above the accommodation line is transient and ultimately not preserved.  B) Relative clastic (brown) and evaporitic (pink) sediment flux curves with time, that combine to give a total flux curve (dotted) from which the cumulative accumulation curve in (a) is calculated. Positive flux rate results in deposition of sediment, whereas a negative rate results in erosion. C) The variations in climate with time over which sediment flux rates in (b) and the cumulative sediment accumulation (a) are modelled. Over the first climatic cycle, sediment fluxes for the erg-margin setting are modelled; over the second climatic cycle, sediment fluxes for the lacustrine-margin setting are modelled. D) Idealised sedimentary logs for erg margin and lacustrine margin sabkha settings are presented alongside, logs are coloured according to facies, with associations represented by the coloured bar. See Fig. 4 for key to the colours. Idealised relative humidity curves are also plotted against the sedimentary log from maximum aridity on the left to maximum humidity on the right. 
Table 1 Table detailing the facies found within the study area from the results of sedimentary logging. Each facies is give a unique code and name and is described and interpreted based on the depositional process.
Table 2 Table summarising the associations found within the study area, the facies contained within each association and the basal and upper contacts.
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Table 1
	Code
	Facies
	Description
	Interpretation

	Sxb
	Planar cross-bedded sandstone
	Yellow, fine- to medium-grained, well sorted, sub- to well–rounded, quartz arenite. Planar cross-bedding with grainfall and grainflow and inverse grading on foresets. Sporadic gypsum precipitated along lower bounding surfaces of sets.
	Migration of wind-blown, dune–scale straight-crested bedforms.

	Stxb
	Trough cross-bedded sandstone
	Yellow, fine- to medium-grained, well sorted, sub- to well–rounded, quartz arenite. Trough cross-bedding with grainfall and grainflow and occasional inverse grading of foresets.
	Migration of wind-blown, dune–scale sinuous-crested bedforms.

	Sxr
	Translatent ripple sandstone
	Yellow, orange to white, fine- to medium-grained, well sorted, sub- to well–rounded, quartz arenite. Shallowly climbing (<8 deg) translatent strata.
	Translatent migration of ballistic wind-ripples.

	Spl
	Pinstriped sandstone
	Yellow, orange to white, fine- to medium-grained, well sorted, sub- to well–rounded, quartz arenite. Horizontal laminations with bimodally sorting (pinstripe)
	Saltation of fine-grained sand, which accumulates along the saltation wavelength, reptation of coarser grains over accumulated grains, results in inverse grading and no cross-lamination. 

	Scu
	Convolute bedded sandstone
	Yellow, orange to white, fine- to medium-grained, well sorted, sub- to well–rounded, quartz arenite. Convolute and undulose bimodal sorted lamination.
	Deformation of semi-consolidated to unconsolidated sediment by pore fluid escape.

	Sm
	Massive sandstone 
	Yellow, orange to white, fine- to medium-grained, well sorted, sub- to well–rounded, quartz arenite. Massive with sporadic mottled colour and rhizoliths.
	Suspension settling of sub-aerial aeolian calibre sediment. Rhizolith development indicates vegetation growth.

	Lm
	Fine-grained carbonate
	Dark grey to blue, carbonate wackestone. Massive, sporadic blocky or stylotised with sporadic Ostracod microfossils and nodular red microcrystalline chert.
	Sub-aqueous precipitation of carbonate.  

	Lsm
	Clastic-rich carbonate
	Dark grey to blue carbonate Wackestone with >10% fine grained sand within a carbonate mud matrix. 
	Sub-aqueous precipitation of allochthonous carbonate with siliciclastic input from neighbouring environments.

	Swr
	Wave-rippled sandstone 
	Dark brown silt to very fine-grained moderately sorted sub-rounded sub-lithic arenite. Parallel laminated with sporadic undulose texture and symmetrical wave ripple cross-lamination. Sporadic rhizoliths, bioturbation and mottling.
	Low energy, sub-aqueous settlement from suspension. Undulose and wave ripples due to oscillating waters in response to surface wind shear. Waters contained support for organisms, rhizolith development indicates vegetation growth.

	Ssl
	Massive mottled silt
	Black to dark grey, purple, silt to very fine-grained, moderately sorted, sub-rounded, sub-lithic arenite. Appears massive and fining upwards. Occasional high organic content. Mottled colour.
	Settling out of suspension within a low energy sub-aqueous setting. Potentially anoxic conditions 

	Cm
	Intraformational conglomerate
	Grey to brown, granule to pebble-sized, poorly sorted, sub-rounded to well-rounded, matrix supported, fining upwards polymictic conglomerate.  
	High energy bedload transport and reworking of locally derived sediment. Can occur as basal lags.

	Cxb 
	Planar cross-bedded gravel
	Grey to brown, granule to pebble-sized, poorly sorted, sub-rounded to well-rounded, matrix supported, fining upwards polymictic conglomerate.  Sporadic and crudely developed planar cross-bedding, pebbles lining foresets.
	Lower flow regime migration of dune– scale gravel bedforms.

	Sfxb
	Planar cross-bedded moderately sorted sandstone
	Grey to brown, fine- to medium-grained, moderately sorted, sub-rounded, sub-arkosic arenite. Planar cross-bedding 
	Migrating lower flow regime straight-crested dune– scale bedforms.

	Sfpl
	Horizontally laminated sandstone 
	Grey to brown, fine- to medium-grained, moderately sorted, sub-rounded, sub-arkosic arenite Planar lamination
	Plane beds deposited under upper-flow regime conditions. 


	Sfrl
	Climbing-ripple laminated sandstone
	Grey to brown, fine- to medium-grained, moderately sorted, sub-rounded, sub-arkosic arenite Sub-critically climbing asymmetrical cross-lamination
	Lower flow regime ripple– scale bedform migration.

	Sao
	Calcrete rich pedogenic facies 
	Light brown, grey to yellow very fine- to fine-grained, moderately to well-sorted, sub-rounded fining upwards sub-lithic arenites. Massive, occasional gypsum and calcrete nodules and veins. 
	Vegetation stabilisation and sediment binding; product of palaeosol development. 

	Sfo 
	Immature horizontally laminated pedogenic facies 
	Purple to light brown, silt - to fine-grained, fining upwards sub-lithic arenites. The facies is mottled with very fine horizontal lamination and sporadic gypsum nodules and veins.
	Vegetation stabilisation and sediment binding; product of immature palaeosol development. Mottling, gypsum nodules and veins, indicates the development of root traces and palaeosols.

	G
	Crystalline gypsum
	White to light red, very fine to fine-grained crystalline gypsum within very fine- fine-grained sub-lithic arenite matrix Homogeneous or crudely bedded gypsum. Beds manifest themselves either as thin rafts, or appear convoluted.
	Accumulation of gypsum by precipitation from saline water, rafts indicate surface nucleation and sinking.

	Gspl
	Gypsum-bound sandstone
	Light grey, very fine to fine-grained, moderate to poorly sorted, sub-rounded sandstone within a gypsiferous matrix and cement. Parallel laminated to massive, often contorted by small gypsum nodules.
	Flow of saline fluid and subsequent precipitation of gypsum in the pore space as water evaporated at the ground surface.




Table 2
	Association
	Containing Facies
	Basal Contact
	Upper Contact

	Compound Aeolian Dune (AD)
	Sxb, Spl,Sxr, Stxb, Sxc
	Planar surfaces of Spl overlain by either Sxb or Stxb, or gypsum rich Sxb
	Sxb or Stxb overlain by Spl or Sxr

	Aeolian Sandsheet (SS)
	Spl, Sxr, Sxb, Scu
	Planar base composed of Scu
	Planar units of Sxr or Sxb

	Dry Interdune (ID)
	Sm, Spl
	Planar
	Planar

	Damp Interdune (DI)
	Spl, Sm, Sxb, Scu
	Slightly concave base
	Flat 

	Wet Interdune (WI)
	Lm, Lsm, Swr
	Planar
	Plano-convex

	Confined Flow (FC)
	Cm, Cxb, Sfxl, Sfm, Sfpl, Sfrl
	Concave Up erosive 
	Planar to sub Planar

	Unconfined Flow (UF)
	Sfxb, Sfpl, Sfrl
	Flat erosive base
	planar

	Ponded Water (PA)
	Lm, Lsm, Swr
	Planar
	Planar

	Suspension Settle (SA)
	Ssl, Swr, Sfo
	Planar and laterally extensive
	Planar and laterally extensive

	Palaeosol (PS)
	Sfo, Sao
	Planar and laterally extensive
	Planar and laterally extensive

	Sabkha (SK)
	G, Gspl, Sfo, Sao
	Planar and laterally extensive
	Planar and laterally extensive
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