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ABSTRACT
Despite extensive outcrop and previous sedimentologic study, the role of tidal processes along sandy, wave- and river-dominated shorelines of the North American Cretaceous Western Interior Seaway remains uncertain, particularly for the extensive mid-Campanian (c. 75-77.5 Ma) tidal deposits of Utah and Colorado, USA. Herein paleotidal modelling, paleogeographic reconstructions, and interpretation of depositional process regimes are combined to evaluate the regional-scale (100-1000km) basin physiographic controls on tidal range and currents along these regressive shorelines in the ‘Utah Bight’, southwestern Western Interior Seaway. Paleotidal modelling using a global and astronomically forced tidal model, combined with paleobathymetric sensitivity tests, indicates the location of stratigraphic units preserving pronounced tidal influence only when the seaway had a deep center (~400 m) and southern entrance (>100 m). Maximum tidal velocity vectors under these conditions suggest a dominant south-easterly ebb tide within the ‘Utah Bight’, consistent with the location and orientation of paleocurrent measurements in regressive, tide-influenced deltaic units. The modelled deep paleobathymetry increased tidal inflow into the basin and enhanced local-scale (10-100 km) resonance effects in the ‘Utah Bight’, where an amphidromic cell was located. However, the preservation of bidirectional, mudstone-draped cross stratification in fine- to medium-grained sandstones requires tides in combination with fluvial currents and/or local tidal amplification below the maximum resolution of model meshes (c. 10 km). These findings suggest that whilst regional-scale controls govern tidal potential within basins, localized physiography exerts an important control on the preservation of tidal signatures in the geologic record.

INTRODUCTION
Despite an exceptional archive of sedimentologic and stratigraphic information, understanding the regional tidal dynamics in the Cretaceous Western Interior Seaway (WIS) of North America has proven challenging. Extensively studied Campanian-aged deposits of regressive and transgressive shorelines variably preserve mixed tide, wave and fluvial processes (e.g. Aschoff and Steel, 2011a; Gomez-Veroiza and Steel, 2010; Steel et al., 2012). Abundant evidence of tidal influence has been recognized in shoreline deposits from a short stratigraphic time interval (c. 77.5–75 Ma) around the NE coast of a large embayment in the southwestern WIS (‘Utah Bight’; Willis and Gabel, 2001; van Cappelle et al., 2016; 2018), especially in maximum regressive deposits (Mellere and Steel, 1995, 2000; Aschoff and Steel, 2011b; Steel et al., 2012) The abundance of tidal deposits in this interval has been interpreted as strong evidence for tidal amplification, perhaps reflecting resonance of tidal amphidromic circulation and/or tectonic changes to basin physiography (Steel at el. 2012; van Cappelle et al. 2018).
Whilst local-scale studies on this interval are plentiful, our understanding of regional-scale (100-1000s km) influences on tidal dynamics within the WIS is limited. Paleotidal modelling has previously suggested microtidal tidal ranges in the mid-Campanian WIS (Ericksen and Slingerland, 1990). Modern models use highly accurate unstructured meshes and full astronomical forcing for regional-to-global simulations of tidal range and tidal bed shear stress, and have successfully investigated the sensitivity of tides to palaeophysiography and the preserved spatio-temporal distribution of tidal deposits (Wells et al., 2005, 2010; Mitchell et al., 2011, Collins et al., 2017; 2018). Herein, we integrate new generalized interpretations of maximum regressive paleoshoreline geometry and the formative process regime of shoreline–shelf deposits during the Baculites reduncus ammonite zone (~76-77Ma), with global paleotidal models of tidal range and tidal bed shear stress. Our aim is to characterize the regional-scale pattern, magnitude, and controls of tidal potential in the southwestern WIS.
[bookmark: __Fieldmark__146_2614887062]
GEOLOGIC SETTING
[bookmark: __Fieldmark__146_3811538283][bookmark: __Fieldmark__239_2614887062][bookmark: __Fieldmark__157_3811538283][bookmark: __Fieldmark__256_2614887062]Mid-Campanian sediments of the WIS locally contain interpreted tidal structures in mixed-influence (wave- and tide-dominated) regressive coastal–deltaic strata across multiple high-frequency regressive-transgressive shoreline transits (Willis and Gabel, 2001; Steel et al., 2012; Legler et al., 2014; van Cappelle et al., 2016). The Hygiene Sandstone Member and Sego Sandstone are characterized by cross-stratified, fine- to medium-grained sandstones with pervasive mud drapes and bidirectional paleocurrent populations, indicating pronounced tidal influence, whereas the time-equivalent strata of the Iles Formation, Cliff House Sandstone, and Parkman Sandstone Member are interpreted as wave-dominated shoreline–shelf deposits (Fig. 1) (see synthesis in van Cappelle et al., 2018). The relative influence of tide, wave, and fluvial (river-mouth) processes thus varied spatially. We investigate the spatial variation in tidal influence along the predominantly wave-dominated shorelines in our model results.

MATERIALS AND METHODS
[bookmark: __Fieldmark__193_3811538283][bookmark: __Fieldmark__307_2614887062]The ‘base-case’ mid-Campanian physiography of the ‘Utah Bight’ is taken from the paleogeographic reconstruction of van Cappelle et al. (2018) for the Baculites reduncus ammonite zone (Fig. 1): this illustrates the generalized shoreline position at the maximum regression of a high-frequency regressive-transgressive shoreline transit, and is underpinned by biostratigraphic correlation of marginal- and shallow-marine strata (Supplementary Information). The paleogeography was georeferenced and included within a global mid-Campanian paleogeographic reconstruction (Fig. 2) underpinned by Getech Group plc’s global rigid plate model (e.g. Mazur et al., 2012). 
[bookmark: __Fieldmark__204_3811538283][bookmark: __Fieldmark__329_2614887062][bookmark: __Fieldmark__211_3811538283][bookmark: __Fieldmark__339_2614887062][bookmark: __Fieldmark__223_3811538283][bookmark: __Fieldmark__356_2614887062][bookmark: __Fieldmark__231_3811538283][bookmark: __Fieldmark__365_2614887062][bookmark: __Fieldmark__239_3811538283][bookmark: __Fieldmark__384_2614887062]Previous paleobathymetric reconstructions vary widely and focus on specific time periods within the seaway’s history. Prior studies estimated water depths in the center of the WIS at 200–300 m during the early Turonian (Sageman and Arthur, 1994), although local water depth maxima of 150–1000 m have been previously interpreted for other stages (Asquith, 1970; Williams and Stelck, 1975; Erickson and Slingerland, 1990). Consequently, a depth range of 200–400 m was chosen to capture a reasonable range of uncertainty in central seaway depth. The paleogeography of the southern WIS entrance is also uncertain (Young, 1986); Cenomanian-Turonian paleogeographic reconstructions include a topographic high across north Texas (Lowery et al., 2018) but evidence for this topographic high during the Campanian is limited by a lack of outcrop data and by northwards retreat of the seaway during the late Campanian and Maastrichtian (Young, 1986).
To capture the range of paleogeographic uncertainty in both seaway depth and southern entrance physiography, four end-member paleogeographic scenarios of the mid-Campanian WIS were constructed: Scenario 1—a ‘base-case’ model with a 200 m maximum depth and a shallow (<100 m) southern entrance (Fig. 2a); Scenario 2—the ‘base-case’ model with a deeper southern entrance (100–200 m) (Fig. 2b); Scenario 3—the ‘base-case’ model with a deeper central seaway (ca. 400 m) (Fig. 2c); and Scenario 4—a model with a deeper central seaway (ca. 400 m) and southern entrance (100–200 m) (Fig. 2d).
[bookmark: __Fieldmark__269_3811538283]Fluidity (http://fluidityproject.github.io/) is a hydrodynamic, finite element ocean model that simulates global astronomical tides, without data assimilation, for three-months simulation time and a spin-up period of 120 hours simulation (Wells et al., 2005; Piggott et al., 2008). Global, multi-scale, three-dimensional computational meshes with a maximum resolution of ca. 10 km are produced using qmesh from paleogeographic DEMs (Avdis et al., 2018). Fluidity has been extensively validated in both modern and ancient environments for tidal amplitude (Wells et al., 2005, 2007, 2010; Collins et al., 2017) and tidal bed shear stress and particle entrainment (Mitchell, et al. 2011; Collins et al., 2018). Modelled tidal velocity vectors also allow the comparison of model results and paleocurrent measurements. A detailed description of modelled parameters is found in Supplementary Information.

RESULTS
The tidal range in the ‘Utah Bight’ and the surrounding western margin of the WIS is regionally microtidal (<2 m) in all paleogeographic scenarios, consistent with previous modelled estimates (Ericksen and Slingerland, 1990), but mesotidal (2–4 m) along most of the eastern margin of the seaway (Fig. A1a–d).
Modelled bed shear stress in all paleogeographic scenarios (Fig. 3a–d) indicates that tidal currents were capable of transporting up to coarse sand along the unpreserved eastern margin and silt across the southern end of the seaway. The ‘base-case’ model suggests transport of fine silt along the western and north-eastern margin of the ‘Utah Bight’, where the Hygiene Sandstone Member was deposited (Fig. 3a). In paleogeographic scenarios in which the southern seaway entrance (Fig. 3b) or seaway center (Fig. 3c) are deepened, there is increased potential for tidal sediment transport along the western and north-eastern margin of the ‘Utah Bight’, with possible localized transport of fine sand. Scenario 4, which combines both a deeper central seaway and southern entrance, indicates potential for tidal transport of silt where the Sego Sandstone was deposited and up to fine sand in localized areas where the Hygiene Sandstone Member was deposited (Fig. 3d).
The phase pattern of the M2 tide for all modelled paleogeographic scenarios shows a consistent distribution of amphidromic systems within the seaway (e.g. Fig. 3e), including counterclockwise circulation within the ‘Utah Bight’ (van Cappelle et al., 2016).
[bookmark: __Fieldmark__357_3811538283][bookmark: __Fieldmark__584_2614887062][bookmark: __Fieldmark__360_3811538283][bookmark: __Fieldmark__586_2614887062]Maximum tidal velocity vectors form a counterclockwise gyre within the seaway in Scenario 4 (Fig. 4a), with strong (>0.36 ms-1) northwards tidal flow along the eastern coastline and predominantly eastward tidal flow up to 0.27 ms-1 in the ‘Utah Bight’ (Fig. 4b). In the Sego Sandstone location, the modelled ESE-directed tidal flow is consistent with ENE- to SE-dominated paleocurrent directions in cross-stratified sandstones in the lower Sego Sandstone (e.g. S3 sandstone of van Cappelle et al., 2016), which are interpreted to record ebb-tide dominance possibly combined with seaward-directed river currents (Fig. 4c).

DISCUSSION
The action of wave processes was pervasive along the mid-Campanian shoreline of the ‘Utah Bight’, with significant fluvial influence near the mouths of large river systems (Fig. 1). However, the model results suggest potentially enhanced tidal influence in the ‘Utah Bight’ at this time, consistent with sedimentologic and stratigraphic observations (Steel et al., 2012), and correctly predict locally pronounced tidal currents where the Sego Sandstone and Hygiene Sandstone were deposited. Sensitivity analyses of regional-scale paleogeographic uncertainty in the mid-Campanian WIS suggest that tidal sediment transport along the shoreline of the ‘Utah Bight’ in the area of Sego Sandstone deposition was only possible when the central seaway and its southern entrance were both relatively deep (Fig. 2d). This is reinforced by the agreement between modelled maximum tidal velocity vectors and paleocurrent measurements of preserved tidal cross-stratification in the Sego Sandstone when the central seaway and southern entrance were deepest (Fig. 4b). For partially enclosed ocean systems such as the WIS, the amount of tidal energy entering the basin is the foremost control on the strength of tidal processes (Collins et al., 2018). Whilst prevailing microtidal conditions (Fig. A1) indicate significant frictional dampening of the incoming tide, consistent with previous paleotidal models of epicontinental seas (Erickson and Slingerland, 1990), an increase in the depth of the southern seaway entrance and basin center also increases tidal bed shear within the ‘Utah Bight’, suggesting decreased damping of incoming tides. Partial or full resonance of the incoming dominant M2 tide in the ‘Utah Bight’ is also likely to have enhanced tidal processes. Model results are consistent with: (1) the quarter-wavelength oscillation period in all reconstructions, although most strongly in Scenario 4 (c. 450 km width and c. 150 m depth) (van Cappelle et al., 2018); and (2) the previously hypothesized amphidromic system (Pugh, 1987) in the ‘Utah Bight’ (Ericksen and Slingerland, 1990). These factors suggest that regional-scale basin controls enhanced tidal potential within the WIS and ‘Utah Bight’ during the mid-Campanian and are at least partly responsible for increased preservation of tidal signatures in the associated rock record.
[bookmark: __Fieldmark__523_3811538283][bookmark: __Fieldmark__837_2614887062][bookmark: __Fieldmark__530_3811538283][bookmark: __Fieldmark__845_2614887062][bookmark: __Fieldmark__537_3811538283][bookmark: __Fieldmark__877_2614887062]Despite the regional-scale paleogeographic control on tidal processes, the predicted maximum tidal bed shear stress in the ‘Utah Bight’ for all modelled scenarios is insufficient to generate the observed dune-scale cross stratification in fine- to medium-grained sandstones of the lower Sego Sandstone. Although this discrepancy can be attributed to the action of riverine currents in addition to tides, several further mechanisms, which are not mutually exclusive, may also contribute. First, the seaway bathymetry may have been deeper than all four modelled scenarios, which would have allowed more tidal energy to enter and extend northwards into the seaway. Alternatively, local tidal amplification may have occurred at a scale below the mesh resolution of the paleotidal simulations (maximum of 10 km): tides are commonly interpreted to be amplified locally due to convergence in channels between fluvio-tidal bars (Dalrymple et al., 2003) like those interpreted in the Sego Sandstone (Willis and Gabel, 2001; Legler et al., 2014; van Cappelle et al., 2016). Paleotidal models also use a minimum water depth of 10 m to prevent the sea surface intersecting the sea bed during low tide (Wells et al. 2010). Consequently, tidal models cannot fully capture local funnelling and shoaling effects of tides along shorelines, which may be especially pronounced in coastal embayments (Dalrymple and Padman, 2018; Collins et al., 2018). Whilst regional-scale controls appear to influence first-order tidal potential within a basin, localized effects have the potential to exert a dominant control on the magnitude, and subsequent preservation, of tidal signatures.

CONCLUSION
The tidal regime of the Mid-Campanian WIS has been reconstructed using integrated paleogeographic and paleotidal modelling with the aim of resolving the basin physiographic controls that resulted in pronounced preservation of tidal signatures in the ‘Utah Bight’. The tidal model indicates higher bed shear stress in locations where stronger tidal currents are interpreted from outcrop data when the seaway center and southern entrance were deep (~400 m and >100 m, respectively), but fails to fully replicate the magnitude of bed shear stress required to generate dunes in fine and medium sand, as interpreted in outcrop data from the Sego Sandstone and Hygiene Sandstone Member. This discrepancy demonstrates that both basin physiography and local effects are important for generating tidal signatures. Paleotidal modelling provides an effective tool for understanding the complex interactions between basin physiography and shoreline–shelf process regime at a regional scale, and a reference against which to assess the influence of local tidal amplification.
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Figure Captions

Fig. 1.
Paleogeographic map of the WIS around the ‘Utah Bight’, during maximum regression in the Baculites reduncus ammonite zone (~77 Ma) (after van Cappelle et al., 2018). Interpretations of gross depositional environments are shown in bold colors where constrained by outcrop data, and in faded colors away from outcrop control. Ternary diagrams of interpreted depositional process regime(s) are included where supported by detailed published work on shoreline sandstones at outcrop (see van Cappelle et al., 2018 for details). Red numbers indicate units with pronounced tidal signatures. 1: Hygiene Sandstone Member; 2: Sego Sandstone; 3: Parkman Sandstone Member; 4: Iles Formation; 5: Cliff House Sandstone Member.

Fig. 2.
Diagram of the four end-member scenarios used for tidal modelling: A. ‘Base-case’ scenario; B. Base-case with a deeper southern entrance; C. Base-case scenario with a deeper central seaway; D. Model with both deeper central seaway and southern entrance.

Fig. 3.
Bed shear stress results from numerical modelling for the four paleobathymetric scenarios, converted to values for entrainment of various particle sizes: A. ‘Base-case’ scenario; B. Base-case with a deeper southern entrance; C. Base-case scenario with a deeper central seaway; D. Model with both deeper central seaway and southern entrance. Results show increased movement of sediment with deeper paleobathymetric scenarios. E. Model results for the M2 tidal phase for Scenario 4 (Figs. 2d, 3d) indicating the formation of an amphidromic point and clockwise circulation cell in the ‘Utah Bight’.

Fig. 4.
Modelled vectors of maximum tidal velocity in the WIS for the model with both deeper central seaway and southern entrance (scenario 4) (Figs. 2d, 3d). A. Maximum tidal velocity vectors in the WIS. Vector lengths are scaled to velocity magnitude. B. Maximum tidal velocity vectors within the ‘Utah Bight’, which are predominately oriented towards the east, suggesting dominance of ebb tidal flow. Within the region of the Sego Sandstone, maximum tidal velocity vectors are oriented towards the SE and ESE. C. Paleocurrent distributions in cross-stratified tidal sandstones of the Sego Sandstone (S3 sandstone) show a dominant SE orientation (van Cappelle et al., 2016).
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