Estimating paleobathymetry using numerical tidal modelling in the Cretaceous Western Interior Seaway, USA
Christopher D. Dean1, Daniel S. Collins1,2, Marijn van Cappelle1,3,  Alexandros Avdis1, Peter A. Allison1, Gary J. Hampson1, and Sarah-Jane Kelland4

1Department of Earth Science and Engineering, Imperial College London, London, United Kingdom; e-mail: christopher.dean09@imperial.ac.uk; p.a.allison@imperial.ac.uk; g.j.hampson@imperial.ac.uk; a.avdis@imperial.ac.uk
2present address: Geological Survey of Japan, AIST, Tsukuba, Japan; email: dscollins.geo@gmail.com
3 present address: PDS Petrotechnical, Rijswijk, The Netherlands; e-mail: marijnvancappelle@gmail.com
4 Getech Group plc, Elmete Hall, Elmete Lane, Leeds, LS8 2LJ, UK ; email:sarah-jane.kelland@getech.com

ABSTRACT
The depth of shallow seas exerts a strong control on water-body mixing, sedimentation and biodiversity but evaluating bathymetry in the geological past has traditionally proven challenging. Despite an extensive sedimentologic record and long history of geologic study, accurate estimates of water depth in the Cretaceous Western Interior Seaway, USA, remain uncertain. Herein paleotidal modelling, paleogeographic reconstructions and depositional process regimes are combined to evaluate the basin physiographic controls on tidal sedimentary processes in the region of the ‘Utah Bight’ of the Western Interior Seaway and thereby constrain paleobathymetric estimates. Paleotidal modelling using a global and astronomically-forced tidal model and paleobathymetric sensitivity tests suggest that tides were only able to transport silt or sand in the ‘Utah Bight’ if the seaway had a deeper basin center (~400 m) and a deeper southern entrance (>100 m) than previously estimated. This deeper paleobathymetry increased tidal inflow into the basin and enhanced local resonance effects in the ‘Utah Bight’. Maximum tidal velocity vectors suggest a dominant south-easterly ebb tide, consistent with paleocurrent measurements from the Sego Sandstone. However, the preservation of tidal cross stratification in very fine- to fine-grained sandstones implies local tidal amplification below the maximum resolution of model meshes. Tidal modelling is shown to be a useful tool for evaluating paleobathymetry in ancient epicontinental seas at scales appropriate to mesh resolution.
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INTRODUCTION
[bookmark: __Fieldmark__51_3811538283][bookmark: __Fieldmark__106_2614887062][bookmark: __Fieldmark__58_3811538283][bookmark: __Fieldmark__115_2614887062][bookmark: __Fieldmark__65_3811538283][bookmark: __Fieldmark__121_2614887062][bookmark: __Fieldmark__146_2614887062][bookmark: __Fieldmark__95_3811538283][bookmark: __Fieldmark__153_2614887062]Bathymetry exerts a fundamental control on subaqueous sedimentary environments, including a direct impact on wave and tidal processes (Slingerland, 1986; Martell et al., 1994). Consequently, understanding paleobathymetry is a prerequisite for reconstructing ancient environments.  However, interpreting paleobathymetry is challenging (Immenhauser, 2009), especially within ancient epicontinental seas (Sageman and Arthur, 1994; Wells et al., 2007). Tides are strongly impacted by paleobathymetry, and paleotidal modelling has previously been used to test paleobathymetric reconstructions (Slingerland, 1986; Ericksen and Slingerland, 1990; Martell et al., 1994). More recent global tidal models use computationally-efficient and highly accurate unstructured meshes to investigate the sensitivity of tidal amplitude and bed shear stress to paleobathymetric uncertainty (both paleoshoreline and palabathymetry) and for comparison to preserved tidal strata in ancient semi-enclosed basins (Collins et al., 2017; Collins et al., in press) and epicontinental seaways (Wells et al., 2005a, 2010a, 2010b; Mitchell et al., 2011). However, in settings with well-constrained paleoshorelines and localized preservation of tidal strata, sequential refinement of paleobathymetric reconstructions can be undertaken until modelled tides match interpretations of the preserved sedimentary record.
The Cretaceous Western Interior Seaway (WIS) of North America is an exceptional archive of sedimentologic, stratigraphic and paleobiologic information (Kauffman, 1984). However, paleobathymetric reconstructions and paleotidal dynamics in the seaway remain poorly constrained (Kauffman, 1984). Herein, we integrate new interpretations of paleoshoreline geometry and depositional processes of shoreline–shelf deposits with paleotidal modelling to improve the accuracy of the paleobathymetric reconstruction in the mid-Campanian WIS.

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) coastal–deltaic strata (Willis and Gabel, 2001; Steel et al., 2012; Legler et al., 2014; van Cappelle et al., 2016). Whilst the Hygiene Sandstone Member and Sego Sandstone contain tidal structures, other time-equivalent shoreline–shelf deposits of the Iles Formation, Cliff House Sandstone, and Parkman Sandstone are interpreted as wave-dominated successions (Fig. 1) (see synthesis in van Cappelle, 2017). The preservation of Campanian-aged, tide-influenced deposits in the WIS has been interpreted as strong evidence for tidal amplification, possibly relating to resonance, within a shoreline–shelf embayment known as the ‘Utah Bight’. 

MATERIALS AND METHODS
[bookmark: __Fieldmark__174_3811538283][bookmark: __Fieldmark__280_2614887062][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 (2017) for the Baculites reduncus ammonite zone (77 Ma; Cobban et al., 2006) (Fig. 1). This reconstruction was georeferenced and included within a global mid-Campanian paleogeographic reconstruction (Fig. 2) underpinned by Getech Group plc’s global rigid plate model (Mazur et al., 2012). The 50 m bathymetric contour was taken as the basinward pinch-out of shallow-marine sandstones.
[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 have generally estimated water depth in the center of the WIS at 200–300 m (e.g.; Sageman and Arthur, 1994), although local water depth maxima of 150–1000 m have been previously interpreted (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 (e.g. 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).
In order to reasonably capture the range of paleogeographic uncertainty in both the 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., 2005b; Piggott et al., 2008). Global, multi-scale and three-dimensional computational meshes are produced using qmesh (Avdis et al., 2018), and have the highest mesh resolution of ca. 10 km in areas of complex bathymetry. Fluidity has been extensively validated in both modern and ancient environments for tidal amplitude (Wells et al., 2005a, 2007, 2010a; Collins et al., in press) and tidal bed shear stress (Mitchell, et al. 2011; Collins et al. in press). Tidal range is calculated as the difference between the maximum and minimum free surface heights over the post spin-up simulation period. Tidal bed shear stress (τ) is the frictional force exerted by tides on the sediment surface, and mean and maximum values for the post spin-up simulation period are calculated using:
τ = ρ CD ū |ū| 	(1)   (lowercase tau = lowercase roe, CD, lowercase u with macron, lowercase u with macron inside vertical bars)
[bookmark: __Fieldmark__310_3811538283]where ρ is the density of water (1023 kg m–3), CD is the drag coefficient (0.0025), ū is the tidal current velocity vector, and |ū| is the depth-averaged magnitude of the tidal current velocity vector (Pingree and Griffiths, 1979; Wells et al., 2007; Mitchell et al., 2011). 

RESULTS
The tidal range in the ‘Utah Bight’ and surrounding area along the western margin of the WIS in all paleogeographic scenarios is regionally microtidal (<2 m), with several mesotidal (2–4 m) locations on the eastern edge of the seaway (Fig. A1a–d).
Modelled bed shear stress in all paleogeographic scenarios (Fig. 3a–d) indicate tidal currents are capable of transporting up to coarse sand along the unpreserved eastern margin and silt across the southern region 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 is located (Fig. 3a). In paleogeographic scenarios in which the southern seaway entrance (Fig. 3b) or seaway center (Fig. 3c) are deepened, there is an increase in tidal sediment transport potential along the western and north-eastern margin of the ‘Utah Bight’, with possible localized transport of fine sand. The paleogeographic scenario that combines a deep central seaway and a deep southern entrance, indicates potential for tidal transport of silt where the Sego Sandstone is located (Fig. 3d) and of up to fine sand in localized areas where the Hygiene Sandstone Member is located (Fig. 3d).
[bookmark: __Fieldmark__357_3811538283][bookmark: __Fieldmark__584_2614887062][bookmark: __Fieldmark__360_3811538283][bookmark: __Fieldmark__586_2614887062]In this last palaeogeographic scenario, of a deep central seaway and a deep southern seaway entrance, maximum tidal velocity vectors (Fig. 4a) form a counterclockwise gyre within the seaway, 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-directed paleocurrent measurements in cross-stratified tidal 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-d).
The phase pattern of the M2 tide for all modelled paleogeographic scenarios shows a consistent distribution of amphidromic systems within the seaway (Fig. A2), including counterclockwise circulation within the ‘Utah Bight’ (van Cappelle et al., 2016).

DISCUSSION
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). Furthermore, the agreement between modelled maximum tidal velocity vectors and paleocurrent measurements of preserved tidal cross-stratification in the Sego Sandstone (Fig. 4b) provide strong justification for modifying previous reconstructions of the mid-Campanian WIS by deepening both the central seaway and southern entrance. 
For partially enclosed shelf 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., in press). In the mid-Campanian WIS, an increase in the depth of the southern seaway entrance increases tidal bed shear within the ‘Utah Bight’, suggesting decreased frictional damping of incoming tides. However, the prevailing microtidal conditions (Fig. A1) still indicate significant dampening of the incoming tide, consistent with previous paleotidal models of epicontinental seas (e.g. Erickson and Slingerland, 1990; Wells et al, 2005). Partial resonance of the incoming dominant M2 tide in the Utah Bight is consistent with (1) the quarter-wavelength oscillation period in the base-case reconstruction (c. 450 km width and c. 100 m depth), and (2) the modelled clockwise amphidromic system in the Utah Bight (Pugh, 1987; van Cappelle, 2017).
[bookmark: __Fieldmark__455_3811538283][bookmark: __Fieldmark__720_2614887062][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. This discrepancy can potentially be attributed to three mechanisms, which are not mutually exclusive. 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. Second, the M2 tide may have been at full resonance within the Utah Bight, which would occur if the embayment was 150 m deep (Pugh, 1987; van Cappelle, 2017). Third, local tidal amplification may have occurred at a scale below the mesh resolution of the paleotidal simulations (maximum of 10 km), despite the use of unstructured and tetrahedral mesh technology to maximize paleogeographic and computational accuracy (Wells et al., 2007). 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). Furthermore, the paleotidal models use a minimum water depth of 10 m, to prevent the sea surface intersecting the sea bed during low tide (Wells et al. 2010a). Consequently, the tidal model does not fully capture local funnelling and shoaling effects of tides along shorelines, which may be pronounced in coastal embayments (Dalrymple and Padman, 2018; Collins et al., in press). 

CONCLUSION
The bathymetry of the epicontinental WIS has been reconstructed using a tidal model with the input of a tightly constrained paleo-shoreline position and evidence of tidal processes acting on this shoreline. The tidal model replicates higher bed-shear stress in locations where strong tidal currents are interpreted from outcrop data when the entrance and center of the seaway are modelled to be deep (>100 m and ~400 m, respectively). This demonstrates that when the paleoshoreline position and regional patterns of sedimentary process regime are independently well constrained in an ancient basin, an iterative combination of tidal modelling and comparison to the stratigraphic record can provide a method for increasing the accuracy of paleobathymetric reconstructions. In such cases, tidal modelling provides an effective tool for understanding the complex interactions between basin physiography and shoreline–shelf process regime in the geologic record.
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Appendix 1: Additional Figures
Fig. A1
Modelled tidal range in the WIS for four paleobathymetric scenarios: 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 deeper southern entrance. Modelled tidal range is very similar for each scenario, although scenarios with deeper southern entrances (B and D) show marginally increased tidal range along the eastern shoreline.

Fig. A2
Model results for the M2 tidal phase in the base case scenario (Figs. 2a, 3a) indicating the formation of multiple amphidromic points and circulation cells within the seaway, including clockwise circulation in the ‘Utah Bight’.
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Figure Captions

Fig. 1.
Paleogeographic map of the southwestern WIS, around the ‘Utah Bight’, during maximum regression in the Baculites reduncus ammonite zone (~77 Ma) (after van Cappelle, 2017). Interpretations of gross depositional environments are shown in bold colors where constrained by outcrop data, and in faded colors away from outcrop control. Sketch line-drawings of paleoshorelines and ternary diagrams of interpreted depositional process regime(s) are included where supported by detailed published work on shoreline sandstones at outcrop (see van Cappelle, 2017 for details).

Fig. 2.
Diagram of the four end-member scenarios used for tidal modelling, including approximate position of the Sego Sandstone and Hygiene Sandstone outcrops: 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 palaeobathymetric scenarios: 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. Modelled tides in D have the potential to transport silt where the Sego Sandstone is located.

Fig. 4.
Modelled vectors of maximum tidal velocity in the WIS for the model with both deeper central seaway and southern entrance (Fig. 2d). 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 head 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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