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Rivers provide important sediment inputs to many littoral cells, thereby replenishing sand and gravel of beaches around the world. However, there is limited information about the patterns and processes of littoral-grade sediment transfer from rivers into coastal systems. Here I address these information gaps by examining topographic and bathymetric data of river mouths and constructing sediment budgets to characterize time-dependent patterns of onshore, offshore, and alongshore transport. Two river deltas, which differ in their morphology, were used in this study: the Elwha River, Washington, which builds a mixed sediment Gilbert-style delta, and the Santa Clara River, California, which builds a cross-shore dispersed sand delta from hyperpycnal flows. During and after sediment discharge events, both systems exhibited a similar evolution composed of three phases: (i) submarine delta growth during offshore transport of river sediment, (ii) onshore-dominated transport from the submarine delta to a subaerial river mouth berm, and (iii) longshore-dominated transport away from the river mouth following subaerial berm development. Although stage (ii) occurred within days to weeks for the systems studied and was associated with the greatest rates of net erosion and deposition, onshore transport of sediment from submarine deposit to the beach persisted for years following the river discharge event. These morphodynamics were similar to simple equilibrium profile concepts that were modified with an onshore-dominated cross-shore transport rule. Additionally, both study sites revealed that littoral-grade sediment was initially exported to depths beyond the active littoral cell (i.e., below the depth of closure) during the stage (i). Following several years of reworking by coastal processes, bathymetric surveys suggested that 14 and 46% of the original volume of littoral-grade sediment discharged by the Santa Clara and Elwha Rivers, respectively, continued to be below the depth of closure. Combined, this suggests that integration of river sediment into a littoral cell can be a multi-year process and that the full volume of littoral-grade sediment discharged by small rivers may not be integrated into littoral cells because of sand and gravel “losses” to the continental shelf.
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“The river to the ocean goes, a fortune for the undertow.”

–Michael Stipe


INTRODUCTION

Beaches are dynamic landforms that provide valuable functions as habitats, recreation sites, and storm protection along the world’s coasts (Inman and Brush, 1973; Komar, 1998). As low-lying coastal landforms, beaches will be highly vulnerable to erosion and flooding during future sea-level rise resulting from climate change (FitzGerald et al., 2008; Vitousek et al., 2017). Beaches also respond to supplies, losses and exchanges of sediment, a mass balance that is commonly referred to as the littoral cell “sediment budget,” and modifications to sediment budgets can have large effects on shoreline position and morphology (Komar, 1998; Willis and Griggs, 2003; Falqués, 2006; Limber et al., 2008; Anthony et al., 2014, 2015).

For many coasts, especially those on active tectonic settings, important sources of littoral sediment come from rivers and streams (Milliman and Farnsworth, 2013). For example, rivers sustain sediment budgets of littoral cells around the Pacific Ocean rim, the Mediterranean Sea, Africa, high-standing islands throughout the world, and other inland sea and coastal settings (Inman and Nordstrom, 1971; Komar, 1998, 2010; Anthony and Blivi, 1999; Willis and Griggs, 2003; Giosan et al., 2005; Barnard and Warrick, 2010; Boateng et al., 2012; Anthony et al., 2014). Many active tectonic margin settings are fed by relatively small rivers (watershed areas less than 100,000 km2), which combine to contribute the majority of sediment to the world’s oceans (Milliman and Syvitski, 1992). Additionally, these small watersheds commonly discharge most of their sediment during infrequent events, generally triggered by heavy downpours of rainfall (Hicks and Inman, 1987; Fan et al., 2004; Hicks et al., 2004; Barnard and Warrick, 2010; Carter et al., 2012; Milliman and Farnsworth, 2013; East et al., 2018).

The transfer of river sediment to the sea and the incorporation of this sediment into littoral cells are, therefore, important and dynamic geomorphic processes. Evidence of the links between river supply and coastal sediment budgets abound, and the simple presence of river deltas and many littoral cells are direct results of river sediment (Giosan and Bhattacharya, 2005; Anthony, 2015; Nienhuis et al., 2020). For this reason, alterations of river sediment supplies can change the trajectory of deltas and littoral cells as shown by both reductions of sediment discharge (Anthony et al., 2014, 2015; Pratellesi et al., 2018) and increases of sediment discharge (Kuenzi et al., 1979; Warrick et al., 2019; Nienhuis et al., 2020). Because river sediment is discharged infrequently and the movement of sediment in littoral cells is commonly more constant and driven by ocean waves, distinct stages arise in the evolution of river mouth sediment deposits (Kuenzi et al., 1979; Hicks and Inman, 1987; Cooper, 1993; Giosan and Bhattacharya, 2005; Barnard and Warrick, 2010; East et al., 2018; Measures et al., 2020). An example of these morphodynamics can be observed in aerial imagery of the mouth of Santa Clara River, California, from before and after a large sediment discharge event (Figure 1; cf. Barnard and Warrick, 2010). River sediment was initially deposited in a submarine deltaic bar that is identifiable only by the location of breaking waves (Figure 1b). This sediment was reworked subsequently into subaerial bars that welded to the shoreline, thereby delivering sediment into the littoral cell (Figures 1c,d).
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FIGURE 1. Sediment discharge from the Santa Clara River and reworking of this sediment into river mouth bars as observed from oblique imagery. High flows on the river occurred in January 2005, which deposited sediment at least 500 m offshore of the river mouth as evidenced by breaking waves in panel (b). This sediment was reworked toward the shore as shown during the following 1.5 years (c,d). Imagery sources: (b) aerial photography by California Coastal Conservancy, (a,c,d), Google Earth imagery rotated to the same orientation as the aerial photograph in panel (b).


Although there is an appreciation for the importance of river sediment supplies to littoral sediment budgets, there are relatively few measurements of the sediment transport processes or the morphodynamics from which a generalizable synthesis can be built. Without this understanding of river mouth morphodynamics, most assessments of river sediment supplies utilize simple sediment budget assumptions, whereby all littoral-grade sediment discharged by rivers is assumed to integrate into the littoral cell at the time of discharge (Komar, 1973; Inman and Jenkins, 1999; Willis and Griggs, 2003; Ashton and Giosan, 2011; Ashton et al., 2013; Nienhuis et al., 2016a; Ratliff et al., 2018). Although these assumptions may be reasonable for many rivers and littoral cells, they exclude lags between the discharge of sediment and the incorporation of this sediment to the littoral cell which may occur over seasons to several year intervals (cf. Figure 1; Hicks and Inman, 1987; Giosan et al., 2005; Barnard and Warrick, 2010). Additionally, they exclude the potential for sand and gravel from the river to deposit on the continental shelf or other deep sea areas from plunging hyperpyncal plumes or other cross-shore sediment exchanges (Wright et al., 2002; Mulder et al., 2003; Warrick and Milliman, 2003; Hicks et al., 2004; Khripounoff et al., 2009; Lamb et al., 2010; Casalbore et al., 2011; Liu et al., 2012; Warrick et al., 2013; Steel et al., 2016). These littoral-grade sediments may be considered “lost” from the beach system if they are initially deposited at depths beyond the active littoral cell. For these reasons, it is opportune to explore river-mouth morphodynamics with the goal of developing a better understanding of the transfer of river sediment from river to deltaic deposits to littoral cells.

The goal of this paper is to use recent measurements of the topography and bathymetry of river mouths to develop a more thorough understanding of the patterns, timing and processes of sediment transfer between small rivers and littoral cells. This work is focused primarily on smaller rivers systems of the world (less than ∼100,000 km2 watershed area), which are a major sediment supply to the world’s oceans and shorelines but have received considerably less attention than the larger rivers of the world (Inman and Nordstrom, 1971; Milliman and Syvitski, 1992; Milliman and Farnsworth, 2013). Several fundamental questions are examined: How do coastal profiles at river mouths respond to new contributions of river sediment? How are longshore and cross-shore transport processes related to river mouth morphodynamics and how do they vary with time? Under what conditions will littoral-grade sediments get exported offshore and become “lost” from the littoral cell? What processes should be included in future investigations of river mouth and littoral cell morphodynamics?

To address these questions, this paper will examine the mouths of the Elwha River, Washington and the Santa Clara River, California (Barnard and Warrick, 2010; Warrick and Barnard, 2012; Warrick et al., 2019). Observations of both systems include large sediment discharge events, but they differ in the depositional forms and beach morphology at each site. Results from these systems are compared and used to develop conceptual models that form the basis of simple rules-based geometric models and generalized hypotheses about river mouth morphodynamics.



MATERIALS AND METHODS


Study Sites

Two river mouths are examined, and each have detailed topographic and bathymetric (“topo-bathy”) surveys both before and after river sediment discharge events. Although both study sites have steep, small watersheds that discharge measurable volumes of sediment to the coast during hydrologic events, they differ in their morphologic, climatic and oceanographic settings.

The first study site is the Elwha River mouth of Washington (48.148° N, 123.567° W), which is located in the Strait of Juan de Fuca west of Ediz Hook (Figure 2). The Elwha River has a 833 km2 watershed draining the interior of the Olympic Mountains, which is a steep, uplifting landscape derived mostly from marine sedimentary, metasedimentary and volcanic rocks (Tabor, 1988; Brandon et al., 1998; Warrick et al., 2011a). Extensive glaciation of this area occurred during the Quaternary, and these glacial processes resulted in an abundance of glacially derived sediment, much of it coarse-grained, throughout the watershed.
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FIGURE 2. (a–l) Topographic and bathymetric data of the Elwha River mouth of Washington (48.148° N, 123.567° W) collected between 2009 and 2016 that were used for analyses. These data were collected before and after a dam removal project that caused ∼5 million cubic meters of deposition in and around the delta. Three cross-shore profiles (West, Central and East) were chosen for morphodynamic analyses. These profiles were defined as perpendicular to offshore bathymetry and bisecting the new lobes of sediment. The location of the new sediment lobes changed with time as the river course changed. Profiles are coded with colors according to the presentation in Figure 4.


Removal of two dams on the Elwha River between 2011 and 2014 resulted in the exposure, erosion and transfer of tens of millions of cubic meters of sediment, roughly half of which was sand and gravel, from the reservoirs to the downstream river (Ritchie et al., 2018; Warrick et al., 2019). This resulted in sediment discharge to the coast that was one to two orders-of-magnitude greater than pre-dammed rates for several years during and following the dam removals, 5.4 Mt (or, 3.6 million m3) of which was deposited in a newly expanding delta (Ritchie et al., 2018). Although this unnaturally high sediment loading was unique, it is similar in magnitude and scale to increased sediment discharge caused from other natural and human-caused watershed disturbances such as volcanic activity, wildfire, and industrial logging (Gran and Montgomery, 2005; Ritchie et al., 2018).

The coastal setting of the Elwha River within the Strait of Juan de Fuca subjects it to small-to-moderate wave heights (Warrick et al., 2011a, b). Ocean swell is derived from the northern Pacific Ocean and passes through the narrow Strait of Juan de Fuca (Figure 2). Significant wave heights at the river mouth are commonly less than 0.5 m, and wave events occasionally reach 1–2 m (Warrick et al., 2011b). Although the waves heights are generally small, the persistent northwest direction of the waves results in distinct patterns of longshore sediment transport, including transport divergence near the river mouth and strong eastward transport along the shoreline east of the river mouth (Miller et al., 2011; Warrick et al., 2011b, 2019; Miller and Warrick, 2012).

The second study site is the mouth of the Santa Clara River, California (34.232° N, 119.264° W), which discharges into the Pacific Ocean in the eastern Santa Barbara Channel near Ventura (Figure 3). The Santa Clara River drains a 4200 km2 watershed consisting of steep, semi-arid landscape (Warrick and Mertes, 2009). Sediment discharge from the river can be high following heavy rainfall owing to the actively uplifting landscape and weak siltstone, shale and sandstone rocks of the watershed. These conditions produce sediment loading that is ∼80% fine-grained sediment (silt and clay) by weight, the remaining portion being sand and gravel (Warrick and Mertes, 2009). During high flow, the Santa Clara River has suspended-sediment concentrations that exceed 10 s of g/l, which are adequately high to form hyperpycnal (dense, plunging) river discharge conditions from the river mouth to the continental shelf (Warrick and Milliman, 2003; Warrick et al., 2008).
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FIGURE 3. Topographic and bathymetric profile surveys lines for the Santa Clara River mouth of California (34.232° N, 119.264° W) collected between 2003 and 2010 and used for analyses. The highlighted profile (number 7) is located down the axis of the deltaic lobe of sediment deposited in January 2005 (cf. Figure 1), and data from it was used for analyses.


Although the Santa Clara River site is somewhat sheltered by offshore islands, it experiences significant wave heights of 5–8 m during winter storms (Warrick et al., 2008; Elias et al., 2009; Kniskern et al., 2011). These large waves often coincide with high river discharge, which will enhance offshore transport in offshore-directed wave-supported hyperpycnal gravity currents (Warrick et al., 2008). The high rate of sediment input and the hyperpycnal transport has resulted in a broad continental shelf offshore of the Santa Clara River with 40–60 m of Holocene sediment deposition and a shape consistent with formation by wave-supported sediment gravity currents (Warrick and Farnsworth, 2009). The Santa Clara River is also the dominant source of sand to region’s littoral cell, which initiates near Point Conception in the northwest and terminates at Mugu Canyon in the southeast (Patsch and Griggs, 2008; Barnard et al., 2009; Elias et al., 2009). Littoral transport updrift of the Santa Clara River mouth is documented by dredging operations at Ventura Harbor, which requires sand bypassing of approximately 450,000 m3/year. The Santa Clara River contributes an additional 900,000 m3/year on average to the southerly drift of this littoral cell (Patsch and Griggs, 2008).



River Mouth Surveys

The primary data to explore sediment transport patterns, rates and processes at the two river mouths were from topo-bathy surveys. Topo-bathy surveys allow for detailed analyses of the locations, patterns and rates of landform change, which can be used to assess sediment transport patterns and rates (Zăinescu et al., 2019). For each river mouth, topographic measurements were taken at low tide with survey-grade global navigation satellite system (GNSS) receivers, and bathymetric measurements were collected with similar GNSS receivers combined with single-beam echo sounders operated from small-motorized watercraft.

Coastal topo-bathy surveying of the Elwha River mouth was initiated by the U.S. Geological Survey (USGS) in 2005 and continued through dam removal (2011–2014) and post-removal stages (2014–present day). This mapping has been conducted along cross-shore profiles with 25-m spacing, although considerable inter-profile data collection has been included to develop digital elevation models (DEM) for the river mouth region (Figure 2). Data description and access are provided in USGS ScienceBase (Stevens et al., 2017). Analyses of the Elwha River topo-bathy data focus on September 2009 to July 2016, an interval of time that river sediment discharge to the coast peaked (Ritchie et al., 2018). During this time, topo-bathy surveys were generally conducted twice per year during both winter (January–April) and summer (July–September) to capture time-dependent changes from the influx of sediment (Figure 2).

Topo-bathy surveys of the Santa Clara River are part of regional coastal surveys that have been used to characterize Santa Barbara littoral cell response to storms and climatic conditions (Barnard et al., 2009, 2012, 2015, 2017) and the ephemeral sediment discharge from the river (Barnard and Warrick, 2010; Warrick and Barnard, 2012). Survey line spacing for the river mouth ranges between 200 and 1000 m and includes several cross-shore and alongshore transects (Figure 3). Data for the Santa Clara River were obtained from October 2003 to October 2010, which includes the large river discharge events of January 2005. Because the first post-event survey occurred in October 2005, ten months after the January high flows, an hypothetical post-event profile for January 2005 was constructed using a combination of aerial photos of wave breaking and the October 2005 bathymetry (cf. Figure 1b) and assumptions of persistent downward sloping in the submarine, which results in a slightly different submarine bar shape than assumed by Warrick and Barnard (2012).

Uncertainties in the GNSS methods are a function of survey platforms, satellite constellations, system communications, and user errors. An assessment of the Elwha River bathymetric measurements reported a mean systematic bias of 0.026 m and mean random uncertainty of 0.036 m (Gelfenbaum et al., 2015). Over long distances, such as profiles, random errors generally cancel such that uncertainty is primarily a function of the systematic bias (Anderson, 2019). This suggests that change uncertainty along a surveyed profile is ∼0.03 m. Thus, for the ∼600 m profiles of the Elwha and 1200 m profile of the Santa Clara, the uncertainties of change are 20and 40 m3/m, respectively.



Morphodynamic Analyses

Examination of the topo-bathy data sets revealed that five depositional events were captured, four for the Elwha River and one for the Santa Clara River (Figures 2, 3). Depositional events were defined by increases in sediment volumes immediately offshore of the active river channel. For the Elwha River, different depositional events were related to avulsions and other planform changes to the river channel, which altered the location of deposition, resulting in several distinct lobes of sediment (Figure 2). Dates of the depositional events were assumed to lie between the surveys and coincide with intervals of daily river sediment discharge that exceeded mean daily values (Table 1). Sediment discharge data were obtained from Ritchie et al. (2018) for the Elwha River and from Barnard and Warrick (2010) for the Santa Clara River, both of which were derived from stream gaging data from the USGS’s National Water Information System.


TABLE 1. Summary of the five events used to evaluate river mouth profile morphodynamics.

[image: Table 1]Primary goals of the data analyses were to characterize geomorphic changes and onshore, offshore and longshore transport patterns during and after depositional events. A common observation from river mouths is that newly deposited sediment is reworked and transported, or spread, along the adjacent coast over time (cf. Figure 1). For these reasons, profiles through the central-most portion, or apex, of the river mouth deposit can be exploited to calculate sediment flux values if simple assumptions are made. The primary assumption is that sediment will be redistributed either across the profile (i.e., onshore or offshore transport) or away from the profile (i.e., longshore transport). Longshore sediment transport is initially assumed to diverge from each side of the delta apex owing to wave breaking around the delta that generates divergent longshore currents about this topographic bulge (Komar, 1973). However, it is possible that some littoral drift will enter into the apex profile from one of the adjacent beaches, especially as the shoreline straightens with time. As such, the longshore transport calculations described below cannot be assumed to be total longshore transport, but rather net longshore transport introduced by the depositional lobe.

The first step of using these techniques is calculating the profile’s net deposition and net erosion for each interval of time in the survey record and also for the complete length of time. These volumetric values are calculated by independently summing all elevation gains and losses along the profile, respectively. As noted above, the uncertainty of these measurements was 20 and 40 m3/m for the Elwha and Santa Clara, respectively. Additionally, net deposition is separated into onshore and offshore components using the mean lower low water (MLLW) elevation for each site. The study sites were also separated into sub-aerial, intertidal and subtidal regions using the mean higher high water (MHHW) and MLLW elevations defined by the closest National Oceanic and Atmospheric Administration (NOAA) tidal datum data (Barnard and Warrick, 2010; Warrick et al., 2019). An overall volume balance along the profiles is also calculated by comparing the first and last post-event profiles.

Onshore transport is defined to be the net deposition above the MLLW, and offshore transport is defined to be the net deposition below MLLW. Longshore transport away from the deltaic lobe is calculated from the loss in the net volume for each profile, which is calculated by the difference between net erosion and net deposition. Because the change terms (onshore, offshore, and longshore) are measured along profile data, the results are reported in units of volume change per unit profile width (m3/m). Each of the three transport terms is also normalized by the total net erosion during each survey interval to produce scale-independent results for comparisons across systems and among events.

For the Elwha River, apex profiles were extracted along cross-shore transects from the 5-m DEM (Figure 2). Four depositional events were observed for the Elwha River, two of which occurred along a western profile and one each on a central and an eastern profile (Figure 2). Because of the lower data density in the Santa Clara River surveys, profile data were taken directly from the raw topo-bathy data for a profile that best bisected the January 2005 depositional lobe. Because this river discharge event occurred on the southern end of the river mouth (cf. Figure 1), a profile was chosen that extended through the center of this lobe (Figure 3). The Santa Clara River surveys did not commonly achieve overlap between the topographic and bathymetric portions of the surveys, so gaps were filled with linear interpolations.

To provide additional information from a source-to-sink context, total volume changes (in m3) were computed for each study site using DEM generated by Stevens et al. (2017) and Barnard and Warrick (2010). For the Elwha River, volumetric change was assessed for the interval Aug 2011 to Jul 2016 using 5-m grid size topo-bathy DEMs. For the Santa Clara River, DEMs were generated only for the bathymetric portion of the surveys for 2003–2008 at 25-m grid size. For both sites, the net changes were measured over areas in common in all DEMs. Additionally, the total sedimentation below the depths of closure, which were assumed to be -5 and -10 NAVD88 for the Elwha and Santa Clara Rivers, respectively, were computed. Total uncertainty in these volumetric measurements was assessed with the principles of Anderson (2019), for which the systematic bias across DEM was assumed to be 0.05 cm after Gelfenbaum et al. (2015). Thus, the total volumetric uncertainties for surveyed areas were 36,000 and 150,000 m3 for the Elwha and Santa Clara Rivers, respectively.



Development of Conceptual Models

From the combination of the sediment volume balances and the evolution of the profile shapes, generalized conceptual models of the river mouth morphodynamics were developed for each site. Because these models compared favorably with equilibrium profile concepts (e.g., Dean, 1991), a rules-based equilibrium model was developed and compared to observations. This model was run along a profile following a river sediment discharge event and subsequently allowed to change according to simple geomorphic rules of onshore, offshore, and longshore transport that are presented in detail in the “Discussion” section.



RESULTS

Both river systems revealed measurable deposition over the interval of study. The growth of the Elwha River delta was related to multiple years of sedimentation occurring during discrete events, which resulted in several sediment lobes that were reworked over time (Figure 2). The January 2005 event in the Santa Clara River caused seaward translation of the surfzone followed by accretion of the beach (Figure 1). Overall these events were caused by approximately 3.6 and 4.2 million m3 of sand and gravel discharge from the Elwha and Santa Clara Rivers, respectively (Table 1).

The five depositional events at the two study sites were evaluated in detail by examining the apex profiles from the topo-bathy surveys (Figures 4, 5). For each individual event, accretion in excess of several meters was measured along hundreds of meters of each profile (Figures 4a, 5a). The net deposition along these profiles for the events ranged between approximately 750 and 1850 ± 20 m3/m for the Elwha River to 4710 ± 40 m3/m for the Santa Clara River (Table 1). Deposition occurred largely in the submarine portion of the profiles (i.e., below the MLLW elevation), although the shape of the depositional profiles differed markedly. For the Elwha River, post-event profiles consistently had steep (20°–40°) foresets that began at water depths deeper than −2 m NAVD88 and extended to over −10 m NAVD88 in most cases (Figure 4b). The Santa Clara River, in contrast, had a much lower gradient depositional profile that had a maximum slope of approximately 3°, which extended over a kilometer offshore of the river mouth (Figure 5a). For the Elwha River, surveys were conducted weeks following the end of the river discharge event (Table 1). This suggests that the shape of the profiles may have been modified during this interval from Gilbert-like to one in which an intertidal bar was developing. An example of this is shown in the September 2014 profile of the Central Profile of the Elwha River (Figure 4a), where multiple bars had formed during the three months between river sediment discharge and the topo-bathy survey.
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FIGURE 4. Topographic and bathymetric profiles through the axis of several depositional events at the mouth of the Elwha River, Washington. Four distinct events were observed with time as the river location changed and the river sediment discharge rates varied with time. This resulted in coincidental morphologic evolution for many of these profiles. Profiles highlight (a) before and immediately after deposition events, and (b) the post-deposition changes for the three cross-shore profiles shown in Figure 2. Areas of accretion and erosion are highlighted with shading colors.
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FIGURE 5. Topographic and bathymetric profiles through the apex of the depositional sediment lobe offshore of the Santa Clara River, California for the January 2005 event shown in Figure 1. (a) Before and immediately after profiles, where the January 2005 profile was approximated using the location of wave breaking and offshore bathymetric data as described by Warrick and Barnard (2012). (b) Post-deposition changes to the profile during the first year, and (c) changes for the following five years. Profile location is shown in Figure 2.


Although the extent of deposition was well constrained for the four Elwha River events, the bathymetric surveys of the Santa Clara River did not extend far enough to fully constrain the limits of deposition (Figure 5a). Thus, the actual net deposition and the total volume change for the Santa Clara River were likely greater than the computed values of 4710 ± 20 m3/m and 4.2 million m3 (Table 1). Net erosion along all profiles during the river events was considerably lower (2–84 m3/m) than net deposition (Table 1), and the location of this erosion generally occurred on the intertidal and sub-aerial beach, presumably from river erosion of these beach features during high-river flow (Figures 4a, 5a).

Following the depositional events, all profiles revealed patterns of intertidal-to-submarine erosion and subaerial-to-intertidal accretion (Figures 4b, 5b,c). Onshore accretion resulted in the formation of river mouth berms, which were observed to migrate inland with time if multiple post-event surveys were conducted (Figures 1, 4b, 5c). The net erosion was consistently greater than the net deposition during the post-event intervals, however, suggesting an overall loss of sediment volume from the apex profiles (Table 1). Some of the newly deposited river sediment was observed to persist at each site throughout all surveys (Figures 4b,d, 5c). Further evidence for this persistence is provided by the net deposition values during the river discharge events, which consistently exceeded the post-event net erosion values (Table 1).

Survey-to-survey changes along the profiles provide more information about the morphodynamics and the patterns of net deposition and erosion. Using sediment volume balances for the post-event survey profiles, the magnitude of net erosion exceeded net deposition for all time intervals (Figures 6, 7). Net deposition was dominantly onshore for all profiles, except for the Central profile of the Elwha River, which had relatively equivalent rates of onshore and offshore deposition over time (Figure 6c). Offshore deposition for this profile occurred at the toe of the event-derived foreset, where several meters of deposition were observed (Figure 4b; center panel). Six separate intervals of time were surveyed for the Santa Clara River, and these annual surveys revealed that the magnitude of net erosion consistently exceeded net deposition and that both net erosion and deposition decreased by several fold over time (Figure 7). These volumetric changes of the Santa Clara River were caused by progressive retreat of the river mouth berm and a gradual lowering of the submarine profile (Figure 5c).
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FIGURE 6. (a–d) Volumetric change along profiles of the Elwha River mouth for the four depositional events shown in Figure 4. Both net deposition (orange) and net erosion (blue) are shown for each interval of time. Net deposition is separated into deposition on the subaerial, or onshore, areas (light shading), and the submarine, or offshore, areas (dark shading). Results are presented for the depositional event (left-hand side) survey-to-survey intervals (center) and for the overall survey record (right-hand side). Interval dates are shown below each plot. Uncertainty in these measurements are ±20 m3/m.
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FIGURE 7. Volumetric change along the profile of the Santa Clara River mouth for the January 2005 depositional event. Consistent with Figure 6, both net deposition (orange) and net erosion (blue) are shown for each survey interval. Results are presented for the depositional event (left-hand side) survey-to-survey intervals (center) and for the overall survey record (right-hand side), and interval dates are shown below each plot. Error bars show the profile-length uncertainty (±40 m3/m) in change measurements.


A compilation of the time-dependent volumetric changes along apex profiles of both river sites provides additional information about sediment transport patterns (Figure 8). For this presentation, the volumetric changes were normalized by net erosion for each interval of time to enable comparisons across the order-of-magnitude range of change values (Figure 8). Additionally, longshore transport rates were estimated from the sediment volume balances as noted in the Methods section above.


[image: image]

FIGURE 8. The temporal changes of the sediment volume budgets for the profiles of the Elwha River and Santa Clara River mouths. Data presented as the percent of net erosion for each survey interval that was transported in the following directions: (a) onshore, (b) longshore, and (c) offshore. Dashed line is the expoential fit through (a) and (b) with the corresponding correlation coeficients, and shading shows both one and two standard deviations of variation around the fit. For (c) the dashed line is the mean value (6.1%) and shading shows one and two standard deviations about the mean.


Several patterns manifest in these time-dependent transport data. First, the rate of onshore transport systematically decreased with time for all study sites taken both independently and collectively, ranging from 60 to 80% of the total eroded sediment during the first weeks after depositional events to less than 10% after several years (Figure 8a). Longshore transport from erosion of profile sediment, in contrast, systematically increased over time, ranging from a secondary or negligible component of the sediment budgets to over 90% of the eroded sediment after several years (Figure 8b). Offshore transport was generally less than 10% of the total transport budget for most study sites and intervals, except for the Central profile of the Elwha River, for which roughly a third of the eroded sediment volume was transported offshore (Figure 8c). Examination of the Central profile reveals that this offshore transport was deposited at the base of the delta foreset, and that the higher rate of offshore transport for this profile coincided with lower rates of longshore transport compared to the remaining sites (Figure 8b). Examination of the geometry of the Central profile shows that two new depositional lobes surrounded this profile during its post-event record (Figures 2h–j). These new lobes of sediment likely reduced longshore transport rates from the profile by straightening the shoreline and placing physical boundaries to longshore transport derived from the profile. Additionally, these new sediment lobes may have induced greater rates of offshore transport, because as the beach profile adjusted to wave attack without migrating inland or supplying the adjacent coast with longshore transport, sediment may have been lost off of the steep foreset (Figure 4b).

All profiles revealed that significant areas of the original sedimentation remained in place after months to years (Figures 4b, 5c). The remaining sediment was especially prevalent at the deeper sampled depths. For example, if depths of closure are assumed to be 5 and 10 m for the Elwha and Santa Clara, respectively, then 1.3 and 0.6 million m3 of sediment remained below these depths at the end of each survey record (Table 1). These volumes are equivalent to 43 and 14% of the total littoral-grade sediment discharged into the systems (Table 1). Volume balance also suggests that erosion of sediment was an inverse function of water depth. For example, at the Santa Clara River 54% of the original deposition at 10 m water depth eroded over the study, whereas only 33% of the deposition at 12 m eroded. Profiles and volume change from the Elwha River suggest that negligible change occurred at water depths greater than 5 m (Figure 4).



DISCUSSION

The combined results from two different river mouth systems, the Elwha and Santa Clara Rivers, suggest that there are fundamental time-dependent patterns in the processes that rework deltaic deposits and deliver these sediments to littoral cells. These patterns include an initial period of onshore-dominated sediment transport followed by a prolonged period of longshore-dominated transport (Figure 8). The earliest phases of this transition occur during the building of the river mouth berm and reestablishment of the beach profile (Figures 4, 5). Offshore transport of sediment is generally a secondary or negligible pathway of sediment, unless, as hypothesized above, the longshore transport is inhibited during the initial profile adjustment.

Here these results are explored further by examining: (i) the cause of onshore-dominated sediment transport during berm formation, (ii) generalized conceptual models of sediment transport from rivers to littoral cells, and (iii) a comparison of these results to other river mouths throughout the world. Although it will be shown that new understanding was gained in this research, I will also highlight several hypotheses and unanswered questions that may be addressed by future investigations.


Cross-Shore Sediment Transport

Sediment budgets suggested that onshore transport was a significant factor early during the post-event morphodynamics, so it is important to examine why this transport was largely unidirectional during this early phase of coastal response. Developing a theoretical understanding for these cross-shore transport patterns could be achieved by scaling from, for example, cross-shore and longshore transport or diffusivity relationships (e.g., Nienhuis et al., 2015; Ortiz and Ashton, 2016). Unfortunately, most relationships are developed for full beach profiles, which include subaerial, intertidal and submarine portions of the profile. This inhibits application to the river mouths shown here, because as noted above and detailed below, the profiles initially do not have intertidal or subaerial sections (i.e., the profiles do not have foreshores). To develop a theoretical understanding for these settings, better understanding of the physical processes is needed. Thus, here I examine observed and hypothesized characteristics of river mouths and use the existing understanding to hypothesize why onshore transport dominates the early morphodynamics.

Cross-shore sediment transport processes of surf zones are inherently complicated owing to three-dimensional topography and hydrodynamics including three-dimensional asymmetric oscillatory flows, wave grouping and associated energy transformation into infragravity frequencies, wave- and bathymetric induced vorticies, turbulence introduced by wave breaking and dissipation, and undertow patterns (Roelvink and Stive, 1989; Aagaard, 2014; Wei et al., 2017). Studies of cross-shore sediment transport are commonly limited to sandy beach settings and focused on conditions that cause beach change, such as shoreline erosion or bar formation (Butt and Russell, 2000; Mariño-Tapia et al., 2007; Masselink et al., 2008). Studies of the physical effects of waves at river mouth settings have generally focused on wave influences on river plume formation and initial river mouth bar formation in embayed settings without littoral zones (Nardin and Fagherazzi, 2012; Nardin et al., 2013; Gao et al., 2018) or on patterns of littoral sediment bypassing of river mouths (Nienhuis et al., 2016b). Although these studies do not address the reworking of river mouth bar sediment toward the beach, they are consistent in suggesting that the effects of waves on the timing and geometry of sediment transport can be complex (Nardin and Fagherazzi, 2012; Nardin et al., 2013; Nienhuis et al., 2016b; Gao et al., 2018).

To gain insights into the hydrodynamics that influence sediment transport during the early stages of post-event river mouth morphodynamics, it is useful to consider aerial photographs of river mouths during these stages for evidence of wave breaking and water level information (Figures 1b, 9). The early post-event morphodynamic stages captured in these photos show waves breaking across river mouth bars without the influence of a subaerial shoreface to cause downrush or return flows. That is, wave bores are observed to propagate across bars and dissipate within the river mouths. Additionally, the Elwha River imagery provides evidence that the river mouth bar is discontinuous with at least six deeper channel-like sections (Figure 9; Zurbuchen et al., 2020). Turbid waters are observed to spread offshore of many of these channel-like features, suggesting that they may serve as important conduits for return flow.
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FIGURE 9. (a–c) Oblique aerial photographs of the Elwha River mouth from September 27, 2013 highlighting wave-breaking patterns on river mouth bars that are related to cross-shore and longshore sediment transport. Hypothesized flow pathways are highlighted in the lower right panel showing onshore flow across bars (yellow arrows) and offshore return flow through channels in the gaps between bars (black arrows). Photo credits: Neal and Linda Chism of LightHawk.


Combined, flow paths are hypothesized to be landward across the bars and seaward through the channels (Figure 9c), which is somewhat analogous to flow behavior in coastal bar-rip morphologies (MacMahan et al., 2006, 2010). Under the more commonly studied bar-rip setting, onshore mean flow occurs on the bars during low-to-moderate wave conditions, which causes onshore bar migration (Masselink et al., 2008). For the river mouth bar scenario, there is the added complexity of no foreshore immediately behind the bar, which eliminates up- and downrush processes (Butt and Russell, 2000) and provides a large water body behind the bar to redistribute water (Figure 9). Without downrush or return flow, waves and their resulting sediment transport will extend farther inland (Kobayashi and Lawrence, 2004), which would likely eliminate the net offshore velocity moments in the inner surfzone (cf. Mariño-Tapia et al., 2007). That is, without a subaerial beach, flow over river mouth bars will be strongly landward. Thus, the morphology of the submarine-to-intertidal river mouth bars are hypothesized to result in onshore flow and sediment transport on the bars, which results in landward bar translation.

As the bar translates inland, the profile is observed to evolve toward a pre-event shape (Figures 4, 5). This profile evolution coincides with vertical accretion of the submarine bar, thereby transforming it into a subaerial feature (Figures 1, 4, 5). As the bar rises to become subaerial, the shoreface will develop, thereby introducing swash hydrodynamics and sediment transport (Bailard, 1981; Wright and Short, 1984). With the near continuous and seaward-bulging arcuate shape of the subaerial berm, onshore sediment transport will be limited to overwash events, which will translate the berm farther inland (Zurbuchen et al., 2020). As such, longshore transport will become a dominant process along the arcuate shoreline owing to the oblique wave breaking angles along the berm (Komar, 1973; Giosan et al., 2005; Nienhuis et al., 2015; Warrick et al., 2019). Hence, the transition of the submarine bar into a subaerial berm is hypothesized to be a fundamental driver of the transition of sediment transport from onshore to longshore. As the shoreline straightens, the influence of regional longshore transport will increase and rival, if not overwhelm, the longshore transport generated by erosion of the new deltaic sediments (Nienhuis et al., 2016b). However, the hydrodynamic conditions of these transient morphodynamic settings are not well know and may be considered an important area for further investigation.



Simple Morphodynamic Models

Using the combined results and discussion presented above, generalized conceptual models of the river mouth profile morphodynamics were generated (Figures 10, 11). Profile evolution models for the apex of the Elwha and Santa Clara River deltas show initial river mouth profiles that include river mouth berms, simplified beach profiles, and depths of closure (DoC), below which it will be assumed that littoral transport is negligible (Figures 10a, 11a). The morphodynamics are initiated by river sediment inputs, which build a Gilbert-like delta for the Elwha River system (Figure 10b) and a more dispersed hyperpycnal delta landform for the Santa Clara River system (Figure 11b). For the model shown in Figure 11, it was assumed that the hyperpycnal deposit terminated abruptly offshore of the depth of closure, much like suggested by regional mapping of other deltas (Warrick et al., 2013; Steel et al., 2016), although the toe of this deposit may extend much farther out onto the continental shelf.
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FIGURE 10. (a–e) Generalized morphodynamic model for river mouths with Gilbert-like delta during and after sediment input from the river based on observations from the Elwha River of Washington. The onshore and offshore fluxes (Qon and Qoff, respectively) of sediment are shown with arrows, and the vertical exacerbation (V.E.) is approximately 15.



[image: image]

FIGURE 11. (a–e) Generalized morphodynamic model for river mouths with dispersive or hyperpycal deltas during and after sediment input from the river based on observations from the Santa Clara River of California. Consistent with Figure 10, the vertical exacerbation (V.E.) is approximately 15.


Post-event morphodynamics are initially dominated by cross-shore transport until the subaerial river mouth berm is built, after which sediment transport is longshore-dominated. Within the conceptual model, these dynamics result in the building of the river mouth berm and the reestablishment of the beach profile to the depth of closure (Figures 10c, 11c). The reestablishment of the beach profile is consistent with general profile equilibrium concepts (Dean, 1991), and as such, these concepts are examined in greater detail below with rules-based testing of this model. Cross-shore transport during this early stage may result in both onshore and offshore sediment transport (Qon and Qoff, respectively), although Qoff, is likely low-to-negligible as noted above (Figures 10c, 11c). As the berm and beach profile are reestablished, longshore transport generated from the profile will increase and result in divergence of sediment from the delta front (Figures 10d, 11d). This will result in erosion of the profile and subsequent inland translation of the beach berm driven by overwash processes. Assuming that the littoral transport extends only to the depth of closure, sediment initially deposited deeper than this would be left offshore as the profile translates landward (Figures 10e, 11e). In the end, the scenarios presented here result in new volumes of offshore deposition beyond the depth of closure, which is consistent with observations and volume balances from both the Elwha and Santa Clara River systems (Figures 4, 5 and Table 1).



Rules-Based Geometric Models

These simple conceptual models can be used to generate rules-based geometric models to explore the effects of different transport patterns and/or rates on time-dependent evolution of the river mouth (cf. Dean, 1991; Cowell et al., 1999; Liang et al., 2015). For example, this approach was applied to a scenario scaled to the Elwha River to explore the effects of different rules for cross-shore transport (Figure 12). Several geometric properties were assigned to scale to the Elwha River with a simple equilibrium beach profile (Table 2). Additional rules included: (i) an angle of repose was assumed for all new depositional regions, (ii) the cross-shore and longshore-dominated intervals were assumed to be discrete in time and bounded by the full establishment of the sub-aerial berm, and (iii) longshore transport was assumed to proceed at a constant rate until the river mouth berm reoccupied its original position.
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FIGURE 12. Geometric evolution of a river mouth profile for a Gilbert-like delta deposit using a simple rules-based morphodynamic model with two different conditions. The initial profiles (a) are modified by rules that define the profile shape(s) and sediment transfers for different stages of delta evolution (b–e). The differences in the model output are caused by different rules defining sediment exchanges during the initial post-flood profile evolution (c). For the simple equilibrium condition (left-hand column), the delta profile evolves toward an equilibrium beach profile without constraining the direction or rate of cross-shore sediment transport. The second condition evolves toward an equilibrium profile without offshore transport (right-hand column). Parameters for these models are provided in Table 2.



TABLE 2. Parameters for a simple rules-based morphodynamic model to evaluate the effect of cross-shore transport directions.

[image: Table 2]
Using this framework, two conditions were compared. The first condition incorporated the simple equilibrium profile assumptions for the cross-shore response after techniques of Dean (1991). This response forced the full beach profile to reestablish across the newly deposited delta, ensuring a volume balance, regardless of the transport direction required to generate this outcome. This first model resulted in substantial offshore-directed sediment transport and deposition (Figure 12c; left column). The second model included the observation that offshore transport was generally negligible by allowing cross-shore transport to move only onshore. Erosion of the delta by cross-shore transport was, therefore, limited to the region that satisfied the volume balance needed to construct the onshore river mouth berm (Figure 12c; right column). Following these cross-shore changes, the profiles were allowed to retreat according to a simple constant longshore transport rule (Figure 12d).

Although the sediment input to these models was identical at 887 m3/m, transport patterns and the resulting morphology were considerably different (Figure 12). Using a simple Dean-like equilibrium profile response resulted in 87% of the cross-shore transport to be in the offshore direction (Figure 12c), which was considerably larger than observed for any profile evaluated above (cf. Figure 8). Constraining the offshore transport resulted in a much smaller initial cross-shore profile response (42 versus 270 m3/m), but it also resulted in greater overall longshore transport to reach the final shoreline position (675 versus 440 m3/m for the equilibrium profile). After the full profile adjustment, the equilibrium model resulted in a greater volume of sediment remaining below the depth of closure (447 versus 212 m3/m, which is equivalent to 50 and 24% of the initial deposition, respectively), and this difference was related to the offshore flux of sediment during the initial cross-shore profile response (Figure 12e).

This simple application of the profile conceptual model shows both the utility of these models and how simple assumptions, such as the equilibrium profile response, may generate results that are inconsistent with observations. As such, future applications of these and more complex models may be useful for examining the morphodynamics of river mouths and associated littoral cells, but care should be made in defining model assumptions and rules. Simple assumptions, such as equilibrium profile response (Dean, 1991; Cowell et al., 1999), are not likely valid for the complex sediment transport settings of river mouths.



Synthesis of River Mouth Observations

The observations summarized above have been integrated with understanding from other research into a general planform conceptual model for two different wave conditions: shoreline-parallel wave crests and shoreline-oblique wave crests (Figure 13). This model provides a general overview of how submarine deposition during a river sediment discharge event alters the nearshore bathymetry offshore of the river and also highlights key morphodynamic processes. Following the river sediment input, waves rework the sediment lobe into discontinuous submarine-to-intertidal bars and then a relatively continuous sub-aerial river mouth berm (Figures 13a,b). In the case of oblique waves, this berm may be deflected asymmetrically in the downcoast direction, which may induce downcoast erosion from transport divergence as suggested by Hicks and Inman (1987; Figure 13b). During the subaerial berm formation, the dominant transport pathway at the river mouth transitions from onshore to longshore, which will result in transport divergence at the river mouth owing to the arcuate bulge in the shoreline (Figure 13). The potential for deposition of littoral-grade sediment offshore of the littoral cell (i.e., deeper than the depth of closure) exists for these systems (Figures 13a,b), although a necessary condition for this is the export of sediment beyond the depth of closure during the early phases of the morphodynamics (cf. Figures 10, 11). Observations of river mouth systems that do not deposit sediment beyond the depth of closure have noted fairly rapid incorporation of the new sediment into the littoral cell and negligible new river sediment remaining in the profile (Hicks and Inman, 1987; East et al., 2018). For information about river mouth processes during intervals of time not studied here, several key references are highlighted in Figure 13d.
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FIGURE 13. Generalized schematic of sediment from rivers into littoral cells showing the morphodynamic stages before, during and after input. (a) Top row shows a scenario in which ocean waves approach normal to the shoreline; (b) the bottom row shows the effects of oblique wave directions. Sediment transport vectors from fluvial and littoral processes are shown with brown arrows. (c) A generalized model for post-event sediment transport directions. (d) References that provide further information about the patterns and processes of river mouth morphodynamics; horizontal lines highlight the applicable stages and processes of each reference.




Application to River Mouths Globally

It is valuable to consider the diversity of settings where river sediment is discharged into littoral cells to evaluate how and where the results provided herein may be applicable. To discharge littoral-grade sediment, which is commonly sand to gravel grain size (Limber et al., 2008), the hydrodynamics of the lower reach of a river will have to facilitate coarse-grained sediment transport. Many rivers of the world do not meet these conditions, such as found for most U.S. rivers draining to the Atlantic Ocean and other passive tectonic margin and low-gradient coasts (Meade, 1982). As noted in the Introduction section, rivers that discharge littoral-grade sediment to the coast are generally on active tectonic settings, where short, steep and erosion-prone watersheds exist (Inman and Nordstrom, 1971; Komar, 1998, 2010; Anthony and Blivi, 1999; Willis and Griggs, 2003; Giosan et al., 2005; Barnard and Warrick, 2010; Boateng et al., 2012; Anthony et al., 2014).

However, it has been shown that many of the steep, small rivers that discharge littoral-grade sediment to the coast may not have recognizable deltaic landforms (Caldwell et al., 2019). Many of these small rivers are characterized as river channels terminating at wave-dominated beaches (Caldwell et al., 2019), which is often how these systems appear during intervals of time between their infrequent sediment discharge events (Milliman and Farnsworth, 2013). A well-known example are the beaches of southern California, where several rivers provide the dominant supply of littoral sand to the region (Inman and Brush, 1973; Inman and Jenkins, 1999; Griggs et al., 2005; Warrick, 2009). None of these rivers have deltas as classified by the techniques of Caldwell et al. (2019), which suggests that important river-derived sediment supplies of littoral sediment may occur where deltas are not easily recognizable. On a global scale, steep rivers with small-to-negligible deltas occur along tectonically active coastal margins, and ocean settings of these margins commonly result in wave-dominated river mouths and beaches (Inman and Nordstrom, 1971; Hicks and Inman, 1987; Milliman and Syvitski, 1992; Hovius et al., 1997; Hicks et al., 2004; Kao and Milliman, 2008; Milliman and Farnsworth, 2013).

An examination of coasts along tectonically active margins of the world will reveal thousands of river mouth settings, many of which have significant time-dependent changes (Nienhuis et al., 2020). For example, two regions with high sediment yield watersheds and dynamic coasts are New Zealand and Taiwan, which combined have dozens of river mouths that experience significant inputs of sediment during hydrologic events (Griffiths, 1979; Kirk, 1980, 1991; Gibb and Adams, 1982; Shulmeister and Kirk, 1997; Hovius et al., 2000; Hicks et al., 2004; Addington et al., 2007; Hsu et al., 2007; Kao and Milliman, 2008; Hart, 2009; Komar, 2010). River mouths of these settings are inherently dynamic and include river bar breaching during high river flow and inlets that migrate, overwash, and occasionally close during lower flows (Hart, 2009; Measures et al., 2020). Imagery from a few of these rivers provide examples of the morphodynamics of these systems following river discharge events, including offshore bar formation after high flows and bar migration and evolution during the months to years following discharge events (see Supplementary Materials). Additionally, imagery also provides evidence that these morphodynamic cycles can happen repetitively over time and dramatically reorganize the wave-dominated delta planform shoreline (see Supplementary Materials). Thus, there is evidence that the morphodynamic patterns summarized above may be applicable to a broad set of rivers and littoral cells throughout the world, especially in similar tectonic and open ocean settings, such as found around the rim of the Pacific Ocean (Inman and Nordstrom, 1971; Milliman and Syvitski, 1992; Milliman and Farnsworth, 2013).

Although many investigations have explored the morphodynamics of these small river mouths, studies generally focus on the sub-aerial beach of the river mouth and the dynamics of river barrier breaching, which, although important to resource management and ecosystem services, do not include an overall sediment mass balance (Hume and Herdendorf, 1988; Kirk, 1991; Bird, 1994; Cooper, 2001; Bittencourt et al., 2007; Hart, 2009; Lichter et al., 2011; Behrens et al., 2013; Measures et al., 2020). A key method to capture the sediment mass balance is the collection of frequent, high-accuracy coastal topography and bathymetry, which can be challenging and expensive to obtain but are essential to understanding the morphodynamic patterns and sediment budgets (Zăinescu et al., 2019).

For the limited studies that have included bathymetric measurements of river mouths, their results are generally consistent with the observations shown here and described in the conceptual models (Figures 10, 11, 13). For example, early studies noted the initial deposition of river sediments in the submarine portion of the delta and rapid shoreline morphodynamics after the river flows receded (Hicks and Inman, 1987; Cooper, 1993). The new river sediments were described to be reworked by ocean waves into emergent bars and then river mouth barriers and littoral sediments over intervals of months to years (Hicks and Inman, 1987; Cooper, 1993), consistent with observations synthesized here (Figure 8). More recent observations of the San Lorenzo River of California provide additional sediment budgets of the submarine deposition of sediment and the reworking of this sediment into subaerial bars and littoral sediments, although in contrast to the Santa Clara and Elwha River data shown here, there was not long-term offshore deposition (East et al., 2018). The new results summarized here suggest that the lack of long-term offshore deposition would occur if the initial deposition is within the depth of closure, which is consistent with East et al. (2018).

Additionally, exceptionally large sediment discharge events have been shown to fundamentally alter shoreline morphodynamics and coastal sediment budgets. For example, a catastrophic volcanic eruption in 1902 within the Samala River, Guatemala, increased river sediment loads and resulted in 7 km of seaward progradation of its delta during the subsequent two decades (Kuenzi et al., 1979). This massive expansion of the delta resulted in lateral redistribution of sand into the littoral cell and a modern arcuate shoreline form that continues to extend ∼1 km seaward of the pre-1902 shoreline. As such, it should be acknowledged that the time scales for the coastal adjustment from a river sediment discharge event may range from months to decades, depending on the volume of sediment and the coastal processes acting on the sediment during the post-event interval.

A key consideration, then, to river mouth morphodynamics is the initial shape and location of the sediment deposit. Where littoral-grade sediment is initially deposited at depths below the active littoral cell, it may not come back to the beach over the scales of time sampled here. For example, watersheds that regularly produce plunging hyperpycnal (negatively buoyant) currents from exceptional sediment concentrations transport sediments to water depths beyond typical depths of closure (Mulder et al., 2003; Warrick and Milliman, 2003; Hicks et al., 2004). Example settings where this “loss” of sediment occurs includes relatively flat continental shelves, for which sands can be transported to mid-shelf settings (Warrick et al., 2013; Steel et al., 2016), and also steep submarine canyons, such as observed at Fiamara of Sicily, Gaoping Submarine Canyon of Taiwan, and the Var Submarine Canyon of France, which all transport sands to the deep sea (Mulder et al., 2003; Khripounoff et al., 2009; Casalbore et al., 2011; Liu et al., 2012). Additionally, the offshore “loss” of littoral-grade sediment may also occur off of the foresets of Gilbert-like delta as shown for the Elwha River herein.

Thus, there is considerable evidence from other river mouths that the fundamental pathways and time-dependent patterns of sediment transport described here are broadly applicable to wave-dominated river mouths with infrequent sediment discharge events. Exceptions and variations to these models certainly exist, and specific watershed and river mouth conditions likely play important roles in the ultimate transfer and transport of sediment into and around the coast.



CONCLUSION

A synthesis of the morphodynamics of river mouths was derived from surveys of sediment discharge events at markedly different systems. This resulted in a new understanding of time-dependent cross-shore and longshore sediment transport patterns following river sediment discharge events. Initially, onshore-dominated transport occurs during the transformation of the submarine river mouth bar into a subaerial berm. Within weeks to months, this transitions into longshore-dominated transport with overwash-controlled berm retreat. These findings appear to be consistent with observations of other small river mouth settings, especially those along tectonically active settings.

Although generalized conceptual models were derived from a synthesis of quantitative results, there remain several hypotheses and unknowns about river mouth morphodynamics that could use further investigation. These include the discontinuous morphology of the river mouth bars observed at the Elwha River (Zurbuchen et al., 2020), and whether this is representative of other river mouth settings. Why do river mouth bars become discontinuous and how is this related to the coastal and riverine setting? Furthermore, how are water and sediment transport patterns related to this three-dimensional bar morphology? And how does this complex morphology evolve with time to become the more continuous river mouth berm?

The greatest rates of morphologic change were consistently measured during the intervals immediately following river sediment deposition, when onshore transport dominated and the river mouth bar emerged from a submarine to a subaerial state. What are the dominant patterns and processes that dictate these morphodynamics? Are there feedbacks between the morphology and the physical processes that alter the river mouth bars? It is hypothesized that coastal waves are a dominant factor in these bar-to-berm transformations, but waves are inherently complex, especially around three-dimensional coastal landforms and in areas with net flow from river and tidal conditions. It would be useful to measure or simulate these physical processes under varying conditions to build a better understanding for the rates, styles and drivers of river mouth transformation.

Although the initial transport following deposition of river sediment was found to be largely onshore, subsequent offshore transport was measured for some limited conditions of the Elwha River. This transport may be related to the adjustment of the beach profile during a time when longshore transport was inhibited by the broader morphology of the delta landform. It would be valuable to better characterize both the conditions under which offshore transport occurs, as well as the frequency and magnitude of this offshore transport, to better constrain coastal sediment budgets and stratigraphic models of deltas.

Lastly, the results of both the Elwha and Santa Clara River systems suggest that littoral-grade sediment may be deposited in water depths from which the sediment may not return to the shoreline and littoral cell (Table 1). This may be considered an incomplete integration of the littoral-grade river sediment into the littoral cell, thereby resulting in a “loss” of potential littoral sediment. Although this is an important finding that is consistent with literature on hyperpycnal flows from rivers, it would be valuable to better characterize the applicability of these findings to other systems, perhaps with a synthesis of shelf sediment deposits offshore of modern river mouths.
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