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• On an active margin, controls on cross-shelf drainage system morphologies can change 23 

over short distances 24 

• Antecedent structural trends can form or impede cross-shelf drainage valleys 25 

• Subaerial exposure of convex changes in gradient is an important control on fluvial 26 

incision  27 

 28 

Abstract 29 

The lowstand extensions of two fluvial systems from the Cascadia subduction margin are 30 

investigated using high-resolution seismic reflection data to determine the relative controls on 31 

paleodrainage morphology. We document distinct differences between the two systems, 32 

located ~40 km apart, attributed to underlying structure and lithology, shelf gradient, and 33 

drainage basin characteristics. A cross-shelf valley exists for only one of the drainage systems, 34 

the Umpqua River. The outer shelf part of the valley is a syncline, which formed a natural 35 

structural low for lowstand drainage, while the inner shelf part of the valley exhibits incision 36 

and is associated with a mid-shelf convex change is slope. The other drainage system, the 37 

Siuslaw River, did not develop an across-shelf valley and is only denoted in the seismic data by 38 

an erosional subaerial unconformity. Structural trends are perpendicular to cross-shelf 39 

drainage, supporting a more anastomosing stream morphology for the paleo-Siuslaw. The shelf 40 

edge for this system was not exposed for a long period of time during the last lowstand, 41 

preventing substantial outer shelf incision. Differences in fluvial elevation, discharge, and 42 

hinterland geology, also played a role in the cross-shelf morphologies of the paleo-Umpqua and 43 
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paleo-Siuslaw. These results highlight how controls on lowstand paleodrainage morphology can 44 

change over short distances on an active margin. 45 

 46 

Keywords 47 
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 50 

1. Introduction 51 

 Fluvial response to sea-level variability during late Quaternary glacial-interglacial cycles 52 

is recorded on continental shelves worldwide (Zhang and Li, 1996; Posamentier, 2001; Burger et 53 

al., 2001; Nordfjord et al., 2006; Crockett et al., 2008; Chaumillon et al., 2010). Early sequence 54 

stratigraphic models, based primarily on passive margin settings, proposed that streams incise 55 

into the continental shelf during sea level fall and aggrade during sea level rise (Posamentier & 56 

Vail, 1988; Van Wagoner et al., 1988). Numerous refinements to those models have 57 

demonstrated that fluvial response to sea-level change is controlled by several factors including 58 

tectonics, climate, basin characteristics (e.g., size, sediment supply, discharge volume), and 59 

shelf physiography (e.g., Schumm, 1993; Wescott, 1993; Zaitlin et al., 1994; Talling, 1998; Blum 60 

et al., 2013; Wang et al., 2019). These factors not only control if fluvial incision or bypass 61 

occurs, but valley width and incision depth as well (Talling, 1998; Blum et al., 2013; Wang et al., 62 

2019). Records of fluvial incision and infilling are important for understanding long-term 63 

sediment transport from land to sea and associated biogeochemical cycling and hydrocarbon 64 

reservoirs (Vail et al., 1977; Van Wagoner et al., 1988; Zaitlin et al., 1994). Additionally, 65 
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paleodrainage systems can record environmental response to climate change and be associated 66 

with early archaeological resources (e.g., Minor and Toepel 1986; Punke and Davis 2006; Gusick 67 

and Faught 2011; Davis et al. 2019).  68 

While numerous studies of submerged paleodrainage systems have been conducted 69 

along passive margins (e.g., Suter and Berryhill, 1985; Foyle and Oertel, 1997; Boss et al., 2002; 70 

Simms et al., 2006; Nordfjord et al., 2006; Chaumillon and Weber, 2006; Chaumillon et al., 71 

2008; Green et al., 2013; Tesson et al., 2015; Weschenfelder et al., 2014; Aquino da Silva et al., 72 

2016; Bae et al., 2018; Liu et al., 2018), there are few detailed studies about paleodrainages 73 

along active margins (Posamentier, 2001; Burger et al., 2001; 2002; Wilson et al., 2007; Maselli 74 

and Trincardi, 2013; Gobo et al., 2014; Alqahtani et al., 2015). Of those studies, most have 75 

examined onshore systems or focused on valley infill deposits and processes (Wilson et al., 76 

2007; Twitchell et al., 2010; Maselli and Trincardi, 2013; Gobo et al., 2014). Additionally, the 77 

effects of an active margin on paleodrainage morphology can vary widely within an entire 78 

region and between tectonic regimes (Posamentier, 2001; Burger et al., 2001; 2002; Twichell et 79 

al., 2010; Maselli and Trincardi, 2013; Alqahtani et al., 2015). To understand better the relative 80 

factors influencing paleodrainage morphology on active margins, additional case studies from 81 

distinctive tectonic settings are needed. The continental shelf along a convergent margin offers 82 

a valuable perspective on fluvial evolution because of the inherent complex morphology caused 83 

by subduction and impacts from cycles of tectonic subsidence, associated with ruptures, and 84 

long-term uplift. This setting provides a clear window into the way geological control can act on 85 

valley development and filling. To investigate these impacts, we examined the continental shelf 86 

offshore from two drainage systems (Umpqua and Siuslaw rivers) in central Oregon, USA, 87 
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located just inshore of the Cascadia subduction zone along the North Pacific coast of North 88 

America (Figs. 1 and 2).  89 

The Cascadia continental shelf is an ideal study location due to the influence of millions 90 

of years of tectonic activity on shelf geomorphology. Most of the shelf was exposed subaerially 91 

when sea level was lower during the last glacial maximum (LGM; Fig. 3); it was ~147 m below 92 

modern sea level in the study area based on a regional glacial isostatically adjusted sea level 93 

curve (Clark et al., 2014). Notably in central Oregon, there were large headlands and 94 

embayments during the lowstand, in contrast to the relatively linear modern shoreline (Figs. 2 95 

and 3). Because of subduction and other localized faulting, there is also alongshore variation in 96 

geology and uplift (Kelsey et al., 1996), which can have substantial impacts on fluvial incision 97 

(Wang et al., 2019). Here, we aim to demonstrate the effects of a convergent margin on 98 

paleodrainage morphology with the goal of furthering our understanding of the relative 99 

controls on fluvial incision on active margins during the Quaternary. 100 

 101 

2. Regional Setting 102 

2.1 Tectonics 103 

 The study area in central Oregon is located within the forearc of the Cascadia 104 

subduction zone (Fig. 1), where the southern portion of the Juan de Fuca Plate is subducting 105 

below the North American Plate at a rate of ~3-4 cm/yr (DeMets et al., 1990; Miller et al., 106 

2001). The region has experienced 12 megathrust earthquakes (magnitude 8-9) in the last 6700 107 

years, each resulting in coastal coseismic subsidence up to 3 m, based on onshore stratigraphy 108 

and diatom assemblages (Witter et al., 2003; Milker et al., 2016). The offshore turbidite record 109 
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indicates 19 margin-wide paleoseismic events over the Holocene, resulting in an average 110 

recurrence interval of ~500 to 530 years, while smaller, segmented paleoseismic events 111 

terminating around Heceta Bank (Fig. 2) have a recurrence of 300-380 years (Goldfinger et al., 112 

2012). This frequency may extend into the latest Pleistocene, but the turbidite record is 113 

dominated by sediments of non-seismogenic origin (Goldfinger et al., 2012). Despite periods of 114 

coseismic subsidence, the coast is experiencing long term uplift, as evidenced by Quaternary-115 

aged marine terraces in the Oregon Coast Range (McInelly and Kelsey, 1990; Muhs et al., 1990; 116 

Kelsey and Bockheim, 1994; Kelsey et al., 1996). Uplift rates in central Oregon range 117 

latitudinally from quite low (0 – 0.2 m/ky; Kelsey and Bockheim, 1994) within much of the study 118 

area to significantly higher about 20 km to the south at Cape Arago (Fig. 3; 0.5-0.77 m/ky; 119 

McInelly and Kelsey, 1990; Simms et al., 2016) and about 45 km to the north at Yaquina Bay 120 

(Fig. 3; 0.75-0.96 m/ky; Kelsey et al., 1996; Simms et al., 2016). This part of coastal Oregon has 121 

had an increase in the uplift rate since 120 ka, which has caused a transient response in the 122 

regional river systems (Whipple and Tucker, 2002; VanLaningham et al., 2006).  123 

 124 

2.2 Shelf Geology and Structure 125 

The modern shelf, in the majority of the study area, ranges in width from 25 to 35 km from 126 

the modern shoreline to the shelf break. Notably, the shelf extends to 70 km in width at Heceta 127 

Bank (Fig. 2). The shelf edge occurs in ~150 m water depth (Figs. 1 and 2). The current 128 

continental shelf in central Oregon formed primarily as a result of subduction zone processes 129 

and was originally part of the Neogene Cascadia forearc basin, which is the subject of McNeill et 130 

al. (2000). Based on this study, the base of the shelf is composed of a combination of Siletz 131 
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River volcanic rocks (large Eocene-aged basaltic flows exposed in coastal Oregon; Snavely and 132 

Baldwin, 1948) and Paleogene mélange, overlain by basin fill sediments. The forearc basin, 133 

bounded to the west by an anticlinal outer arc high and to the east by the Coast Range, was 134 

filled with sediments during sea level high stands and has been eroded, deformed, and refilled 135 

with marine and terrestrial sediment through time to form the modern continental shelf.  136 

 In this region, the shelf structure is dominated by folds and faults formed by Miocene and 137 

younger compression adjacent to the plate boundary (Fig. 4; Goldfinger et al., 2014). Axes of 138 

the major anticline and syncline systems on the shelf trend NE-SW, or slightly NW-SE (Fig. 4; 139 

Clarke et al., 1985). Miocene rocks are exposed at the seafloor where they have been uplifted, 140 

forming submarine banks (Figs. 1, 2 and 4; McNeill et al., 2000). Heceta Bank is one of these 141 

features and denotes the only location where the outer arc high has been uplifted enough to 142 

form part of the modern shelf. Heceta Bank backs up to Siletzia (a large igneous province in the 143 

coastal Pacific Northwest of North America, which was accreted to the continent in the Eocene; 144 

Wells et al., 2014), and may have contributed to its high uplift rate. Alternatively, Heceta Bank 145 

may have formed via a series of thrust faults (Seely et al., 1974). The most recent episode of 146 

deformation in this region started in the Pliocene and extended into the Pleistocene (Clarke et 147 

al., 1985). No significant tectonic deformation has occurred since, but Heceta Bank was 148 

truncated during Pleistocene sea level lowstands (Clarke et al., 1985). Siltcoos Bank, a much 149 

smaller, mid-shelf feature in the center of our study area (Fig. 2), is also composed of Miocene-150 

Pliocene rocks (Fig. 1), and was likely uplifted by an active reverse fault (McNeill et al., 2000). 151 

Pliocene rocks and Pleistocene sediments overlay the Miocene structure, where it is not 152 

uplifted to the seafloor (Fig. 1; Clarke et al., 1985). The Pleistocene sediments have been 153 
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sampled and analyzed in multiple studies; they have been described as sand and silt 154 

interbedded with some gravel (Snavely et al., 1977; 1981), clayey silt with a large amount of 155 

coarse debris (Kulm et al., 1973), and fine silt and clay (Clarke et al., 1985). 156 

 157 

2.3 Characteristics of Drainage Systems 158 

The Siuslaw and Umpqua Rivers drain the central Coast Range of Oregon (Fig. 1). Table 1 159 

summarizes their modern drainage basin characteristics. The Siuslaw River is of moderate size, 160 

but the Umpqua River is one of the larger river systems in central Oregon. The Siuslaw River 161 

primarily flows over the Tyee Formation, an Eocene layered marine sandstone/siltstone that is 162 

soft and easily erodible (Walker and MacLeod, 1991; Siuslaw Basin Council, 2002; Santra et al., 163 

2013), making up most of the Coast Range (Fig. 1). This soft material is subject to large debris 164 

flows in the rainy season, allowing the river to incise a low-gradient path through the steep 165 

Coast Range. The Siuslaw does not have any large man-made dams that impede its drainage 166 

patterns or affect sediment yield (Table 1). However, this is not the natural state of the river, as 167 

extensive natural logjams were observed by early European explorers in the area (Siuslaw Basin 168 

Council, 2002). Settlers in the late 1800s removed many of these log jams, causing the Siuslaw 169 

to become more channelized and removing much of its ability to store water in its upper 170 

reaches. This resulted in more stream incision, separating the channels from floodplains and 171 

wetlands, leading to more seasonality in drainage volume (wet winters with high drainage and 172 

dry summers with low drainage) and increasing the frequency of debris flows. Prior to this, the 173 

drainage system would have had a more complex network of channels and wetlands, which 174 

allowed water to be stored longer into the dry season. Yet, the seasonality of discharge is also 175 
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bolstered by the low elevation of the Coast Range, which does not support an extensive 176 

snowpack and leads to a short time span between precipitation events and drainage to the sea; 177 

event driven, or flashy drainage.  178 

The Umpqua River, in contrast, drains a variety of terrains (Fig. 1), leading to less event-179 

driven flows, but still with higher discharge volumes in the winter versus the summer (Wallick 180 

et al., 2011). The Umpqua River has a number of hydroelectric dams and reservoirs on its upper 181 

reaches (North and South Umpqua rivers), but this has little effect on downstream flow 182 

patterns and overall annual discharge because most of the basin lies below these dams. The 183 

Umpqua River has two main tributaries, the North Umpqua River and the South Umpqua River. 184 

The North Umpqua originates in the Cascades province (Fig. 1), flowing over Pliocene and 185 

Quaternary volcanic rocks that are highly permeable, providing high groundwater storage that 186 

supports consistent summer drainage (Jefferson et al., 2010). Both rivers flow through the 187 

western part of the Cascades province (Fig. 1) with Tertiary volcanic rocks that have high runoff 188 

rates (Stillwater Sciences, 2000) and through the Klamath Mountains (Fig. 1), composed of 189 

Mesozoic metamorphic rocks (Wells et al., 2001). The confluence of the two rivers, forming the 190 

Umpqua River, is near the Klamath Mountains-Coast Range boundary (Fig. 1). From there, the 191 

Umpqua primarily flows over the Tyee formation, incising into the soft sediment (Wallick et al., 192 

2011). 193 

The modern coast of central Oregon has a temperate (3° C – 20° C), maritime climate. 194 

Precipitation rates, which impact discharge and vegetation, as well as influence sediment 195 

erosion and transport, only vary slightly across the study area. The average annual precipitation 196 

for coastal Oregon is 212 cm, based on data collected from 1901 to 2020 (NOAA, 2020). This 197 
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region is located in the southern reaches of the Western Hemlock zone, a densely vegetated, 198 

coniferous forest starting in coastal British Columbia (Pojar et al., 1991). The vegetation has 199 

varied since, and even during, the last glacial period, but has typically included various firs, 200 

pines, and hemlocks, fluctuating based on temperature and precipitation (Worona and 201 

Whitlock, 1995). Overall, the dominant vegetation during the last glacial period indicated a 202 

colder, more arid regional climate, with the Coast Range being ~50% drier than today during 203 

the glacial-interglacial transition (25 ka to 17 ka; Worona and Whitlock, 1995). 204 

 205 

3. Methods 206 

In May and September 2017, ~1,075 km of Chirp subbottom and sidescan sonar data were 207 

collected on R/V Pacific Storm to characterize the paleolandscapes offshore from the modern 208 

Siuslaw and Umpqua Rivers (Fig. 2). Scripps Institution of Oceanography’s Edgetech 4200 209 

sidescan was used for both cruises; data were recorded in JSF format along with real-time GPS 210 

for position accuracy. The data were processed using Xsonar (Danforth, 1997), which accounts 211 

for slant range beam angle distortion, merges navigation with the data, and generates a 212 

mosaiced image.  213 

An Edgetech 512i Chirp was used for each cruise. The system used for the May 2017 cruise 214 

was operated with a 30 ms swept pulse of 0.5-7.2 kHz. These data have two types of data 215 

artifacts, (1) repeated diagonal lines and (2) a wavy, undulating signal, and both interfere with 216 

real data at times. The September 2017 cruise used Scripps Institution of Oceanography’s 217 

towfish, operated with a 30 ms swept pulse of 1-15 kHz. Additional 3.5 kHz subbottom data 218 

collected during cruise NA087 on E/V Nautilus were used to help constrain features in the 219 
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northern part of the study area (http://www.nautiluslive.org/science/data-management). All 220 

subbottom data were recorded in SEG-Y format, along with real-time GPS data for position 221 

accuracy. These data were processed using SIOSEIS (Henkart, 2006), plotted using Seismic Unix 222 

(Cohen and Stockwell, 1999), and then imported into the Kingdom software package 223 

(kingdom.ihs.com) for interpretation. A nominal velocity of 1500 m/s was applied to convert 224 

two-way travel time (TWTT) to depth;. 225 

Onshore fluvial profiles were generated based on where mapped river locations (USGS 226 

National Hydrography Dataset; https://www.usgs.gov/core-science-systems/ngp/national-227 

hydrography) crossed NOAA’s National Centers for Environmental Information (NCEI) Central 228 

Pacific and Northwest Pacific Digital Elevation Models (DEM) with 3 arc-second resolution and a 229 

mean high water (MHW) datum (NGDC, 2003a; NGDC, 2003b). Continental shelf profiles, 230 

projected roughly perpendicular to depth contours from the mouth of each river to the LGM 231 

shoreline, were modeled based on depths from the NCEI DEMs for the Central Oregon Coast 232 

(Carignan et al., 2016) and Port Orford (Carignan et al., 2009). These both have a cell size of 1/3 233 

arc seconds and a MHW vertical datum. The thalweg of the Umpqua paleovalley was mapped 234 

based on chirp data. Percent-slope calculations along profiles are calculated in between 235 

inflection points. The paleoshoreline contours are modeled based on relative sea level curves 236 

developed by Clark et al. (2014). 237 

 238 

4. Results 239 

4.1 Acoustic Properties of Submerged Paleodrainages 240 
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There is a large infilled valley system offshore from the modern Umpqua River. The valley is 241 

mapped in modern water depths of ~80 to 150 m (Fig. 4). The acoustic character of the system 242 

(bottom reflector shape and acoustic character, fill thickness and character) varies throughout 243 

its extent (Figs. 5-10). On the inner shelf, the valley bottom reflector ranges from nearly flat to 244 

undulating to sharply curved (Figs. 5, 8, and 9), reflecting clear incision into the underlying 245 

bedrock. In this area, the valley fill is thinnest (<10 m), but there may have been some 246 

truncation by wave action during sea level transgression (Figs. 5, 7-9). In this area, The fill is 247 

primarily acoustically transparent, but sometimes has internal reflectors indicative of 248 

progradation or migration of incision (Figs. 5, 7, and 9), typical of an incised valley.  249 

As the valley system extends to the outer shelf, it increases in depth, with fill up to ~25 m 250 

in thickness (Figs. 4-6, 9, and 10). The valley also widens here, covering at least 13 km in the N-S 251 

direction (Figs. 4 and 6). The valley system bifurcates around structural highs that extend to the 252 

seafloor and protrude as hardground pinnacles (Figs. 4 and 10). These are described in section 253 

4.2. The valley bottom reflector ranges from low to high amplitude and has an irregular, uneven 254 

appearance (Figs. 4-7). The outer shelf valley fill is either acoustically transparent or has internal 255 

layered reflectors (Figs. 4-6, 9). These reflectors are typically medium to high amplitude and 256 

sometimes onlap the valley wall (Fig. 6). The overall paleodrainage incision depth increases 257 

towards the southwestern portion of the study area (Figs. 9 and 10), near the shelf break-slope 258 

transition, associated with greater valley fill thickness (Fig. 4). A smaller channel with thinner fill 259 

extends from the outer shelf part of the valley to the northeast, offshore from Tahkenitch Lake 260 

(Figs. 2 and 4).  261 
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Offshore from the modern Siuslaw River, there is not a definable incised drainage channel 262 

or valley. There is, however, a distinctive medium-to-high amplitude reflector that has an 263 

almost blotchy acoustic character (Fig. 11). The reflector truncates the small number of features 264 

that are imaged below it; in general, little stratigraphy is imaged in the northern portion of the 265 

study area. This reflector has an irregular, undulating appearance, both broadly shallowing and 266 

deepening, and is hummocky at a smaller scale (Figs. 12 and 13). This is typical of an erosion 267 

surface (Lobo et al., 2018), and the reflector is denoted as such (Erosion Surface; ES). The ES 268 

ranges from ~6 m below the seafloor to occasionally merging with the seafloor, but it is 269 

primarily within 3 m of it (Figs. 11 and 12). The ES is mapped throughout the northeast portion 270 

of the study area (Fig. 4), extending from ~125 mbsl offshore, to the eastern limit of the seismic 271 

data at ~55 mbsl. Beyond the shelf break offshore from the Siuslaw is a sediment wedge over 5 272 

m thick (Fig. 12). 273 

 274 

4.2 Structure and Shelf Morphology 275 

 There is complex structure throughout the study area (Fig. 4). Folded and dipping strata of 276 

varying geometries are imaged in this region, including syncline-anticline structures  (Figs. 6-7 277 

and 9-10). The more well-defined, offshore portion of the Umpqua valley system often 278 

coincides with the location of syncline fold axes (Figs. 6 and 10). Around Siltcoos Bank, the 279 

steepness of dipping beds increases, and strata are folded more tightly (Figs. 6 and 10).  280 

Often, structures from the underlying strata protrude above the surrounding seafloor in 281 

the form of hardgrounds (Figs. 4-6 and 8-10). These were mapped where they protrude, as well 282 

as where they extend upwards and come within 0.015 s TWTT of the seafloor (Fig. 4). Where 283 
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imaged, these protruding hardgrounds have higher backscatter compared to the surrounding 284 

seafloor (Fig. 4) and higher acoustic amplitude (Figs. 5, 8, and 10). In the Chirp data, the 285 

exposed hardgrounds range from mound-like (Figs. 5 and 8) to narrower and more pinnacled 286 

(Figs. 5-6 and 9-10). When they protrude above the surrounding seafloor, the hardgrounds 287 

sometimes trend in a linear fashion (Fig. 4), particularly in the southern region, but have either 288 

a modular or widespread coverage in other areas. Hardgrounds are most common in the 289 

middle and outer shelf (Fig. 4), between the Siuslaw and Umpqua rivers. On the outer shelf, 290 

hardgrounds are mostly exposed, but some are covered by a thin veneer of sediment (Figs. 4 291 

and 8-10). Hardgrounds that do not extend above the surrounding seafloor also tend to have 292 

higher acoustic amplitude in Chirp data (Figs. 5, 8, and 10). In general, hardgrounds occur at 293 

anticlinal axes (Fig. 4; Goldfinger et al., 2014) or are associated with folded and faulted 294 

reflectors (Figs. 6 and 10).  295 

Profiles of the shelf bathymetry extending from the modern shoreline at the mouth of each 296 

river to 200 mbsl show notable differences between the Siuslaw and Umpqua regions (Fig.3). 297 

Both have breaks in slope at the base of the coastal prism, but the Umpqua’s is more 298 

pronounced, as the prism extends to ~80 mbsl with over a 3% slope. The Siuslaw’s coastal prism 299 

extends to ~25 mbsl with a slope of 2.44%. The rest of the Siuslaw shelf profile is more gradual 300 

and exhibits a gentle break in slope of 0.56-0.25% at 100 mbsl. There is a slope change on the 301 

outer shelf at ~147 mbsl, nearly coincident with the 20 ka (Fig. 3). The shelf profile for the 302 

Umpqua gradually transitions in slope at the base of the coastal prism from 0.57% to 0.19% 303 

(Fig. 3). There is an outer shelf change in slope at ~125 mbsl from 0.19% to 0.87%. The 304 

paleovalley thalweg (Fig. 3), based on the chirp data, is plotted along the same distance profile 305 
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as the Umpqua shelf for comparison. There are multiple slope changes, but two of those are 306 

convex, one from 0.05% to 0.37% at ~95 mbsl and one from 0.03% to 0.55% at ~105 mbsl. 307 

 308 

5. Discussion 309 

5.1 Interpretation of Paleodrainage Morphology 310 

The valley system offshore from the Umpqua River likely represents drainage from the 311 

paleo-Umpqua River. This drainage valley is multifaceted in both character and location. The 312 

inner shelf portion exhibits cut and fill features (Figs. 5 and 7) typical of an incised valley (e.g., 313 

Dalrymple, 2006; Blum et al., 2013; Green et al., 2013) and is interpreted as such, attributed to 314 

lowstand fluvial incision and migration. The outer-shelf, wider and deeper portion of the valley, 315 

with thick infill, is more complex. The origin of this part of the valley was unlikely due to 316 

continental drainage, but rather, underlying structure, discussed in Section 5.2. This part of the 317 

valley; however, does have a scoured bottom reflector (Figs. 5 and 6), which is attributed to 318 

drainage from the paleo-Umpqua overprinting this surface. The thick and layered valley fill with 319 

undulating reflectors are inferred as paleo-Umpqua scour and fill. The smaller portions of the 320 

valley extending from the outer shelf towards the northeast are interpreted as tributaries 321 

related to drainage from Tahkenitch Lake (Figs. 4 and 13). 322 

There are no definitive age constraints on valley formation or fill deposition. The outer 323 

shelf part of the valley could be quite old, with one of the shallower reflectors representing the 324 

LGM subaerial unconformity and overall deposition related to multiple lowstand-highstand 325 

cycles. Alternatively, the base of the valley could represent the LGM subaerial unconformity 326 

with valley fill deposited since. Estimations of sediment accumulation rates for the modern 327 
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Umpqua River range from 1.4 to 2.3 mm/yr (Wheatcroft and Sommerfield, 2005). Using the 328 

approximate maximum thickness of valley fill (25 m), accumulation would have taken 10.87 ky 329 

and 17.86 ky based on these rates, respectively. Most of the valley fill is thinner than this, 330 

requiring less time for deposition. There is no defined submarine canyon on the upper 331 

continental slope here, possibly due to a large quantity of sediment blanketing the slope, 332 

delivered via the paleo-Umpqua. Our subbottom data does not extend over the slope, however, 333 

so this inference is based on the seaward thickening wedge of sediments imaged on the outer 334 

shelf (Figs. 9 and 13). The inner shelf incised valley could be LGM in age or could have formed 335 

during a previous lowstand and was reoccupied during the LGM. It is also possible that no 336 

incision occurred during the last lowstand, but without sedimentary age constraints, we prefer 337 

the LGM incision or reoccupation interpretation.  338 

 The ES is mapped offshore from the modern Siuslaw River (Fig. 4), in waters from ~55 to 339 

125 m depth. This surface likely represents drainage from the paleo-Siuslaw River. Alternatively, 340 

it could be the regional wave-transgressive surface, but the variability in acoustic character 341 

(amplitude, undulating and hummocky surface; Fig. 11) and location relative to the modern 342 

Siuslaw River, suggest that this surface is a subaerial unconformity (Zecchin and Catuneau, 343 

2013), originally formed via continental drainage during the LGM lowstand. Surfaces described 344 

similarly have been classified as erosional sequence boundaries of fluvial origin (Miall, 2014; 345 

Lobo et al., 2018). The ES extends over ~19 km2 (~20 km in the north-south direction), a slightly 346 

larger area than the Umpqua valley (~17 km2), yet there is no evidence of valley incision (Fig. 4). 347 

The presence and irregular pattern of the ES indicates that the paleo-Siuslaw probably had a 348 

shallow, potentially anastomosing stream morphology, which would have generated a network 349 
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of channels over a larger area (Miall, 2014). This would have led to overall sediment bypass of 350 

the shelf during the lowstand (Posamentier, 2001), which is supported by the scarcity of 351 

surficial sediment across the shelf in the Siuslaw region (Figs. 11 and 12), but a sediment wedge 352 

imaged past the shelf edge (Fig. 12). Such outer shelf and slope wedges are common, often 353 

associated with forced regression or lowstand fluvial deposition, or reworking of outer shelf 354 

deposits during transgression (Labaune et al., 2010; Green et al., 2013; McClung et al., 2016; 355 

Lobo et al., 2018). The shelf physiography here also forms an embayment for sediment to 356 

accumulate in on the slope (Fig. 2).    357 

 358 

5.2 Structural Controls on Paleodrainage Morphology and Valley Formation 359 

 Long-term tectonic forces in the study region have formed a continental margin with 360 

complex geology and physiography, which appears to have influenced fluvial morphology 361 

across the shelf. The underlying structure plays a large part in location of the paleo-Umpqua 362 

drainage valley (Fig. 4). The outer shelf part of the valley, with the thickest fill, follows syncline 363 

location, which is expected, as erosion of syncline layers creates a natural low for a channel to 364 

follow and continue to incise (Figs. 4-7, 10, and 15). Synclines on the central Oregon shelf are 365 

also typically composed of Quaternary siltstones and sandstones that are poorly indurated, 366 

making them more easily erodible relative to the surrounding material (Fig. 1; Clarke et al., 367 

1985; Peterson et al., 1986). The synclines also form a wide valley, extending over 14 km across. 368 

The deepest parts of the valley, around syncline axes, are typically more than 4 km across (Figs. 369 

6 and 10). The hardgrounds that extend towards/protrude above the seafloor, often at anticline 370 

axes (Figs. 4 and 10; Goldfinger et al., 2014), are Miocene-Pliocene rocks that have been 371 
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uplifted above active folds and fault zones (Figs. 1 and 4; Clarke et al., 1985; McNeill et al., 372 

2000). These have been mapped as two different geologic units based on deep-penetration 373 

seismic reflection data and samples (Fig. 1; Clarke et al., 1985; Peterson et al., 1986). The rocks 374 

uplifted just south of the Umpqua River and those at Siltcoos Bank are interpreted as late 375 

Eocene to middle Miocene marine sedimentary rocks, with some volcanic rocks interbedded 376 

(Fig. 1; Clarke et al., 1985; Peterson et al., 1986); potentially the Astoria Formation, a hard, 377 

fossiliferous-rich marine rock (Snavely, 1987; Goldfinger et al., 2014). The broader region 378 

around Siltcoos Bank is mapped as late Miocene to late Pliocene mudstone and siltstone with 379 

some sandstone (Fig. 1; Clarke et al., 1985; Peterson et al., 1986). These features are more 380 

resistant to erosion than the younger, overlying Quaternary sediments (Clarke et al., 1985), 381 

which can affect channel incision (Chaumillon et al., 2008). In the shallower areas, the Umpqua 382 

paleodrainage valley exhibits clear deepening and downcutting of channels that terminate 383 

against the hardgrounds (Figs. 5 and 13). Additionally, valley fill thickness increases towards the 384 

outer shelf as the orientation of bedrock layers changes and they dip towards the shelf edge 385 

(Fig. 9). These observations highlight the role that lithology and structure play in drainage 386 

patterns and incision.  387 

Similar geologic controls on drainage valley morphology have also been observed along 388 

other margins (Chaumillon et al., 2008; Tesson et al., 2015; Lobo et al., 2018). The submerged 389 

paleo-Charente River on the French Atlantic coast has a seaward distributary pattern with 390 

thalweg jumps attributed to tectonics (Weber et al., 2004). Folded and faulted Mesozoic 391 

bedrock underlies the drainage system and incised channel thalwegs often coincide with 392 

synclinal bedrock structures. A synthesis of incised valleys throughout the Bay of Biscay 393 
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highlights tectonic control on valley orientation, as they are primarily aligned with faults and 394 

fault scarps (Chaumillon et al., 2008). Many of these systems also preferentially incised soft 395 

sediment while abutting harder strata. On the French Mediterranean coast, the incised valley of 396 

the paleo-Aude and -Orb rivers runs shore parallel, in the direction of seaward dipping layers, 397 

and lacks substantial incision depth due to a shallow and relatively flat plateau (Tesson et al., 398 

2015). The paleo-Chao Phraya-Johore River valley on the Sunda Shelf parallels basement 399 

structure associated with subsidence and has tributaries oriented along extensional faults 400 

(Alqahtani et al., 2015). In the Gulf of Cádiz, fluvial incision patterns and the morphology of the 401 

LGM subaerial unconformity reflect a distinct change between the inner and outer shelf, 402 

attributed to lithologic differences in the two regions (Lobo et al., 2018). 403 

Based on our observations and comparison with these other drainage systems, we infer 404 

that the primary control on the morphology of the paleo-Umpqua drainage valley is the 405 

antecedent topography and lithologic differences generated by the tectonic history of the 406 

Cascadia margin. The structural patterns (folding and faulting) formed a natural valley across 407 

the shelf for the paleo-Umpqua to follow and lithology played a role in valley depth, as incision 408 

and valley deepening is greater in softer Pleistocene sediments (Clarke et al., 1985) compared 409 

to older, harder material.  410 

The trend of folding offshore from the Siuslaw River is different than offshore of the 411 

Umpqua River. Folding is oriented in a more NNW-SSE direction (Fig. 4), forming structural lows 412 

that are nearly perpendicular to a Siuslaw cross-shelf drainage pathway. This trend likely 413 

promoted an anastomosing system, with multiple channels distributed along fold axes, 414 

generating the wide-ranging ES with extensive, yet variable scour. 415 
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 416 

5.3 Physiographic Controls on Paleodrainage Morphology 417 

Previously developed sequence stratigraphic models suggest that shelf physiography 418 

(shelf gradient and shelf break depth) is a major control on incised valley development 419 

(Summerfield, 1985; Posamentier et al., 1992; Posamentier and Allen, 1993; Talling, 1998; Blum 420 

and Törnqvist, 2000; Posamentier, 2001). In these models, the difference in gradient between 421 

the fluvial profile landward of the highstand shoreline and that of the newly exposed shelf is a 422 

dominant influence on fluvial incision versus aggradation, as well as channel morphology. If the 423 

slope is the same between the two regions, sediment bypass is expected (Summerfield, 1985; 424 

Posamentier et al., 1992; Holbrook and Bhattacharya, 2012). If the slope onshore is greater 425 

than the shelf, aggradation is predicted, and if the slope onshore is less than the shelf, incision 426 

is predicted (Van Wagoner et al.; 1988; Posamentier et al., 1992; Holbrook and Bhattacharya, 427 

2012). Rivers may also adjust to these changes in slope by altering sinuosity, with lower 428 

sinuosity when the onshore slope is greater than the shelf, and vice versa (Schumm, 1993). The 429 

magnitude of the slope change will determine the level of sinuosity and/or incision. Other 430 

models highlight the importance of convexity in the continental shelf profile (Talling, 1998; 431 

Blum and Törnqvist, 2000). In these models, incision is only expected in cases where sea level 432 

falls below a convex change in slope, typically the shelf break or the coastal prism (highstand 433 

shoreline; Posamentier et al., 1992; Talling, 1998). If sea level falls below the shelf break, then 434 

an incised valley should form across the entire shelf, but if sea level does not fall below the 435 

shelf break, an incised valley will only develop in the vicinity of the coastal prism (Talling, 1998; 436 

Posamentier, 2001; Törnqvist et al., 2006). Although the rivers studied here are located within 437 
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40 km of one another and have the same general trend in slope from onshore to offshore, the 438 

shelf profiles offshore from each modern system have localized slope variability (Fig. 3).    439 

 The Umpqua shelf profile exhibits two convex changes in gradient, one at the base of the 440 

coastal prism and the other at ~120 mbsl (Fig. 3). The deeper slope change correlates 441 

approximately with the 14 ka paleoshoreline (Fig. 3). It also represents the start of the 442 

continental shelf-slope transition, which occurs shallower and more gradually here compared 443 

to other parts of the shelf (Fig. 3). Because sea level was ~147 m below present in this region 444 

during the LGM (Clark et al., 2014), this convex change in slope would have been subaerially 445 

exposed may have contributed to additional scouring of the preexisting structural valley. The 446 

paleo-Umpqua valley thalweg profile has two convex changes in gradient on the mid-shelf, near 447 

the inner shelf incised valley. When sea level dropped below these points (105 mbsl is the 448 

deeper of the two), incision was probably initiated, influenced by overall structural patterns and 449 

lithology on the inner shelf. 450 

The Siuslaw shelf profile represents a ramp margin with little variability in slope 451 

between the convex breaks at the coastal prism and shelf edge (Fig. 14). The shelf edge in this 452 

profile is at ~150 m water depth, but varies in the Siuslaw area between 140 and 150 m water 453 

depth. This is quite close to the calculated LGM sea level of about -147 m (Clark et al., 2014), 454 

indicating potential shelf edge exposure, which suggests incision may have occurred. The 455 

absence of valley development is typical for sea level falls that do not drop below the shelf edge 456 

or expose an outer shelf convex change in slope, which may have been the case for the paleo-457 

Siuslaw. Plink-Björklund and Steel (2004) documented the presence/absence of incised valleys 458 

on the Eocene coastal plain and shelf of Spitsbergen due to differing magnitudes of sea level 459 
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falls. Both Simms et al. (2006) and Chaumillon and Weber (2006) describe incised valleys, in the 460 

Gulf of Mexico and the French Atlantic coast, respectively, that do not extend across the entire 461 

shelf due to a lack of outer shelf convexity. The duration of shelf exposure, however; may have 462 

been a factor in controlling incision because fluvial systems need enough time to adjust to 463 

changing slope for incision to occur (Woolfe et al., 1998; Blum et al., 2013). Because the shelf 464 

edge depth is so close to the LGM sea level, any exposure would have been for a relatively short 465 

time period and may have prevented the paleo-Siuslaw from developing substantial incision 466 

and knickpoint retreat prior to being inundated during the transgression. Abbott and Carter 467 

(1994) and Naish and Kamp (1997) have presented evidence of this in New Zealand. There, over 468 

40 Plio-Pleistocene marine cyclothems are documented, but only two of the sequence 469 

boundaries record fluvial incision, when there was sufficient time for fluvial systems to adjust to 470 

the new equilibrium profile. In general, most rivers did not reach their equilibrium profile 471 

during the most recent lowstand, even those that formed incised valleys (Strong and Paola, 472 

2008; Wang et al., 2019). The lack of a distinct cross-shelf incised valley for the paleo-Siuslaw 473 

can be principally attributed to the shelf’s localized ramp morphology and insufficient exposure 474 

of the shelf break during the last lowstand. Instead, this likely resulted in overall sediment 475 

bypass for most of the glacial period (e.g., Talling, 1998 model), with slight scouring of the 476 

existing surface, forming the ES (Schumm, 1993).  477 

 Based on shelf-fluvial profile comparisons, we infer that shelf morphology, and relation to 478 

sea level, exerts strong control on fluvial incision during lowstands on the Cascadia margin. 479 

When a convex slope break is exposed subaerially for a sufficient amount of time, incision can 480 

occur, but other factors may have a stronger influence on incision, as is the case for the 481 



 23

Umpqua outer shelf where the preexisting syncline is the dominant control on drainage system 482 

morphology. The paleo-Umpqua only incised the middle to inner shelf, where convexity in the 483 

paleovalley thalweg was exposed and the paleo-Siuslaw did not form a cross-shelf incised 484 

valley. Both, the Siuslaw and Umpqua shelf profiles are characterized by a convex slope break 485 

at the coastal prism (Fig. 3), which should have resulted in fluvial incision across the inner shelf 486 

(Talling, 1998). However, additional subbottom data is needed in this region (Fig. 2) to 487 

determine the presence or absence of incised valleys near the mouths of the Siuslaw and 488 

Umpqua rivers. Nevertheless, this would only control incision through the coastal plain and not 489 

across the full width of the shelf exposed during sea level lowstands. It is also possible that 490 

continuing tectonic activity has altered the shelf profiles since the lowstand. However, the long-491 

term regional uplift rates are low and would have only caused a few meters of change, unlikely 492 

to have affected shelf profiles substantially (McInelly and Kelsey, 1990; Kelsey and Bockheim, 493 

1994; Kelsey et al., 1996; Simms et al., 2016).  494 

Lastly, it is possible that the different morphologies observed in seismic reflection data 495 

could be explained by differential preservation of each paleodrainage system, rather than by 496 

factors controlling their formation. On the Siuslaw outer shelf beyond the ES, there is almost no 497 

evidence of lowstand or falling stage surfaces, nor sediment fill or high stand sedimentation 498 

(Fig. 12). This is between the 14 ka and 20 ka paleoshorelines, when there was a slower rate of 499 

sea-level rise (Fig. 3). The ES is mapped on the portion of the shelf that was inundated during a 500 

period of rapid rise in sea level from 14 to 8 ka (Fig. 4; Clark et al., 2014). The paleo-Umpqua 501 

drainage valley is mapped between the 8 ka and 20 ka paleoshorelines. Periods of rapid sea-502 

level rise would be more likely to preserve evidence of fluvial systems, as deposits would 503 
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quickly be submerged beyond the reach of wave base erosion. The absence of stratigraphy 504 

below the seafloor on the part of the Siuslaw shelf that was inundated during a slower rise in 505 

sea level, indicates that an incised valley may have formed, but was then obliterated during 506 

transgression. This has been observed on the KwaZulu-Natal continental shelf where rapid sea-507 

level rise is suggested as the mechanism for partially filled incised valleys and preservation of 508 

paleoshoreline deposits, while smoothed surfaces are attributed to extensive wave ravinement 509 

during periods of slower sea-level rise (Pretorius et al., 2019; Salzmann et al., 2013).  510 

This process is also dependent on the slope of the shelf, with respect to each drainage 511 

system, which would have influenced how long wave base erosion impacted the seafloor. In 512 

theory, a lower gradient would expose each area of the shelf to wave action for a shorter 513 

period of time compared to a steeper gradient, promoting preservation (Cattaneo and Steel, 514 

2003). This is documented on the southeastern African shelf where paleoshoreline features are 515 

better preserved in lower gradient areas (Green et al., 2018). Between the 20 ka and 14 ka 516 

paleoshorelines, the Siuslaw shelf has a gentler slope than the Umpqua shelf profile (Fig. 3), 517 

suggesting that any Siuslaw paleodrainage features would be better preserved than Umpqua 518 

features. However, the Umpqua outer shelf valley may be so well preserved because of the 519 

valley scale. This is common along glaciated margins where large-scale valleys and geomorphic 520 

lows formed via glacial meltwater drainage were not obliterated during transgression (Hill et 521 

al., 2007; Thieler et al., 2007; Hill and Driscoll, 2008; Klotsko and Driscoll, 2018). Nevertheless, 522 

we infer that the paleo-Siuslaw did not form any substantial drainage features on the outer 523 

shelf. There may have been some minor scouring, but any evidence of this was removed during 524 

transgression. The Siuslaw shelf profile is steeper than the Umpqua shelf profile for much of the 525 
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14 ka to 8 ka paleoshoreline range (Fig. 3), suggesting poorer preservation of paleo-Siuslaw 526 

features. Some infill above the ES may have been removed and reworked during transgression, 527 

as sediment cover is quite thin here (Fig. 11). The ES, however, does not appear to have been 528 

altered by wave action where buried. The preservation of the ES on the part of the shelf 529 

inundated during rapid sea-level rise without evidence of an incised valley, supports our 530 

conclusion that the paleo-Siuslaw had a more anastomosing channel morphology across the 531 

shelf during the lowstand.  532 

 533 

5.4 Influence of Drainage Basin Characteristics on Paleodrainage Incision and Morphology 534 

In addition to shelf geology, shelf physiography, and sea level, there are other factors that 535 

could have contributed to the drainage morphologies of the paleo-Siuslaw and -Umpqua rivers 536 

during the lowstand. In typical sequence stratigraphic models these are related to the 537 

characteristics of each drainage basin and include, climate, tectonic regime, discharge volume, 538 

and erodibility of source sediment (Schumm, 1993; Talling, 1998; Blum and Törnqvist, 2000; 539 

Posamentier, 2001; Blum et al., 2013). Most of these factors influence stream power; higher 540 

stream power typically leads to a greater depth of incision (Schumm et al., 1984; Paola et al., 541 

1992; Blum et al., 2013), while lower stream power could play a role in the absence of incision. 542 

These factors also affect how long it takes for fluvial systems to reach their equilibrium profile, 543 

which is related to incision (Paola et al., 1992). Because the two drainage systems are within 40 544 

km of each other, it is unlikely that climate history contributed to the differences in their cross-545 

shelf morphologies. Here we examine these other factors in the context of the Umpqua and 546 

Siuslaw rivers. 547 
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The tectonic regime of a drainage system influences many factors related to stream power. 548 

Along active margins, such as Cascadia, there is typically a narrower, steeper shelf and a coastal 549 

mountain range. Coastal mountains have a higher gradient than a lowland coastal plain, 550 

commonly found on passive margins, which adds to stream power. The Umpqua River descends 551 

over 1800 m in elevation throughout its path to the ocean, whereas the Siuslaw is below 200 m 552 

of elevation for its entire length (Siuslaw Basin Council, 2002). This is because the Siuslaw 553 

effectively erodes through the uplifting Coast Range (Fig. 1), resulting in an overall low gradient 554 

river with less stream power, more analogous to a passive margin river.  555 

Coastal mountains support orographic precipitation (Ruddiman, 2013), and also lead to 556 

rivers with smaller catchment basins than passive margins (Blum et al., 2013). However, these 557 

higher elevation rivers typically have a larger discharge for their basin area (Milliman and 558 

Syvitski, 1992). This effect of higher elevation is not reflected in the discharge to drainage basin 559 

area ratios for the Umpqua and Siuslaw rivers (Table 1). The lower elevation Siuslaw River has a 560 

smaller drainage basin than the Umpqua River (~6x), but Umpqua River discharge is only about 561 

four times higher than the Siuslaw discharge (Table 1). Nevertheless, the smaller basin area and 562 

discharge for the Siuslaw results in less stream power than the Umpqua. The smaller, high 563 

gradient drainage basins, like the Umpqua basin, also support event driven discharge, which 564 

can have more stream power than fluvial systems with more consistent discharge (Lamb et al., 565 

2015). This is further bolstered by sediment availability in mountainous areas; there is more 566 

terrain to be eroded and added to the river sediment load, like the soft sediment of the Tyee 567 

formation in the Oregon Coast Range (Fig. 1; Wallick et al., 2011; O’Connor et al., 2014). Even 568 

though both rivers flow over the Tyee formation in the Coast Range, the Umpqua River has a 569 
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sediment yield more than three times that of the Siuslaw River (Table 1), which highlights the 570 

impact of the more mountainous Umpqua drainage basin. All of these factors indicate a lower 571 

stream power for the Siuslaw compared to the Umpqua, which may have contributed to the 572 

observed lack of shelf incision by the paleo-Siuslaw. 573 

 Experimental and theoretical studies of bedrock erosion indicate that the grain size of 574 

river sediment load can influence fluvial incision rate, with coarser gravels having the strongest 575 

effect (Sklar and Dietrich, 2001; Scheingross et al., 2014; Lamb et al., 2015). The soft 576 

sedimentary rocks of the Coast Range (Fig. 1) are quickly broken down into suspended load for 577 

both of the rivers (O’Connor et al., 2014). A portion of the upper Umpqua also flows over the 578 

more resistant rocks of the Klamath province (Fig. 1; Wells et al., 2001). Although not as large of 579 

a component of the overall sediment load, Klamath rocks are more commonly transported as 580 

gravels (O’Connor et al., 2014). This could also have played a factor in the degree of incision for 581 

the paleo-Umpqua inner shelf valley and lack of incision for the paleo-Siuslaw.    582 

An analysis of 151 late-Quaternary incised valley fills by Wang et al. (2019) found that 583 

drainage basin characteristics played a significant role in incised-valley-fill dimensions. For 584 

instance, a larger drainage basin area characteristically leads to a deeper and wider incised 585 

valley (Mattheus et al., 2007; Mattheus and Rodriguez, 2011; Phillips, 2011; Wang et al., 2019). 586 

The incised, inner shelf part of the Umpqua paleodrainage valley is ~10-15 km across. When 587 

compared to seven other incised valley fills with similar drainage basin areas (10,000 and 588 

15,000 km2), most are narrower than the paleo-Umpqua (Wang et al., 2019). The one system 589 

that is similar is from the Kanto Plain in Japan, which has a slightly larger drainage basin area at 590 

12,900 km2 and a valley width of ~10.4 km (Isihara et al., 2012; Isihara and Sugai, 2017; Wang et 591 
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al., 2019). A combination of structural trends and additional water sources are the likely 592 

reasons for the larger paleo-Umpqua incised-valley-fill width. Incision imaged south of the 593 

modern Umpqua river mouth was probably from Tenmile Lake (Figs. 2 and 4) outflow (adding 594 

~250 km2 to drainage basin size; PNHM and USGS, 2020) or southward flow of the paleo-595 

Umpqua before turning offshore. Incision north of the river mouth was probably from a 596 

combination of Tahkenitch Lake (Figs. 4 and 13) outflow (adding ~130 km2 to drainage basin 597 

size; PNHM and USGS, 2020) and the paleo-Umpqua, reflecting a migration of the inlet through 598 

time. The mouth of the modern Umpqua River is bounded to the north by North Spit (Fig. 2), a 599 

sandy extension of the natural coastal dune fields in the area and is not a rigid topographical 600 

boundary. Only three of the incised valleys with similar drainage basin sizes to the Umpqua 601 

examined in Wang et al. (2019) have available widths, and two of those are thicker than the 602 

paleo-Umqua valley fill (<11 m; Fig. 4). These are the Apodi-Mossoro incised valley in Brazil with 603 

a thickness of ~41.5 m (Vital et al., 2010; Wang et al., 2019) and the Kanto Plain in Japan with a 604 

thickness of ~63 m (Isihara et al., 2012; Isihara and Sugai, 2017; Wang et al., 2019). Overall, 605 

compared with the database examined by Wang et al. (2019), the paleo-Umpqua inner shelf 606 

incised valley is wider and has thinner fill than most other observed valleys with a similar 607 

drainage basin area. This supports the finding of Wang et al. (2019) that incised-valley-fills on 608 

active margins were less likely to scale with drainage basin area than those on passive margins, 609 

likely because active margins have more variability in factors affecting stream power, such as 610 

gradient, drainage basin topography, and climate (Lague, 2014).  611 

 612 

5.5 Implications for Paleolandscape Reconstructions 613 
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Identification of submerged terrestrial landforms along the Pacific continental shelf is 614 

important for archaeological studies of human migration into the Americas (Davis et al., 2009; 615 

Gusick and Faught, 2011; Laws et al., 2020), as evidence indicates a coastal migration pathway 616 

as early as 18-15 ka, during times of lower sea level (e.g., Davis et al., 2019; Dillehay et al., 2008; 617 

Erlandson, 2002; Erlandson et al., 2007; Fagundes et al., 2008; Gusick and Erlandson, 2019; 618 

Fedje et al., 2004; Mandryck et al., 2001). The continental shelf is a vast area to search for 619 

submerged archaeological resources, so predictive models are often employed to refine the 620 

search area (Monteleone et al., 2013; Reeder-Myers et al., 2015). Since coastal subaerial 621 

archaeological sites are often found along riverine terraces (Davis et al., 2004), submerged 622 

paleodrainages are key areas of interest for investigating early coastal migration. As such, their 623 

accurate identification and mapping are vital for improving predictive models and in identifying 624 

target search areas. Furthermore, information on the likelihood of material preservation can 625 

expressively direct archaeological search and sampling efforts. An understanding of fluvial 626 

response to sea level fluctuations and the geologic controls on site preservation are invaluable 627 

for these studies. The data and interpretations presented here can inform the developing 628 

methods for underwater archaeological research and help narrow the vast search area of the 629 

North American Pacific continental shelf, by locating preserved terrestrial landforms, especially 630 

paleodrainages. 631 

 632 

6. Conclusions 633 
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 This study improved our understanding of the dominant controls on paleodrainage 634 

morphology during lowstands and how these factors can vary greatly over short distances along 635 

convergent margins. These factors are: 636 

 (1) Underlying structure and lithology. Structural lows bounded by uplifted, harder rocks 637 

formed a natural cross-shelf valley for the paleo-Umpqua. The fold trend near the Siuslaw does 638 

not form cross-shelf structural lows. 639 

(2) Shelf gradient. An outer shelf convex change in slope was not subaerially exposed for a 640 

sufficient amount of time for the paleo-Siuslaw to form a cross-shelf incised valley during the 641 

last lowstand. The Umpqua valley thalweg has a convex slope change on the mid shelf that may 642 

have initiated incision on the inner shelf.  643 

(3) Drainage basin characteristics. Low stream power due to the small drainage basin, 644 

discharge, and maximum river elevation of the Siuslaw River probably played a role in the 645 

paleo-Siuslaw not forming an incised valley. The stream power of the paleo-Umpqua, bolstered 646 

by its high elevation, regional climate, and event driven precipitation supported by the 647 

orographic effect, may have led to additional deepening and widening of the preexisting 648 

structural low and inner shelf incision.  649 

Our results highlight that adjacent rivers along the same margin can have differences in 650 

these three factors that influence their evolution. This lateral heterogeneity may be more 651 

pronounced on active margins where tectonic activity creates a variety of structures and 652 

physiography. Therefore, grouping river systems by margin type to explain their response to sea 653 

level change oversimplifies the expected paleodrainage morphology.  654 

 655 
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7. Data Availability 656 

Per Cooperative Agreement, Final Data sets will be submitted with the draft Final Report and 657 

archived at the BOEM Pacific Region Office. NA087 data is available at 658 

http://www.nautiluslive.org/science/data-management and will also be archived at NOAA’s 659 

National Centers for Environmental Information. 660 
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Figure Captions 1073 

Figure 1. Regional maps of the study location in central Oregon, USA. (A) Overview of the 1074 

tectonic regime of the study area. SR = Siuslaw River, UR = Umpqua River, SUR = South Umpqua 1075 

River, NUR = North Umpqua River. (B) Overview of the onshore geologic provinces within the 1076 

river basins and offshore geology (based on Clarke et al., 1985 and Peterson et al., 1986). 1077 
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Bathymetric contours are 50 m. The 150 m contour in white is the approximate shelf edge. Js = 1078 

late Jurassic sedimentary rocks, Tmc = late Miocene to Pliocene diatomaceous silty claystone, 1079 

Tpm = Mio-cene to Pliocene mudstone and siltstone, Tsu = Eocene to Miocene marine 1080 

sedimentary rocks with interbedded volcanics, Qtpm = late Miocene to Pleistocene poorly 1081 

indurated siltstone and sandstone (Clarke et al., 1985 and Peterson et al., 1986). 1082 

Bathymetry/topography data is from NOAA’s Coastal Relief Model (NGDC, 2003a; 2003b). 1083 

Other GIS datasets from the Oregon Spatial Data Library 1084 

(https://spatialdata.oregonexplorer.info/geoportal/). 1085 

 1086 

Figure 2. Trackline map for seismic data used in this study. Lines shown in figures are labeled 1087 

and bolded in yellow. Notable geographic features are labeled. 1088 

 1089 

Figure 3. (A)Paleoshorelines since the last glacial maximum with profile locations for B-D 1090 

plotted. Paleoshorelines are based on a glacio-isostatic adjusted sea level curve (inset) for the 1091 

region (Clark et al., 2014). Labels are the age of the shorelines in thousands of years ago. (B-C) 1092 

Percent-slope along profiles of the (B) Siuslaw shelf and (C) Umpqua shelf from the modern 1093 

shoreline to 200 mbsl. Onshore slopes (dashed lines) are averages based on full fluvial profiles 1094 

shown in Supplementary Figure 1. (D) Slope of mapped paleovalley thalweg. Depths are plotted 1095 

at distances along Umpqua shelf profile for comparison of cross-shelf gradient differences.  1096 

 1097 

Figure 4. Maps of regional structure 1098 

(http://activetectonics.coas.oregonstate.edu/casc_structure.htm) and features from 1099 
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geophysical data overlaying background bathymetry in grayscale. Structure reflects different 1100 

controls on shelf morphology through time, mainly driven by compression along the Cascadia 1101 

subduction zone. SL = Siltcoos Lake, TaL = Tahkenitch Lake, TnL = Tenmile Lake. (A) Regional 1102 

structure and backscatter data (SDSU, BOEM, OSU). The backscatter highlights hardgrounds 1103 

that have been uplifted due to tectonic motion in the region. Some of the hardgrounds are 1104 

oriented in a linear fashion, creating a series of ridges, while others have a more modular 1105 

coverage. (B) Map of Umpqua paleovalley fill thickness and location of the ES overlain by the 1106 

regional structure. The white line is the 150 m contour, the approximate shelf edge. (C) 1107 

Location of mapped hardground based on chirp data with regional structure. Protruding 1108 

hardgrounds stick out above the surrounding seafloor where “all hardgrounds” includes those 1109 

that came very close to the surface (within 0.015 s TWTT). (D) Map comparing Umpqua 1110 

paleovalley fill thickness and protruding hardground locations. Fill thickness thins towards 1111 

protruding hardgrounds. Any overlap is a result of the gridding parameters.  1112 

  1113 

Figure 5. Chirp Line 44 with uninterpreted (top) and interpreted (bottom) versions. Three 1114 

different expressions of hardgrounds are imaged. Note the difference in paleodrainage valley 1115 

character between inner shelf incision and outer shelf scour of preexisting structural low.  1116 

 1117 

Figure 6. Chirp Line 54 with more vertically exaggerated section of outer shelf Umpqua valley 1118 

on bottom. This profile captures the most well-defined instance of the outer shelf valley, where 1119 

it is located within a syncline. The paleovalley is bounded to the south by a set of uplifted linear 1120 

hardgrounds (Fig. 4). Folding and faulted strata are imaged on the northern extent of the 1121 
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profile. This is associated with a broad shallowing of the seafloor and hardgrounds that 1122 

protrude above the surrounding seafloor.  1123 

 1124 

Figure 7. Sections of chirp profiles highlighting incision of the inner shelf portion of the Paleo-1125 

Umpqua drainage valley.  1126 

 1127 

Figure 8. Chirp Line 13 with uninterpreted (top) and interpreted (bottom) versions. This profile 1128 

cuts across the northern extent of the paleo-Umpqua drainage system.  1129 

 1130 

Figure 9. Chirp Line 42 with uninterpreted (top) and interpreted (bottom) versions. The outer 1131 

shelf paleovalley deepens towards the shelf edge along an across-margin anticline.  1132 

 1133 

Figure 10. Chirp Line 48 with uninterpreted (top) and interpreted (bottom) versions. 1134 

Representative profile showing the extensive structure across the shelf. Anticlines and synclines 1135 

underlie the seafloor in much of the area. Highs associated with this folding stick out above the 1136 

surrounding seafloor as protruding hardgrounds.  1137 

 1138 

Figure 11. Knudsen Line 251_0205 with uninterpreted (top) and interpreted (bottom) versions. 1139 

There is no distinct channel feature offshore from the modern Siuslaw River. There is only a 1140 

high amplitude, hummocky reflector mapped in the region as the Erosion Surface (ES). Inset 1141 

highlights the scoured surface of the ES and internal reflectors of the overlying sediments. 1142 

 1143 
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Figure 12. Knudsen Line 251_1345 highlighting the absence of stratigraphy on the outer shelf. 1144 

The shelf is sediment starved in the vicinity of the Siuslaw River, but a wedge of sediment is 1145 

imaged beyond the shelf break. 1146 

 1147 

Figure 13. Fence diagram of the paleodrainage system offshore from the modern Umpqua 1148 

River. The drainage valleys are separated by uplifted hardgrounds, that are both, exposed on 1149 

the seafloor and buried. 1150 

 1151 

 1152 
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River
Highest 

Elevation

Total River 

Length

Distance 

from 

Headwaters 

to Mouth

Slope
Drainage 

Basin Area

Average Annual 

Discharge
Sediment Yield Slope Width

(m) (km) (km) (%) (km2) (km3/yr) (tons/km2/yr) (%) (km)

Siuslaw 194b 177d 80a
0.11b 2,002h 2.09c

105e 0.42b 34.8b

Umpqua 1828b 303g* 146a1,185a2 0.05b 12,103g 8.38c 340f 0.64b 22.8b

g Wallick et al. (2011)
h Siuslaw Basin Council (2000)

*includes Umpqua River length of 179.5 km and South Umpqua River length of 179.4 km
1Distance from South Umpqua headwaters
2Distance from North Umpqua headwaters

Table 1 – Drainage characteristics of the Siuslaw and Umpqua Rivers and associated continental shelf morphology

Modern Fluvial Morphology
Continental Shelf

Morphology

a
Google Earth

b
NOAA-NCEI Coastal Elevation Model  - Central Pacific

c
Kulm et al. (1975)

d
Armantrout (2000)

eUSGS Annual Statistics (1968-1975) - Station #14307620, Mapleton, OR
f
Wheatcroft et al. (2013)




