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ABSTRACT 42 

Passive margin stratigraphy contains time-integrated records of landscapes that have long 43 

since vanished. Quantitatively reading the stratigraphic record using coupled landscape evolution 44 

and stratigraphic forward models (SFMs) is a promising approach to extracting information 45 

about landscape history. However, the most commonly used SFM, which is based on an 46 

approximation of local, linear slope-dependent sediment transport, fails to produce diagnostic 47 

features of passive margin stratigraphy such as long-distance transport from the continental shelf 48 

and slope onto the abyssal plain. There is no consensus about the optimal form of simple SFMs 49 

because there has been a lack of direct tests against observed stratigraphy in well constrained test 50 

cases. Here we develop a nonlocal, nonlinear one-dimensional SFM that incorporates slope 51 
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bypass and long-distance sediment transport, both of which have been previously identified as 52 

important model components but not thoroughly tested. Our model collapses to the local, linear 53 

model under certain parameterizations such that best-fit parameter values can be indicative of 54 

optimal model structure. Using seven detailed seismic sections from the South African Margin, 55 

we invert the stratigraphic data for best-fit model parameter values and demonstrate that best-fit 56 

parameterizations are not compatible with the local, linear diffusion model. Fitting the observed 57 

stratigraphy requires parameter values consistent with important contributions from slope bypass 58 

and long-distance transport processes. The nonlocal, nonlinear model yields improved fits to the 59 

data regardless of whether the model is compared against only the modern bathymetric surface or 60 

the full set of seismic reflectors identified in the data. Results suggest that processes of sediment 61 

bypass and long-distance transport are required to model realistic passive margin stratigraphy, 62 

and are therefore important to consider when inverting the stratigraphic record to infer past 63 

perturbations to source regions. 64 

 65 

INTRODUCTION 66 

Reconstructing landscape evolution trajectories—and the environmental boundary conditions 67 

that governed them—from the geologic past is a key goal in geomorphology. Such 68 

reconstructions are challenging because erosion processes continually destroy past topography, 69 

leaving only minor traces of ancient landscapes (e.g., river terraces; Molnar et al., 1994; Schanz 70 

et al., 2018) from which to deduce past landscape boundary conditions. Fortunately, every source 71 

has its sink; all sediment eroded from a terrestrial drainage basin must go somewhere. The 72 

sedimentary record, in regions where it is preserved and where there exists plausible long-term 73 

connectivity between source and sink, therefore represents our best hope of inferring time-74 
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resolved records of landscape change and its tectonic and climatic drivers with reasonable 75 

accuracy and precision. One geologic setting with particularly high potential for the preservation 76 

of relatively complete records of terrestrial erosion is marine passive margin basins, which 77 

contain Earth’s most complete archives of sediment sourced from adjacent, eroding terrestrial 78 

environments (e.g., Steckler et al., 1988; Allen and Allen, 2013). 79 

Passive margin stratigraphy contains a time-resolved record that, under the right conditions, 80 

can be used to reconstruct past tectonic and climatic perturbations to Earth’s surface (e.g., Poag 81 

and Sevon, 1989; Poag, 1992; Pazzaglia and Brandon, 1996; Baby et al., 2018; Ding et al., 82 

2019a). While the stratigraphic record can suffer from signal buffering, stratigraphic 83 

incompleteness, and signal shredding (e.g., Sadler, 1981; Jerolmack and Paola, 2010; Straub et 84 

al., 2020), the variability that leads to these effects is thought to yield average behavior that can 85 

be predicted at passive margin evolution timescales (tens to hundreds of Ma), producing a record 86 

that reflects large-scale, long-lasting perturbations to landscapes provided that those 87 

perturbations have amplitudes and durations that exceed the background level of “noise” in the 88 

sedimentary system (Straub et al., 2020). Historically, efforts to read the stratigraphic record of 89 

passive margins have focused on the study of sediment thicknesses, volumes, textures, 90 

lithological/mineralogical makeup, and chemistry, which leads to interpretations about the 91 

history of terrestrial erosion dynamics (e.g., Poag and Sevon, 1989). As numerical stratigraphic 92 

forward models (SFMs) became more common (e.g., Steckler et al., 1993; 1996; Syvitski and 93 

Hutton, 2001; Burgess et al., 2006), stratigraphic modelers began to use inverse techniques to 94 

extract environmental forcing information from forward simulation of the stratigraphic record 95 

(e.g.,Lessenger and Cross, 1996; Cross and Lessenger, 1999; Bornholdt et al., 1999). The great 96 

potential of the stratigraphic record for revealing past landscape evolution has led to efforts to 97 
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couple landscape evolution models (LEMs) and SFMs (e.g., Granjeon and Joseph, 1999; Salles 98 

and Hardiman, 2016; Salles et al., 2018; Ding et al., 2019a,b; Yuan et al., 2019a, Salles, 2019; 99 

Zhang et al., 2020; Mallard and Salles, 2021) to build full source-to-sink numerical models, and 100 

in some cases to use large ensembles of those models to directly invert observed stratigraphy for 101 

past perturbations on eroding continents (Yuan et al., 2019a). The idea underpinning such 102 

inversions is that misfit between observed and modeled stratigraphy can be minimized to reveal 103 

best-fit values for relevant forcing parameters such as rock uplift rate, assuming that the model is 104 

an accurate representation of erosion, transport, and deposition processes integrated over 105 

geologic time. The utility of coupled LEM/SFM approaches to reconstructing past landscape 106 

evolution is well-demonstrated both through direct inversion (Yuan et al., 2019a) and 107 

comparison of forward model results with stratigraphy (Ding et al., 2019a). 108 

Previous efforts focused on margin spatial scales and ~100 Ma timescales have typically 109 

used an approach in which marine sediment transport is conceptualized as being linearly 110 

dependent on local bathymetric slope, which when combined with mass conservation yields a 111 

linear-diffusion-like model (e.g., Moretti and Turcotte, 1985; Kenyon and Turcotte, 1985; 112 

Rivenaes, 1992; 1997; Ross et al., 1994; Paola, 2000; Braun et al., 2013; Rouby et al., 2013; 113 

Yuan et al., 2019a; Ding et al., 2019a; Zhang et al., 2020). However, this approach might not be 114 

capable of producing large-scale stratal geometries that agree with observations. In the 115 

stratigraphy of many passive margin basins, we observe substantial accumulations of sediment 116 

hundreds of kilometers from shore on the continental rise and abyssal plain that must have 117 

bypassed the higher-gradient continental slope (Lowe, 1976; Syvitski et al., 1988) and then been 118 

transported long distances over negligible slopes on the basin floor (Talling et al., 2012, Luchi et 119 

al., 2018; Hereema et al., 2020). The sole dependence of sediment flux on local slope neglects 120 
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both sediment transport over negligible slopes and the potential influence of nonlocal transport 121 

processes, or those processes for which the distribution of sediment travel distances is heavy-122 

tailed such that some sediment moves long distances relative to the scale of the model grid (e.g., 123 

Foufoula-Georgiou et al., 2010). Transport dynamics are especially likely to deviate from local-124 

slope dependent behavior when sediment particles are fine enough to be suspended in the water 125 

column as observed in turbidity currents and other marine mass flows (e.g., Parker et al., 1986; 126 

Mohrig et al., 1998). In a nonlocal conceptualization of downslope sediment transport, erosion or 127 

deposition at a point has some dependence on surface slope elsewhere (Furbish and Roering, 128 

2013; Doane et al., 2018). Nonlocal processes like sediment plumes from river mouths, turbidity 129 

currents, marine landslides, and debris flows are responsible for much of the long-distance 130 

transport observed along passive margins and are therefore relevant for any model that seeks to 131 

simulate passive margin stratigraphy. Such processes and deposits may not be fully consistent 132 

with the assumptions or predictions of local, linear transport models because they may require 133 

nonlocal and/or nonlinear conceptualizations of sediment transport dynamics. 134 

Substantial effort has been devoted to parameterizing large-scale terrestrial landscape 135 

evolution models (e.g., Guerit et al., 2019; Yanites et al., 2018; Barnhart et al., 2019; Barnhart et 136 

al., 2020a,b,c) and testing how well they predict landscape form (e.g., van der Beek and Bishop, 137 

2003; Valla et al., 2010; DiBiase and Whipple, 2011; Hobley et al., 2011; Barnhart et al., 2020b), 138 

but the same is not true of seascape evolution models— numerical models that govern marine 139 

sediment transport and changes in bathymetry over basin evolution timescales. While there is no 140 

shortage of options (e.g., Steckler et al., 1993; Granjeon and Joseph, 1999; Paola, 2000; Salles et 141 

al., 2018; Thran et al., 2020), at this point it is unclear what mathematical form of simple, long-142 

term/large-scale seascape evolution models best represents the development of passive margin 143 
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stratigraphy as few have been explicitly tested against observed stratigraphy in well constrained 144 

test cases. 145 

Here we test a generalized one-dimensional SFM that moves beyond local, linear diffusion 146 

by incorporating, as suggested by previous work, sediment transport dynamics that allow 147 

sediment to bypass steep bathymetric slopes and travel beyond the base of the continental slope. 148 

We test the applicability of this new model and the commonly used local, linear model by 149 

quantitative comparison against seismic stratigraphic data from well-studied passive margin 150 

basins along the Southeast Atlantic Margin (SAM), southern Africa. Results from model-data 151 

comparison indicate that, at least over ~100 Ma timescales, passive margin seascape evolution 152 

and the development of marine stratigraphy are inconsistent with the commonly used, local, 153 

linear model but are consistent with a model that incorporates nonlocal and nonlinear transport 154 

dynamics. This indicates that passive margin evolution and stratigraphy may be dominated by 155 

nonlocal, nonlinear sediment transport processes that may be critical ingredients in models used 156 

to invert passive margin stratigraphy for past terrestrial landscape evolution. 157 

 158 

MODELING SEASCAPE EVOLUTION OVER GEOLOGIC TIME 159 

Commonly Used Models 160 

The classical approach to modeling seascape evolution (and therefore the way, by tracking 161 

the bathymetric surface through time, of modeling marine stratigraphy) is to use an analogy to 162 

the heat equation that yields a linear diffusion equation where bathymetric elevation z is the 163 

variable “diffusing” over time and where the gradient driving diffusion is the bathymetric slope 164 

𝜕𝑧

𝜕𝑥
 (Kenyon and Turcotte, 1985; Ross et al., 1994). The downslope sediment flux per unit contour 165 

length 𝑞𝑠 goes linearly with local bathymetric slope: 166 
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𝑞𝑠 = −𝐾
𝜕𝑧

𝜕𝑥
, (1) 167 

and the divergence of sediment flux sets the rate of bathymetric change:  168 

𝜕𝑧

𝜕𝑡
= ∇𝑞𝑠 = 𝐾

𝜕2𝑧

𝜕𝑥2. (2) 169 

Here K, assumed here for simplicity to be independent of time and space, is a transport 170 

coefficient that governs the rate of bathymetric diffusion. The key assumption in this approach is 171 

that downslope sediment flux goes linearly with the local bathymetric slope, such that no 172 

variables beyond K and bathymetry influence the rate of seascape evolution.  173 

There is no clear physical basis for such a slope-dependent diffusion equation at low slopes 174 

(i.e., on the continental shelf) and shallow water depths (see Paola, 2000 for a review), and an ad 175 

hoc solution has been to assert that the diffusion rate constant declines with water depth d (e.g., 176 

Kaufman et al., 1992; van Balen et al., 1995) as wave- and storm-driven bed shear stresses are 177 

reduced: 178 

𝐾(𝑑) = 𝐾0𝑒
−𝑑

𝑑∗
⁄

. (3) 179 

Here 𝐾0 is the diffusion rate constant at the water surface (𝑑 = 0) and 𝑑∗ is the e-folding depth 180 

scale that governs the decline in K with depth below the water surface. When 𝑑∗ is small relative 181 

to the total basin depth (i.e., when there are substantial declines in sediment transport efficiency 182 

with depth), the linear diffusion approach yields morphologies analogous to continental shelves, 183 

shelf breaks, and steeper continental slopes. Similar morphologic results are achieved by 184 

asserting that terrestrial sediment fluxes deposit at a fixed slope when they reach the shoreline 185 

and then become subject to marine sediment transport by linear diffusion (Yuan et al., 2019a). 186 

Linear diffusion models, with or without modifications in the shallow environment, deliver little 187 

sediment beyond the base of the continental slope because the governing equation asserts that the 188 

downslope sediment flux approaches zero as the local bathymetric slope approaches zero. 189 
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The inconsistency of pure linear diffusion models with observations of nonlocal transport and 190 

long-distance sedimentation has long been noted (e.g., Syvitski et al., 1988), and has motivated 191 

model modifications such as adding advective components of sediment transport (Niedoroda et 192 

al., 1995, Pirmez et al., 1998; Granjeon and Joseph, 1999; Thran et al., 2020), allowing sediment 193 

bypass on slopes above some angle (e.g., Lowe, 1976; Syvitski et al., 1988; Ross et al., 1994; 194 

Thran et al., 2020), and enforcing that only some (potentially slope-dependent) proportion of 195 

total sediment flux may be deposited at any given point, with the rest being routed downslope 196 

even if linear diffusion theory alone would predict negligible flux (Ding et al., 2019a, Thran et 197 

al., 2020). Here we generalize these ideas, as well as recent advances from terrestrial landscape 198 

evolution modeling, into a simple SFM that is rooted in diffusion theory but incorporates two 199 

key modifications to account for both transport over low slopes and nonlocal transport. 200 

A Modified Seascape Evolution Model 201 

 The modified model is a generalization of existing ideas for how seascape evolution 202 

might deviate from the local, linear model that (1) is simple enough to be applied over basin-203 

filling timescales, (2) is parsimonious enough to allow iterative calibration of all parameters, and 204 

(3) collapses under certain parameter values to the local, linear model. The model is most 205 

intuitively cast in terms of a balance between the volumetric entrainment rate per unit bed area E 206 

and volumetric deposition rate per unit bed area D (e.g., Beaumont et al., 1992; Kooi and 207 

Beaumont, 1994; van Balen et al., 1995; Davy and Lague, 2009; Carretier et al., 2016; Shobe et 208 

al., 2017; Yuan et al., 2019b; Campforts et al., 2020; Braun, 2021). The statement of mass 209 

conservation that governs the change in bathymetry at a point can therefore be written: 210 

𝜕𝑧

𝜕𝑡
= −𝐸 + 𝐷. (4) 211 
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 This framework is convenient because both of the models we propose to compare—the 212 

local, linear model and the nonlocal, nonlinear model—can be represented by altering the 213 

functional forms of E and D. As shown by Carretier et al. (2016), assuming that the entrainment 214 

rate is linearly proportional to the local slope 
𝜕𝑧

𝜕𝑥
: 215 

𝐸 = −𝐾 |
𝜕𝑧

𝜕𝑥
|, (5) 216 

and that the deposition rate is the volumetric sediment flux per unit width 𝑞𝑠 over the model grid 217 

cell spacing dx: 218 

𝐷 =
𝑞𝑠

𝑑𝑥
, (6) 219 

yields the local, linear model with behavior identical to equation 2. Its two key assumptions are 220 

that sediment entrainment depends only on local slope and that the deposition rate depends only 221 

on the downslope sediment flux. 222 

 The nonlocal, nonlinear model uses equation 5 to calculate sediment entrainment but 223 

makes two key modifications relative to the local, linear model inspired by observations from 224 

passive margin depositional systems. These are intended to allow (1) a nonlinear dependence of 225 

sediment transport on local slope to account for the transition to mass failures and turbidity 226 

currents experienced at higher slopes as well as sediment bypass, or non-deposition, on slopes 227 

assumed to be unable to sustain further steepening beyond some critical slope at which frequent 228 

failures are generated, and (2) transport of sediment over negligible slopes as observed in data 229 

from deep marine deposits. The modified model rests heavily on recent advances in terrestrial 230 

and marine modeling, especially the framework proposed by Carretier et al. (2016) for modeling 231 

hillslope sediment transport. 232 
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 Carretier et al. (2016) proposed altering equation 6 to encapsulate a nonlinear dependence 233 

of the deposition rate on slope such that sediment deposition declines as slope increases towards 234 

some imposed threshold (e.g., Andrews and Bucknam, 1987; Roering et al., 1999), such that: 235 

𝐷 =

𝑞𝑠(1−(|
(𝜕𝑧

𝜕𝑥⁄ )
𝑆𝑐

⁄ |)

2

)

𝑑𝑥
. (7) 236 

Here 𝑆𝑐  is the critical slope, best thought of physically as the slope at or above which no further 237 

deposition can occur and all remaining sediment continues downslope. As discussed by Carretier 238 

et al. (2016), this model is therefore nonlocal in the sense that sediment supplied from upslope 239 

can continue downslope if the deposition rate is insufficient to disentrain all sediment. Similar 240 

approaches to sediment bypass have also been used in recent seascape evolution models (e.g., 241 

Thran et al., 2020). 242 

Equation 7 has one feature that makes it less than suitable for modeling marine transport: 243 

at a slope of zero, all sediment in transport is deposited. This is not a problem encountered in the 244 

eroding hillslopes for which the model was developed (Carretier et al., 2016), but contradicts the 245 

observed behavior of marine sediment transport agents (e.g., marine debris flows and turbidity 246 

currents) that travel hundreds of km over negligible slopes. Because our goal is to simulate the 247 

integrated effects of such events over Ma to hundred-Ma timescales, it is important that our 248 

model have a mechanism for transport of sediment over negligible slopes. 249 

To allow transport of sediment over near-zero slopes, we modify Carretier et al’s (2016) 250 

model by adopting from Ding et al. (2019a) the idea that only some proportion of sediment in 251 

transport will be deposited at any given location. We incorporate this modification by altering 252 

equation 7 to: 253 
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𝐷 =

𝑞𝑠(1−(
(𝜕𝑧

𝜕𝑥⁄ )
𝑆𝑐

⁄ )

2

)

𝜆
, (8) 254 

where 𝜆 is a sediment transport length scale that is larger than the model grid cell spacing. When 255 

𝜆 >> 𝑑𝑥, only some small proportion of the amount of sediment in transport is deposited. The 256 

rest continues in transport towards the distal portion of the margin. When 𝜆 = 𝑑𝑥, all sediment in 257 

transport is deposited. While this approach is heuristic, it allows for the model to incorporate the 258 

general sediment transport patterns thought to occur in the deep, distal portions of continental 259 

margins. Modeled sediment can travel long distances down the continental slope because 260 

entrainment is linearly proportional to slope (equation 5) and because deposition becomes 261 

negligible as slopes approach the critical slope of non-deposition. At the transition from the 262 

continental slope to the lower-gradient continental rise and abyssal plain, low slopes drive 263 

reduced sediment entrainment rates and increased deposition rates, but the condition 𝜆 >> 𝑑𝑥 264 

allows continued transport across the abyssal plain in lieu of direct calculations of debris 265 

flow/turbidity current momentum (e.g., Parker et al., 1986). The modified model allows an 266 

approximation of nonlocal transport in the sense that the amount of sediment deposited at a given 267 

distance from shore depends not only on the local slope at that point but on all the points upslope 268 

that have contributed sediment to—or removed it from—active transport. 269 

At a point, the rate of elevation change responds to three key quantities: the entrainment 270 

coefficient K, the slope 
𝜕𝑧

𝜕𝑥
 relative to the critical slope of non-deposition 𝑆𝑐 , and the sediment 271 

transport length scale 𝜆 (Figure 1). For a given 𝜆, there is a shift from net deposition to net 272 

erosion as 
𝜕𝑧

𝜕𝑥
 approaches 𝑆𝑐  as the deposition rate declines and the entrainment rate increases. At 273 

a given 

𝜕𝑧

𝜕𝑥

𝑆𝑐
, increasing 𝜆 causes a shift towards less deposition (or more entrainment) as more 274 
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sediment remains in transport and less is deposited. The 

𝜕𝑧

𝜕𝑥

𝑆𝑐
 at which there exists a shift from net 275 

deposition to net entrainment (i.e., a shift from positive 
𝜕𝑧

𝜕𝑡
 to negative 

𝜕𝑧

𝜕𝑡
) depends on 𝜆. For 

𝜕𝑧

𝜕𝑥

𝑆𝑐
>276 

1, no deposition can occur, 𝜆 ceases to matter, and entrainment continues to scale linearly with 277 

slope. 278 

 279 

Figure 1: Model behavior—as shown by the rate of elevation change—as a function of 
𝑺

𝑺𝒄
 (where 𝑺 =

𝝏𝒛

𝝏𝒙
) and 280 

𝝀. Decreasing the transport length scale leads to increased deposition, and therefore positive changes in 281 
elevation, when the slope is below the slope of non-deposition. When the slope is at or above the slope of non-282 
deposition, the transport length scale ceases to matter because no deposition occurs and all sediment bypasses 283 
the cell. The sediment entrainment rate increases linearly with slope, and deposition rate decreases 284 
nonlinearly with slope, leading to net erosion as slopes increase towards the slope of non-deposition. The 285 
erosion coefficient is held constant in this figure. 286 
 287 

We follow previous work (Kaufman et al., 1992; van Balen et al., 1995) in our treatment of 288 

both the local, linear model and the nonlocal, nonlinear model by asserting that the erosion 289 

coefficient K declines exponentially with water depth (equation 3). This accounts for the erosive 290 

energy that may prevent the development of steep slopes close to the shoreline. The complete 291 
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governing equation for the commonly used linear, local model in the erosion-deposition 292 

framework is found by substituting equations 3, 5, and 6 into equation 4, is therefore: 293 

𝜕𝑧

𝜕𝑡
= −𝐾0𝑒

−𝑑
𝑑∗

⁄ 𝜕𝑧

𝜕𝑥
+

𝑞𝑠

𝑑𝑥
. (9) 294 

The complete equation for bathymetric evolution under the nonlocal, nonlinear model is found 295 

by substituting equations 3, 5, and 8 into equation 4: 296 

𝜕𝑧

𝜕𝑡
= −𝐾0𝑒

−𝑑
𝑑∗

⁄ |
𝜕𝑧

𝜕𝑥
| + 

𝑞𝑠(1−(
(𝜕𝑧

𝜕𝑥⁄ )
𝑆𝑐

⁄ )

2

)

𝜆
. (10) 297 

Equation 9 has two parameters: the sediment entrainment coefficient at zero water depth 298 

𝐾0 [L/T] and the depth scale 𝑑∗ [L] over which the entrainment coefficient declines with depth. 299 

Equation 10 has two additional parameters: the slope of non-deposition 𝑆𝑐  [-] and the sediment 300 

transport length scale 𝜆 [L]. Sediment compaction due to the deposition of overburden is 301 

calculated using the assumption of an exponential decay in porosity 𝜑 with depth below the 302 

bathymetric surface h (e.g., Sclater and Christie, 1980; Yuan et al., 2019a): 303 

𝜑(ℎ) = 𝜑0𝑒−ℎ/ℎ∗, (11) 304 

where 𝜑0 is the surface porosity and ℎ∗ is the e-folding length scale governing the decay of 305 

porosity with depth. 306 

 307 

Conditions for the Collapse of the Nonlocal, Nonlinear Model to the Linear, Local Model 308 

The nonlocal, nonlinear model (equation 10) is convenient because it collapses to the 309 

common linear diffusion model (equation 9) under certain parameter values such that the key 310 

differences between the two approaches (the addition of a slope of non-deposition and a transport 311 

length scale) can be undone with parameter changes alone. When the slope of non-deposition 𝑆𝑐  312 

is infinitely large, or in practice is many times greater than the greatest slopes in the model 313 
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domain, there is no slope-driven reduction in the deposition rate and therefore no sediment 314 

bypass on steep slopes. Similarly, when the sediment transport length scale 𝜆 is equal to the 315 

model grid spacing dx, there is no transport over flat regions. Parameter values in this model are 316 

therefore a direct proxy for model structure (e.g., Barnhart et al., 2020a), meaning that finding 317 

parameterizations that match observations can determine optimal model structure and yield 318 

insight into marine seascape evolution processes. This will allow us to test the applicability of 319 

both models to a stratigraphic dataset by asking whether best-fit model realizations exhibit 320 

parameter values that result in a collapse of the nonlocal, nonlinear model to the local, linear 321 

model. 322 

 323 

METHOD FOR INVERSION OF PASSIVE MARGIN STRATIGRAPHY 324 

Our goal, rather than simulating margin evolution under an assumed set of parameter 325 

values, is to develop insight into model structure by using a data-driven inversion to find the set 326 

of parameter values that yields the best match between modeled and measured passive margin 327 

stratigraphy. Best-fit parameter values will illuminate whether the deviations from the linear 328 

diffusion approach encoded within our model (sediment bypass and long-distance transport) are 329 

necessary to match stratigraphic observations. 330 

Study Area: the Southeast Atlantic Margin, Southern Africa 331 

 The Southeast Atlantic Margin (SAM) is a well-studied passive margin sedimentary 332 

basin off the western coast of southern Namibia and South Africa (Figure 2). Our study area 333 

consists of the Cape, Orange, Lüderitz, and Walvis basins, which are bounded on the southeast 334 

by the Agulhas fracture zone and on the northwest by the Rio Grande fracture zone. The basins 335 

were initially formed by early Cretaceous rifting that opened the South Atlantic Ocean as Africa 336 
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separated from South America (e.g., Hirsch et al., 2010). Rifting initiated at ca. 250 Ma (Hirsch 337 

et al., 2010), but we focus only on post-rift stratigraphy (Guillocheau et al., 2012; Baby et al., 338 

2018; 2019). The earliest post-rift units are dated to ca. 131 Ma (Baby et al., 2019). The Orange 339 

River is the largest modern sediment source for the SAM; the thickest accumulations of sediment 340 

exist in the Orange Basin. We selected the SAM because of the large number of long (in terms of 341 

distance from the shoreline) seismic sections that have been collected and interpreted 342 

(Guillocheau et al., 2012; Baby et al., 2019). Sections that have continuous coverage from the 343 

shoreline to the nearly flat basin floor—typically reached at a distance of between 300 and 600 344 

km from shore in the SAM—are essential to constraining the extent to which the long-distance 345 

sediment transport dynamics in our model adequately describe the development of passive 346 

margin stratigraphy. 347 
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 348 

Figure 2: Study area and seismic data, modified from Baby et al. (2019). We use sections 1 and 3-8 and retain 349 
the section numbers from Baby et al. (2019) for clarity. We do not use section 2 for our parameter estimation 350 
experiments because it is too short; the thickness of deposits beyond 500 km from the shoreline is unknown. 351 
RGFZ is the Rio Grande Fracture Zone; AFFZ is the Agulhas-Falkland Fracture Zone. 352 
 353 

 Seven seismic sections interpreted by Baby et al. (2018; 2019) comprise the dataset that 354 

we will use to test the two models and determine optimal model structure and parameter values 355 

(Figure 2). We omit one of their sections—their section 2 (Figure 2)—from our analysis because 356 

it is by far the shortest section (< 500 km) and because at its end point there are deposits 357 

approximately 3 km thick. It is not possible to evaluate models for long-distance sediment 358 

transport using section 2 because the section ends before deposits reach a negligible thickness. 359 

 The data that is most easily compared to SFM output is the geometry of seismic 360 

reflectors. We use as our benchmark data sections that have been converted from two-way travel 361 

time to depth. Each section has nine seismic reflectors of interest, each representing the top of a 362 

particular unit as defined by Baby et al. (2019). The first (deepest) reflector of interest is the 363 
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contact between basement/syn-rift deposits and the first post-rift deposits, interpreted by Baby et 364 

al. (2019) to occur at ca. 131 Ma. The ninth (uppermost) reflector is the modern bathymetric 365 

surface. Because the basement/syn-rift surface will be manipulated as a model boundary 366 

condition, there remain eight reflectors that could potentially be used for model-data comparison 367 

when determining best-fit model structure and parameter values. 368 

Inversion Methodology 369 

The general procedure of our data-driven inversion approach—more formally classified as a 370 

parameter inference exercise—is to run successive “generations” (sets of realizations) of the 371 

model that are run in parallel and then compared against data using a misfit function we define. 372 

The first generation uses parameter values randomly drawn from a uniform distribution. Each 373 

generation yields a subset of model runs with acceptable fits; a new generation of model 374 

realizations is then created by randomly perturbing the parameter values of the runs from the 375 

previous generation that were deemed acceptable. By running successive generations of 376 

realizations, the inversion procedure converges on a region of the parameter space that yields the 377 

best-fitting parameter values. Because model parameter values represent the contributions of 378 

slope bypass and long-distance transport processes, best-fit parameter values reveal the 379 

importance of those processes to passive margin evolution. For our inversions we used the ABC-380 

SMC (approximate Bayesian computation—sequential Monte Carlo) algorithm implemented in 381 

PyABC (Klinger et al., 2018), an open-source Python package that allows efficient parameter 382 

estimation using the iterative procedure described above. See Sisson et al. (2007) and Toni et al. 383 

(2009) for details of ABC-SMC approaches. See Table S1 for algorithm parameters used in our 384 

study. 385 
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Conducting such an inversion exercise requires estimating or assuming initial and boundary 386 

conditions for the numerical model that cannot be precisely known from the geophysical and 387 

stratigraphic data (for example, the subsidence history of the basin floor over the past 130 Ma). 388 

We also need to define how model-data misfit will be calculated. 389 

Initial and Boundary Conditions 390 

Because our goal is to invert for best-fit model parameters, rather than boundary 391 

conditions, we must assume a set of boundary conditions lest we introduce too many variables 392 

into the inversion. The two key boundary conditions, both of which are functions of time, are the 393 

geometry of the basement/syn-rift layer and the sediment flux to the modeled basin. 394 

 Basement geometry. We set initial basement geometry at 130 Ma by assuming that the 395 

initial post-rift basement had approximately 1/3 the depth, relative to a steady datum, of the 396 

modern basement. We then assumed that the basement subsided at an exponentially declining 397 

rate (McKenzie, 1978) between 130 Ma and present, such that the basement elevation over time 398 

at any point declines from its initial elevation to its known present elevation, rapidly at first and 399 

then more slowly (with an e-folding time scale held constant at 23.67 Ma for all sections). These 400 

simplistic assumptions are broadly consistent with expectations derived from simple thermal 401 

subsidence models (e.g., McKenzie, 1978) and gives time series of basement elevations in 402 

agreement with those deduced from basin reconstruction studies from the Orange Basin (Hirsch 403 

et al., 2010). 404 

The key simplification inherent to our treatment of basement geometry is that we do not 405 

include any uplift or tilting of the margin over the course of its evolution. Stratigraphic analysis 406 

(Baby et al., 2018), thermochronologic measurements (Stanley et al., 2021), basin modeling 407 

(Hirsch et al., 2010), and numerical modeling (Dauteuil et al., 2013; Braun et al., 2014; Stanley 408 
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et al., 2021) suggest that portions of the SAM experienced two periods of rock uplift. The first is 409 

a pulse of tilting from ca. 81-66 Ma that affected the Orange and Lüderitz basins and could have 410 

caused a maximum of 1,000 m of rock uplift in the proximal portion of the margin (the distal 411 

portions of the margin, closer to the hinge point of the tilt, would have experienced much less 412 

rock uplift; Aizawa et al., 2000; Paton et al., 2008; Hirsch et al., 2010; Baby et al., 2018). This 413 

pulse is hypothesized to result from passage of Southern Africa over a mantle superswell (Braun 414 

et al., 2014). The second hypothesized rock uplift pulse occurred at ca. 30 Ma (though basin 415 

reconstruction studies report the pulse as occurring later at ca. 16 Ma (Hirsch et al., 2010)) and 416 

had an amplitude of approximately 300-350 m (Baby et al., 2018); the cause of this pulse 417 

remains unknown. We choose not to incorporate these perturbations into our basement boundary 418 

condition. The magnitude and timing of uplift pulses are inconsistent—and inconsistently 419 

constrained—among the four basins for which we have data (Baby et al., 2018), and there is still 420 

debate about the existence and importance of the more recent proposed pulse (Mallard and 421 

Salles, 2021; O’Malley et al., 2021). The magnitude of these perturbations is small relative to the 422 

up to 7 km of deposits on the SAM. We acknowledge that incorporating these uplift pulses might 423 

improve model-data misfit, but we argue that there is insufficient clarity in the data to 424 

incorporate them, and that neglecting them would not lead to different conclusions with respect 425 

to differentiating between the models being investigated here. 426 

 Terrestrial sediment flux. Basin-scale sediment flux reconstructions for the SAM rely on 427 

interpolation between seismic sections to derive estimates of volumetric sediment delivery to the 428 

margin over the past 130 Ma (Guillocheau et al., 2012; Baby et al., 2019). However, a cursory 429 

look at the sections of interest (Figure 2) shows that the total sediment volume, as well as the 430 

volume during any given time interval, varies significantly among sections within a given basin. 431 
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To remove any potential uncertainty surrounding the role of sediment flux, we take the simplest 432 

possible approach: for each stratigraphic section to which we compare our model, we calculate 433 

the sediment flux for each time period by integrating for the volume of sediment per unit margin 434 

width contained between each set of reflectors along each section while accounting for post-435 

deposition porosity loss due to compaction (see supplemental section S1; Sclater and Christie, 436 

1980; Allen and Allen, 2013). This approach yields a total sediment volume per unit basin width 437 

[L2] for each unit in each section. Because the time duration represented by each section is 438 

known from previous work (Guillocheau et al., 2012; Baby et al., 2019), we can then divide each 439 

unit’s volume per unit basin width by the time interval to get an average sediment flux to the 440 

section per unit time [L2/T]. Figure 3 shows the sediment flux time series obtained by 441 

integration, as well as the basin-integrated sediment flux time series from Baby et al. (2019). The 442 

sediment flux time series in any one section is reasonably similar to the basin-integrated 443 

sediment flux. Estimates from our section integration approach are subject to uncertainty due to 444 

stratigraphic incompleteness (e.g., Straub et al., 2020) caused by sediment moving into and out 445 

of the plane of the section (i.e., parallel to the margin). Given that the alternative is to assume 446 

that reconstructed basin-scale sediment fluxes were evenly distributed among all sections in a 447 

given basin, an idea not supported by section volumes or isopach maps (Baby et al., 2019), we 448 

argue that we have made the safer assumption by conserving mass within each section we 449 

analyze. 450 

 Sea level. We hold sea level constant throughout all model experiments. The amplitude 451 

of eustatic sea level variations (~120 m) is small relative to the length and depth scales of the 452 

SAM both globally over the past 100 Ma (Bessin et al., 2017) and more recently throughout the 453 

Quaternary off southern Africa specifically (Ramsay and Cooper, 2002).  454 
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 455 

Figure 3: (A) Volumetric fluxes of solid sediment from southern Africa to the four basins comprising the 456 
SAM (Baby et al., 2019). These estimates were derived from interpolating between the sections shown in 457 
Figure 3 (Guillocheau et al., 2012; Baby et al., 2019). (B) Volumetric solid sediment fluxes per unit basin 458 
width derived in this study by integrating over the depth and length of each seismic section and assuming an 459 
exponentially declining porosity profile. The latter method ensures that the amount of mass being delivered to 460 
the basin during a model realization is consistent with that observed in the section, such that sediment flux 461 
variability is removed as a potential control on model-data fit. Given that the basins range from 500-1000 km 462 
wide, the two estimates agree to an order of magnitude.  463 
  464 
Inversion Experimental Setup 465 

Given the data available for the SAM, there are two potential ways to compare numerical 466 

model outcomes against the stratigraphic record. The first is to compare the modeled and 467 

measured modern bathymetric surface without taking into account the geometry of subsurface 468 

reflectors. This has the advantage of simplicity as it does not require calculations to account for 469 

the post-deposition compaction of older reflectors. The other potential avenue for comparison is 470 

to simultaneously compare between the model and the data the position of all reflectors (except 471 
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for the top of the basement/syn-rift deposits, which is controlled by model boundary conditions). 472 

This latter approach is more complicated, but provides a time-integrated picture of model-data 473 

(mis)fit rather than relying on only the modern surface. The multi-reflector approach may be 474 

particularly important when working with data from the SAM, as the geometry of the uppermost 475 

layer (11-0 Ma) is thought to be heavily influenced by contour currents in addition to processes 476 

transporting sediment purely seaward from the coast (Baby et al., 2018). 477 

We conduct two different inversion exercises: one that uses as a basis for model-data 478 

comparison only the modern bathymetric surface of the basin in each section (experiment 1), and 479 

one that uses the position of all reflectors simultaneously to assess model-data fit (experiment 2). 480 

In both analyses, best-fit model parameter values are constrained for each section independently. 481 

This approach allows us to then compare best-fit parameter values among sections to assess the 482 

variability of best-fit values across the SAM.  483 

For each set of experiments, we also ran an inversion using a parameterization of our model 484 

that collapses to the standard linear diffusion model by setting the sediment transport length scale 485 

equal to the grid spacing and removing slope as a control on the sediment deposition rate. 486 

Comparison of best-fit results between the nonlocal, nonlinear model and the linear diffusion 487 

model will reveal whether the additional complexity we have implemented to approximate 488 

nonlocal, nonlinear sediment transport leads to model results that better match observations from 489 

the SAM. 490 

Experiment 1: Inversion using the modern bathymetric surface. In this experiment we 491 

compare the modeled bathymetric surface after 130 Ma to the bathymetric surface revealed in 492 

Baby et al. (2019). Because the basement elevation at 130 Ma of model time is imposed to match 493 

the observed basement elevation, this is equivalent to comparing the observed (ℎ𝑜𝑏𝑠) and 494 
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modeled (ℎ𝑠𝑖𝑚) thickness of sediment deposited at every point i along the section. The misfit 495 

function can be written as: 496 

𝜇 = √
1

𝑁−1
∑

(ℎ𝑜𝑏𝑠−ℎ𝑠𝑖𝑚)2

𝛿2
𝑁
𝑖=1 , (12) 497 

where N is the number of cells in the model domain—and the number of points to which the 498 

seismic section has been downsampled—such that all points except for the boundary condition 499 

tied to 𝑧 = 0 are considered. 𝛿 is the error associated with our observations. Because we do not 500 

have an explicit estimate of 𝛿 at every point, which would be a quantity derived during the 501 

seismic interpretation process, we choose to keep it constant at an arbitrary value of 10 m across 502 

all points of all sections. The value of 𝛿 has no influence on the inversion process because the 503 

divisor is constant throughout all of our experiments. Only in a case where one had reason to 504 

expect spatially or temporally varying 𝛿 would its value affect the search for a best-fit set of 505 

parameter values. 506 

Experiment 2: Inversion using all reflectors. Our second, more sophisticated inversion 507 

scheme compares the elevation above basement of the eight reflectors from a given seismic 508 

section against the same measurements from each modeled section. This comparison gives rise to 509 

the misfit function: 510 

𝜇 = √
1

𝑁𝑟(𝑁−1)
∑ ∑

(ℎ𝑜𝑏𝑠−ℎ𝑠𝑖𝑚)2

𝛿2
𝑁
𝑖=1

𝑁𝑟
𝑗=1 , (13) 511 

where 𝑁𝑟 is the number of reflectors being compared between each measured and modeled 512 

section (in our case 𝑁𝑟 = 8). 513 

 514 

RESULTS AND DISCUSSION 515 

The Nonlocal, Nonlinear Model Calibrated Against the Modern Bathymetric Surface 516 
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Best-fit Parameter Values 517 

Of the four parameters we varied in the nonlinear, nonlocal model, two dominate model 518 

behavior and show narrow ranges that yield the best fit to the stratigraphic data (Figure 4, Table 519 

S2). The two key parameters are the sediment transport distance and the slope of non-deposition. 520 

Inversions converge on relatively narrow best-fit regions for these two values, such that 521 

substantial deviation from the best-fit values results in much worse model-data fit. The same is 522 

not true of the surface sediment erodibility and the erodibility depth scale. For all seven sections, 523 

these parameters show large regions over which they provide fits of relatively unchanging 524 

quality. This indicates that the sediment transport distance and slope of non-deposition drive 525 

most of the variability in model outcomes. Physically, this suggests that it is the spatial pattern of 526 

deposition, rather than remobilization of previously deposited sediments, that shapes the SAM.  527 

Comparing parameter distributions across the seven seismic sections (best seen in the kernel 528 

density plots in Figure 4) reveals that every section converges on best-fit parameters that depart 529 

significantly from the local, linear model. The majority of sections converge on values for the 530 

sediment transport length scale of slightly over 2x105 m. Recalling that the local model is 531 

recovered with a value of 104 m (the grid cell spacing for our experiments), this result indicates 532 

that the shape of the modern bathymetric surface in the SAM requires significant long-distance 533 

transport even across low slopes. The best-fit slope of non-deposition is between 0.02 and 0.05 534 

for all sections except one—section 1—which has no portions of the parameter space that 535 

provide a good fit to the data (Figure 5). Such low slopes of non-deposition imply a significant 536 

role for slope bypass, or nonlocal downslope sediment transport. Best-fit 𝑆𝑐  values many times 537 

the maximum slopes observed on the SAM would indicate that sediment transport can be 538 

reasonably approximated by transport that depends only on local slope; we do not find support 539 
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for this idea. Instead, the best fit between modeled and measured stratigraphy is achieved when 540 

sediment can bypass slopes of more than a few degrees. 541 

 542 

Figure 4: Results for all seven sections from the search for a best-fit parameterization of the nonlocal, 543 
nonlinear model with the inversion procedure constrained only by the modern bathymetric surface. Scatter 544 
plots show model-data misfit (color) as a function of the four key parameters. Kernel density estimate (KDE) 545 
plots show the distribution of values for each parameter. Because the inversion procedure runs more model 546 
realizations in regions of the parameter space with reduced model-data misfit, peaks in the KDE plots can be 547 
interpreted as showing the region of each parameter’s range that leads to the lowest misfit. Narrow peaks in 548 
the KDE plots indicate parameters with well-constrained best-fit values, while broad peaks indicate 549 
parameters for which a wide range of values produces similar misfit. Numbered sets of plots refer to the 550 
seismic section used for the inversion. Maximum and minimum misfit values vary between sections; color 551 
values have been scaled for maximum interpretability. 552 

 553 

Comparison of Modeled and Observed Stratigraphy 554 

For five of the seven sections, the inversion was able to yield best-fit parameter estimates that 555 

led to best-fit simulations that qualitatively and quantitatively fit the data reasonably well (Figure 556 
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5). These sections have gently sloping continental shelves with altitudes below, rather than level 557 

with, sea level, and smooth, convex-up shelf edges. They have concave-up continental slopes 558 

grading into gently sloping continental rise/abyssal plain deposits. Sediment is not always found 559 

as far from shore as in the data, but noticeable accumulations of sediment are observed up to 560 

~1000 km from shore. Two sections, 1 and 7, yielded what we interpret to be substantially worse 561 

fits as defined by the mismatch of major morphometric features like the continental shelf edge 562 

and the curvature of the continental slope. It is difficult to be certain why the fits are substantially 563 

worse for sections 1 and 7. One key commonality that the two sections share is a relatively high 564 

proportion of the total sediment volume stored at the extreme distal end of the section. While our 565 

approach does allow for more realistic modeling of long-runout sediment transport than for 566 

example the classic linear diffusion approach, there is still a fundamental tension in which 567 

allowing sediment to accumulate at the very distal end of the modeled section requires too much 568 

inhibition of deposition at the proximal end. It may not be possible for our model to deposit 569 

enough sediment in distal reaches while preserving steep, well-defined shelf edges. This 570 

weakness would not be resolved in section 1 by raising the maximum possible 𝑆𝑐  value (Figure 571 

4); increases in 𝑆𝑐  would further inhibit transport to the basin floor. 572 

Comparison of modeled and observed subsurface reflectors, though it was not quantitatively 573 

incorporated into the misfit function in this experiment, shows that the pattern of reflectors is 574 

almost completely depositional. There are few—and only minor—instances of reflectors being 575 

truncated by overlying units, indicating that the story in these models is one of continuous 576 

deposition rather than episodes of deposition and re-erosion driven by variations in the terrestrial 577 

sediment flux time series. This is broadly concordant with the interpreted geologic history of the 578 

SAM, in which—barring the episodes of rock uplift that we have not modeled here—there is 579 
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little erosional truncation of units except by eustatic variations in the nearshore. This 580 

concordance of modeled and observed stratigraphy suggests that our model is not only producing 581 

reasonable final bathymetry, but is building a stratigraphic record that reflects the long-term 582 

average of the processes shaping the SAM. 583 
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 584 
Figure 5: Comparison between modeled and measured stratigraphy for all seven sections. While all modeled 585 
reflectors are shown (and are compacted to account for overburden), only the modern bathymetric surface 586 
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was used to assess model-data fit in this experiment; subsurface modeled reflectors were not compared 587 
against data to assess fit. Sections 3, 4, and 5 demonstrate cases in which the model yields both a low misfit as 588 
quantified by the difference between the measured and modeled modern bathymetric surface as well as 589 
reasonable modeled subsurface reflector positions. Section 1 in particular shows a case where the model was 590 
unable to find parameter values that yielded a good fit to the data. VE is vertical exaggeration. 591 

 592 

Comparison Between the Nonlocal, Nonlinear Model and the Local, Linear Model 593 

Here we compare inversion results between the two models to assess whether the nonlocal, 594 

nonlinear model leads to substantially better fits between modeled and measured stratigraphy. 595 

We search for the best-fit linear model using the same procedure as for our new model; the only 596 

two parameters to optimize in the linear model are the surface sediment erodibility K and the 597 

depth scale over which it decays 𝑑∗.  598 

Using only the modern bathymetric surface as a constraint, the local, linear model converges 599 

to a narrow range of surface erodibility values and a broader region of erodibility decay depths 600 

for section 3-8 (Figure 6, Table S2). Section 1, ever the outlier, converges on a large erodibility 601 

value that decays rapidly with depth. All sections except section 5 indicate that the model is 602 

“searching” for erodibility decay depth values even greater than the 40,000 m maximum value in 603 

the inversion. At the maximum values of 40,000 m, erodibility in the deepest parts of the margin 604 

only declines to ~80% of its value at the water surface such that sediment entrainment can still 605 

occur in the deep, distal reaches of the margin wherever nonzero slopes are found. Physically, we 606 

interpret this behavior as the local, linear model compensating for the lack of mechanisms for 607 

long-distance sediment transport by allowing substantial erosion at great depth. Interestingly, the 608 

tendency of the inversion procedure to identify 𝑑∗ values large enough that sediment erodibility 609 

does not meaningfully decline with depth suggests that while erodibility decay with depth may 610 

give rise to realistic-looking shallow marine morphometric features like shelf breaks (Kaufman 611 

et al., 1992; van Balen et al., 1995), such an approach may ultimately be counterproductive when 612 
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we expand our view to include the distal portion of the margin because it yields models that 613 

cannot transport sediment far enough from shore without some additional component or further 614 

imposed changes in erodibility with depth or distance from shore. 615 

 616 

 617 

Figure 6: Results for all seven sections from the search for best-fit parameter values for the local, linear 618 
diffusion model constrained only by the modern bathymetric surface. The tall, narrow region of good-fitting 619 
models indicates that a only narrow range of surface erodibility values leads to minimized misfit. The 620 
majority of sections (all except 6) have converged to the maximum values of the erodibility decay depth scale, 621 
indicating that even higher values would lead to further improvements in model-data fit. We imposed a 622 
maximum value of 40,000 m. Under these conditions, erodibility in the deepest regions of the margin only 623 
declines to approximately 80% of its value at the water surface. Further improvements to model-data fit from 624 
increasing the maximum decay depth would be marginal. 625 
 626 

The linear model provides, for all sections (3-7) that can be reasonably fit by either approach, 627 

a worse fit to the modern bathymetric surface than was obtained with the nonlocal, nonlinear 628 

model (Figure 7, 8). While best-fit parameterizations of the local, linear model do exhibit 629 

sediment delivery to the distal portions of the sections (achieved through large erodibility decay 630 

depths that yield non-negligible erodibility at depth), this comes at the cost of model-data fit in 631 

the nearshore environment. The large erodibility decay depths required to enable transport of 632 

sediment far from shore precludes the local, linear model from achieving the rounded, shallow 633 

continental shelf edge observed in the data. Instead, a shelf of sorts is created simply by 634 
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progradation of the shoreline as sediments accumulate in the nearshore but are prevented by 635 

accumulating above sea level under the assumption that the shoreline will prograde under such 636 

conditions. Shoreline progradation, combined with an erodibility that is nearly constant 637 

throughout the depth profile, results in sharp shelf breaks grading immediately into the concave-638 

up continental slope rather than the smooth, convex-up shelf breaks observed in the seismic data. 639 

The local, linear model is effectively being forced to choose between accurately reproducing the 640 

shelf edge and delivering sediment to the distal portions of the margin. Because our misfit 641 

function incorporates every point along each section, the model minimizes misfit if it delivers 642 

sediment far from shore even at the cost of reproducing the shelf and shelf-edge. A misfit 643 

function that focused on the nearshore (e.g., Yuan et al., 2019a) would likely lead to the opposite 644 

end-member of this tradeoff. 645 

Though our misfit function in this experiment did not incorporate comparison between 646 

observed and modeled subsurface reflectors, the local, linear model—even in its best-fit 647 

parameterizations—does not stand up to a qualitative assessment of the form of the subsurface 648 

reflectors it produces (Figure 7). To deliver sediment far from shore, the local, linear model must 649 

first deposit that sediment in a proximal location and then erode those deposits during times of 650 

low terrestrial sediment flux. The time series of reflectors produced in most of the local, linear 651 

best-fit simulations reveals a steep, prograding wedge of sediment that is then smoothed out to 652 

lower gradients through a combination of subsequent erosion and truncation by overlying 653 

stratigraphic packages. Except for the brief periods in SAM history when the margin experienced 654 

substantial rock uplift, which we do not model, there is no evidence for significant erosional 655 

truncation beyond that occurring in the nearshore due to eustatic variations (Baby et al., 2019). 656 

The reflectors from the nonlocal, nonlinear model (Figure 5) do not show this pattern of 657 
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progradation of a steep-fronted sediment wedge followed by later truncation by erosion; they 658 

instead show consistent accumulation of sediments through time at any given location, including 659 

the distal reaches of the basin. Interpretation of the stratigraphic record suggests that the latter 660 

behavior is more consistent with the history of the SAM. 661 

It is unsurprising that the nonlocal, nonlinear model provides a better fit to the data than the 662 

local, linear model (Figure 8) in all but one case where neither model provided a reasonable fit 663 

and imposed parameter ranges prevented the more complex model from fully minimizing misfit 664 

(Figure 4)—the latter model is a restricted subset of the former. The critical results of this 665 

comparison are that (1) the model requires significant deviation from linear-diffusion parameter 666 

values (i.e., a large travel distance relative to the model grid cell spacing and a critical slope low 667 

enough that sediment bypass is common) to provide a reasonable match between modeled and 668 

observed bathymetry, (2) the local, linear diffusion model cannot through parameter adjustments 669 

provide fits that approximate—even to a less good-fitting degree—the outcomes of the nonlocal, 670 

nonlinear model, (3) the dynamics of the local, linear model as revealed by subsurface reflectors 671 

are not supported by observations from the SAM, and (4) seven of eight sections show a 672 

reduction in misfit—and four of seven sections show at least a factor of two reduction—achieved 673 

by adding nonlocal, nonlinear transport dynamics (Figure 8). This suggests that long-distance 674 

transport and slope-dependent sediment bypass processes are required to form the canonical 675 

shapes of passive margin stratigraphy, and therefore argues that these processes are essential 676 

ingredients in SFMs, at least for passive margin settings. 677 



Non-peer-reviewed preprint submitted to Basin Research 

 678 
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Figure 7: Comparison between modeled and measured stratigraphy for the best-fit local, linear diffusion 679 
model realization for each section. While all modeled reflectors are shown (and are compacted to account for 680 
overburden), only the modern bathymetric surface was used to assess model-data fit in this experiment; 681 
subsurface modeled reflectors were not compared against data to assess fit. Both the fit to the modern 682 
bathymetric surface and qualitative comparisons between modeled and observed subsurface reflectors reveal 683 
that the local, linear model cannot reproduce the geometry of the deposits observed in the SAM. The local, 684 
linear model exhibits significant truncation of lower units by upper units; such patterns are only observed in 685 
the SAM during times of rock uplift on the margin that we do not simulate in these experiments. 686 
 687 

 688 
Figure 8: Misfit values for the best-fit model for each section using the nonlocal, nonlinear model (dark blue) 689 
and the local, linear model (light blue) when the model fit is determined by comparing only against the 690 
modern bathymetric surface. The nonlocal, nonlinear model yields better fitting best-fit realizations for six of 691 
seven sections. 692 
 693 

The Influence of Considering Multiple Reflectors 694 

Parameters estimated by the inversion that takes into account all eight reflectors are surprisingly 695 

similar to those estimated when using only the modern bathymetric surface to constrain the 696 

inversion. For brevity we show average parameter values for the 50 best-fitting model 697 

realizations from the single reflector and multiple-reflector inversions plotted against each other 698 

(Figure 9) such that points falling on the 1:1 line indicate consistent parameter values achieved 699 



Non-peer-reviewed preprint submitted to Basin Research 

by the two methods. See Table S3 and Figures S1-S4 for detailed results of multi-reflector 700 

inversions. 701 

Inclusion of all reflectors in the misfit calculation for the nonlocal, nonlinear model 702 

resulted in a shift towards slightly greater best-fit travel distance values (Figure 9A), likely 703 

because the data requires that good-fitting models be able to distribute sediment to the distal 704 

portion of the basin even relatively early in the margin’s evolution when there do not yet exist 705 

the slopes required to drive sediment bypass in the absence of another mechanism for long-706 

distance transport. The critical slope of non-deposition (Figure 9B) remained remarkably 707 

consistent between the surface-only and multiple-reflector inversions (), suggesting that the 708 

model most effectively adjusts to the need to deliver early deposits far from shore with changes 709 

in the travel distance, which affects transport over all slopes, rather than the critical slope, which 710 

only affects transport over meaningful bathymetric gradients. Physically, this may indicate the 711 

importance of long-runout sediment transport processes (e.g., turbidity currents, marine debris 712 

flows) that may initially be generated by significant bathymetric slopes but then transport 713 

sediment up to hundreds of km over vanishingly low slopes. The erodibility and erosion depth 714 

scale (Figure 9C and D, respectively) show more scatter between inversion methods; this is not 715 

surprising given that there is a large region of good-fitting values for both parameters as seen in 716 

the surface-only inversion (Figure 4).  717 

Including all reflectors when searching for best-fit parameters for the local, linear model 718 

leads to surface erodibility values that largely fall near the 1:1 line (Figure 9E), indicating that 719 

the composition of the misfit function did not have a strong effect on the best-fit value. The same 720 

is true of the erodibility decay depth scale (Figure 9F) with the exception of two values that 721 

changed significantly between the surface-only and multiple-reflector inversion schemes. We 722 
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attribute the overall consistency between parameter values derived using the two different 723 

methods to the fact that all reflectors in our seismic data show a similar pattern: long-distance 724 

transport beginning from the earliest stages of post-rift margin evolution followed by the largely 725 

depositional draping of successive units atop previous deposits. In this respect the modern 726 

surface is not geometrically distinct from the subsurface reflectors, which may explain why 727 

incorporating the subsurface reflectors leads to little improvement in model-data fit. A model can 728 

either achieve parameter values that allow it to develop these types of deposits (i.e., in the 729 

nonlocal, nonlinear model) in which case the specific number and age of reflectors used does not 730 

have a significant effect on inferred best-fit parameter values, or it cannot achieve 731 

parameterizations that allow long-distance, deposition-driven stratal stacking patterns (i.e., in the 732 

local, linear model) in which case the specifics of the misfit function do not matter because the 733 

fit to eight reflectors will be no better than the fit to a single one. We initially undertook the 734 

multiple-reflector inversion because the modern bathymetric surface is thought to be heavily 735 

influence by contour currents (Baby et al., 2018). Adding seven subsurface reflectors does not 736 

substantially change inferred best-fit parameters, which may indicate that variability in contour 737 

current effects among units does not cause a radical enough change in stratigraphic 738 

architecture—relative to the effects of subsidence and terrestrial sediment flux—to influence our 739 

relatively simple model. 740 

 When the misfit function incorporates all eight reflectors, the nonlocal, nonlinear model 741 

yields a better fit to the observed stratigraphic data than the local, linear model does for all seven 742 

sections (Figure 10). The improvement in model-data fit gained from adding nonlocal, nonlinear 743 

sediment transport dynamics exists regardless of whether we use only the modern surface or all 744 

reflectors as a basis for comparison. The misfit values between the two models are much closer 745 
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when all reflectors were used for the inversion (Figure 10). This arises from the introduction of 746 

seven additional constraints on the model, many of which it must inevitably fail to match (Figure 747 

5) even in its best-fit parameterization. However, the consistent reduction in misfit that 748 

accompanies the nonlocal, nonlinear model signals that those dynamics are required to produce 749 

stratigraphy that matches observations. The only scenario where this would not hold true is one 750 

in which a misfit function was used that did not take into account the distal portions of the basin 751 

at all. Given the substantial accumulations of sediment in the distal portions of the SAM (Figure 752 

2), we argue that finding models that adequately simulate those deposits is a prerequisite for 753 

closing the source-to-sink mass balance. 754 
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 755 

Figure 9: Comparison between best-fit parameter values derived from the surface-only inversion and the 756 
multiple-reflector inversion. Black lines indicate a 1:1 match between parameter values derived by the two 757 
methods. In the case of the nonlinear, nonlocal model (column 1), the two most important parameters fall 758 
close to the 1:1 line, indicating that the inversion method (whether subsurface information is incorporated or 759 
not) does not have a strong influence on the best-fit parameter values and therefore on predicted margin 760 
stratigraphy. In the case of the local, linear model (column 2), erodibility values are consistent between 761 
methods while erosion depth scale values show more scatter. 762 
 763 
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 764 
Figure 10: Misfit values for the best-fit model for each section using the nonlocal, nonlinear model (dark blue) 765 
and the local, linear model (light blue) when the model fit is determined by comparing against all seismic 766 
reflectors. The nonlocal, nonlinear model yields better fitting best-fit realizations for all seven sections. 767 
 768 

Limitations and Implications for Inversion of the Stratigraphic Record 769 

 Our motivation in testing SFMs is to enable the inversion of the stratigraphic record for 770 

information about past terrestrial environments and geomorphic processes. If reasonably 771 

effective SFM structures and parameterizations can be identified a priori, then coupled 772 

LEM/SFMs will be more useful for inferring for example tectonic or climatic perturbations to 773 

past landscapes. The SAM is already being used as a target for such studies (e.g., Mallard and 774 

Salles, 2021) due to its enigmatic climatic and tectonic history and its well-documented offshore 775 

stratigraphy. Though our study is confined to one passive margin, it strongly favors the idea that 776 

SFMs should incorporate mechanisms for sediment bypass and long-distance transport, and that 777 

these processes cannot be adequately mimicked with parameter changes in the commonly used 778 

local, linear diffusion model for seascape evolution. 779 
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 The nonlocal, nonlinear model we tested represents an amalgamation of ideas from 780 

previous workers that had not been evaluated in detail against stratigraphic data, and our analysis 781 

reveals that it provides a substantial improvement over the more widely used local, linear model. 782 

However, the nonlocal, nonlinear model still needs improvement. Aside from subsuming a wide 783 

array of marine transport processes into two key transport parameters, its most critical 784 

shortcoming is that it only heuristically accounts for the momentum that allows transport 785 

processes like turbidity currents and marine debris flows to carry sediment into the distal 786 

portions of basins. More effective conceptualizations of sediment entrainment and 787 

disentrainment, possibly following recent advances in hillslope geomorphology (e.g., Doane et 788 

al., 2018; Furbish et al., 2021), might further improve SFMs with the understanding that the 789 

models will always need to simulate the spatial and temporal average of marine sediment 790 

transport if they are to prove feasible for inverse analyses that require 105-106 forward model 791 

realizations. Improving model fit—especially abrupt slope breaks driven by changes in process 792 

dominance—may require multiprocess models (e.g., Granjeon et al., 1999; Syvitski and Hutton, 793 

2001), but their parameter-rich nature may hinder parameter estimation exercises and make them 794 

susceptible to overfitting to a given calibration location. There exist sufficient models in the 795 

literature that span a wide range of complexity that, as in this study, the challenge is more about 796 

rigorously testing models against data to find the simplest workable theory than it is about 797 

developing new models. 798 

Though we used eight seismic sections spanning four basins to evaluate different SFMs, 799 

our study is limited to a single passive margin. Best-fit regions of the parameter space for the 800 

nonlinear, nonlocal model’s travel distance and critical slope of non-deposition parameters 801 

consistently showed that the model was not collapsing to its local, linear parameterization but 802 
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likewise exhibited considerable variability among sections (Figure 4). While our analysis may 803 

have restricted the range of possible values that need to be considered when using such a model 804 

to invert the stratigraphic record, a set of “global” parameter values cannot be assumed. Tests 805 

against other stratigraphic datasets are needed to establish inter-basin, rather than intra-basin, 806 

variability in these key parameters. Alternatively, inversions could proceed by using model 807 

ensembles using a restricted subset of parameter values, which could still enable the removal of 808 

these parameters from the inversion and allow researchers to focus on extracting past forcings to 809 

source regions. 810 

A final open question is that of model dimensionality. Our 1-D model enforces purely 811 

margin-perpendicular sediment transport, when in reality margin-parallel components of 812 

transport also occur. Though there exist plenty of 2-D SFMs (e.g., Granjeon and Joseph, 1999; 813 

Salles et al., 2018), testing optimal SFM structure in two dimensions remains an important 814 

stepping stone towards inverting terrestrial landscape history from stratigraphy. 815 

 816 

CONCLUSIONS   817 

We introduced a simple, nonlocal, nonlinear model for marine sediment transport and the 818 

development of marine stratigraphy over geologic time. The model builds on the concepts of 819 

sediment bypass espoused by previous authors (e.g., Syvitski et al., 1998; Ross et al., 1994; Ding 820 

et al., 2019a; Mallard and Salles, 2021) that have not previously been directly tested against 821 

observed stratigraphy. Quantitative comparison of the model against seven stratigraphic sections 822 

from the SAM reveals that: 823 
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1. The nonlocal, nonlinear model can achieve parameterizations that develop realistic 824 

marine bathymetry and stratigraphy, though variability in best-fit parameter values exists 825 

among the seven seismic sections tested. 826 

2. The nonlocal, nonlinear model does not converge on parameter values that result in a 827 

collapse to the commonly used local, linear model. The local, linear model cannot fit the 828 

data. It fails both to fit the modern bathymetric surface and to provide seascape evolution 829 

trajectories that match observations. 830 

3. The key difference between the two models lies in the ability of the nonlocal, nonlinear 831 

model to deliver sediment to distal portions of the basin without compromising on the 832 

ability to develop realistic nearshore morphology and stratigraphy. 833 

4. Points (1) through (3) hold true regardless of whether model parameters are optimized 834 

using only the modern bathymetric surface or the full suite of subsurface seismic 835 

reflectors, indicating that our results are robust to the specifics of the misfit function 836 

employed. 837 

5. Processes of sediment bypass and long-distance transport govern the architecture of the 838 

stratigraphic record over basin-filling timescales, making it essential that SFMs capture at 839 

least the spatial and temporal averages of these nonlocal processes. 840 

 841 

Given the general lack of terrestrial evidence for past landscape evolution dynamics, the 842 

stratigraphic record represents our best chance to learn about the erosion trajectories of 843 

landscapes long gone. We tentatively suggest that the transport dynamics encapsulated in the 844 

nonlocal, nonlinear model govern the development of passive margin stratigraphy. Our ability to 845 

invert the stratigraphic record, either on its own for inferring sediment supply to basins or 846 
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coupled with landscape evolution models to infer past tectonic, climatic, and/or lithologic 847 

boundary conditions, would benefit from improved understanding of such nonlocal transport 848 

processes. 849 
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Supporting table S1: parameters for PyABC ABC-SMC algorithm. 1160 

 1161 

Parameter Inversion of nonlocal, 

nonlinear model 

Inversion of local, linear 

model 

Population size1 300 100 

Number of populations2 15 15 

Minimum misfit3 0.01 0.01 

1: A larger population size was used for the nonlocal, nonlinear model because this model had 1162 

twice as many parameters to optimize. Population size does not enforce the number of model 1163 

realizations that get run in any single generation; it enforces the number of “acceptable” models 1164 

that are required to move to the next generation. Our experience was that the total number of 1165 

model realizations was typically 3-4x greater than the product of the population size and the 1166 

number of populations. 1167 

 1168 

2: This represents the maximum number of populations that will run if the minimum misfit is not 1169 

reached. We chose to set the minimum misfit unrealistically low so that we would have a 1170 

consistent number of populations between our different inverse analyses. 1171 

 1172 

3: When the minimum misfit is reached, the inversion stops even if the number of populations 1173 

has not been reached. We therefore set the minimum misfit close to zero so that we would have a 1174 

consistent number of populations between our different inverse analyses. 1175 

 1176 

  1177 
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Supporting table S2: parameter ranges and resulting maximum and minimum misfit 1178 

values for models constrained using only the modern bathymetric surface. 1179 

 1180 

 1181 

  1182 

 Nonlocal, nonlinear model Local, linear model 

Sec. 𝝀 [m] 𝑺𝒄 [-] K [m/yr] 𝒛∗[m] 𝝁 [-] K [m/yr] 𝒛∗[m] 𝝁 [-] 

1 (250000, 

450000) 

(0.08, 

0.17) 

(10-3, 

102) 

(1, 

200) 

(51.8, 

65.2) 

(10-5, 

104) 

(1, 40000) (47.9, 

114.7) 

3 (100000, 

300000) 

(0.01, 

0.1) 

(10-3, 

102) 

(1, 

200) 

(17.0, 

131.4) 

(10-5, 

101) 

(250, 

40000) 

(46.7, 

309.6) 

4 (100000, 

300000) 

(0.01, 

0.1) 

(10-3, 

102) 

(1, 

200) 

(20.3, 

78.8) 

(10-5, 

103) 

(250, 

40000) 

(34.5, 

228.0) 

5 (100000, 

300000) 

(0.01, 

0.1) 

(10-3, 

102) 

(1, 

200) 

(11.1, 

78.8) 

(10-5, 

103) 

(150, 

40000) 

(37.1, 

199.0) 

6 (100000, 

300000) 

(0.01, 

0.1) 

(10-3, 

102) 

(1, 

200) 

(14.1, 

94.9) 

(10-5, 

103) 

(150, 

40000) 

(34.0, 

249.4) 

7 (200000, 

400000) 

(0.01, 

0.1) 

(10-3, 

102) 

(1, 

200) 

(28.1, 

94.1) 

(10-5, 

103) 

(250, 

40000) 

(47.5, 

289.2) 

8 (150000, 

350000) 

(0.01, 

0.1) 

(10-3, 

102) 

(1, 

200) 

(15.5, 

92.2) 

(10-5, 

103) 

(250, 

40000) 

(38.3, 

254.3) 
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Supporting table S3: parameter ranges and resulting maximum and minimum misfit 1183 

values for models constrained using the modern bathymetric surface and all subsurface 1184 

reflectors. 1185 

 1186 

 1187 

 1188 

  1189 

 Nonlocal, nonlinear model Local, linear model 

Sec. 𝝀 [m] 𝑺𝒄 [-] K [m/yr] 𝒛∗[m] 𝝁 [-] K [m/yr] 𝒛∗[m] 𝝁 [-] 

1 (200000, 

400000) 

(0.08, 

0.17) 

(10-3, 

102) 

(1, 

200) 

(82.0, 

85.2) 

(10-5, 

103) 

(1, 40000) (86.1, 

108.4) 

3 (100000, 

300000) 

(0.01, 

0.1) 

(10-3, 

102) 

(1, 

200) 

(91.3, 

147.5) 

(10-5, 

103) 

(1, 40000) (109.4, 

275.9) 

4 (150000, 

350000) 

(0.01, 

0.1) 

(10-3, 

102) 

(1, 

200) 

(82.2, 

100.6) 

(10-5, 

103) 

(1, 40000) (97.9, 

190.4) 

5 (100000, 

300000) 

(0.01, 

0.1) 

(10-3, 

102) 

(1, 

200) 

(76.3, 

103.6) 

(10-5, 

103) 

(1, 40000) (96.4, 

165.1) 

6 (150000, 

350000) 

(0.01, 

0.1) 

(10-3, 

102) 

(1, 

200) 

(84.1, 

102.3) 

(10-5, 

103) 

(1, 40000) (104.0, 

188.2) 

7 (250000, 

450000) 

(0.01, 

0.1) 

(10-3, 

102) 

(1, 

200) 

(91.8, 

108.8) 

(10-5, 

103) 

(1, 40000) (121.5, 

232.3) 

8 (200000, 

400000) 

(0.01, 

0.1) 

(10-3, 

102) 

(1, 

200) 

(83.7, 

100.5) 

(10-5, 

103) 

(1, 40000) (105.0, 

198.3) 
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 1190 
Supporting figure S4: Results for all seven sections from the search for a best-fit 1191 

parameterization of the nonlocal, nonlinear model with the inversion procedure 1192 

constrained using the modern bathymetric surface and all subsurface reflectors. Scatter 1193 

plots show model-data misfit (color) as a function of the four key parameters. Kernel 1194 

density estimate (KDE) plots show the distribution of values for each parameter. Because 1195 

the inversion procedure runs more model realizations in regions of the parameter space 1196 

with reduced model-data misfit, peaks in the KDE plots can be interpreted as showing the 1197 

region of each parameter’s range that leads to the lowest misfit. Narrow peaks in the KDE 1198 

plots indicate parameters with well-constrained best-fit values, while broad peaks indicate 1199 

parameters for which a wide range of values produces similar misfit. Numbered sets of 1200 

plots refer to the seismic section used for the inversion. Maximum and minimum misfit 1201 

values vary between sections; color values have been scaled for maximum interpretability. 1202 

 1203 
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 1205 
Supporting figure S5: Comparison between modeled and measured stratigraphy using the 1206 

nonlocal, nonlinear model for all seven sections when both the modern bathymetric surface 1207 

and all subsurface reflectors were used to assess fit. VE is vertical exaggeration. 1208 
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 1210 
Supporting figure S6: Results for all seven sections from the search for best-fit parameter 1211 

values for the local, linear diffusion model with the inversion procedure constrained using 1212 

the modern bathymetric surface and all subsurface reflectors.  1213 
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 1216 
Supporting figure S7: Comparison between modeled and measured stratigraphy using the 1217 

local, linear model for all seven sections when both the modern bathymetric surface and all 1218 

subsurface reflectors were used to assess fit. VE is vertical exaggeration. 1219 
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