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ABSTRACT 13 

Basin-wide accommodation production and associated sediment mass deposition exert 14 

fundamental controls on stratigraphic architecture, but the details of this relationship are not fully 15 

understood. This is because it is unknown how accommodation production directly influences 16 

morphodynamics both in terms of channel process (i.e., channel migration, channel avulsion) and 17 

floodplain process, both of which are themselves coupled dynamically and are critical to the 18 

nature of stratigraphic architecture. To address this, we expand upon existing theory that links 19 

sediment mass balance and resultant stratigraphic architecture. We use two fan-delta experiments 20 

that each experience different rates of accommodation production to measure key surface 21 

morphometrics and subsurface sedimentary characteristics. Importantly, sediment was 22 

transported in bedload and suspension in these experiments, allowing for construction of strata 23 
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characterized by channel bodies surrounded by overbank strata deposited from suspension 24 

fallout. From these data we use three key timescales to capture the overall behavior of the system 25 

when placed into mass balance space; avulsion setup timescales (TA) and channel mobility 26 

timescales (TV) that define short-term surface autogenics, and an accretion timescale (TC) that 27 

incorporates longer term deposition. We find that the ratio of both TC/TA and TC/TV are 28 

independent of accommodation production rate in mass-balance space, which supports a self-29 

organized response of channel dynamics to environmental boundary conditions. The fraction of 30 

strata generated from key depositional environments largely supports this behavior, particularly 31 

for channel sand bodies that resulted in deposition from bedload transport. As such, our results 32 

suggest that channel body density is independent of accommodation production rate in a mass-33 

balance space. We found that, although contributing to a significant fraction of the basin strata, 34 

far-field overbank deposition rates are insensitive to accommodation production and that 35 

differences in autogenic timescales between experiments largely resulted from differences in 36 

channel deposition rates, highlighting the close coupling between channel dynamics and 37 

accommodation generation. More generally the observed self-organized response of surface 38 

morphodynamics to accommodation production in mass-balance space provides a process-based 39 

framework to explain the utility of balancing mass for the prediction of down-system sediment 40 

size fractionation and sedimentary architecture.   41 

 42 

Keywords: mass-balance, stratigraphic architecture, floodplains, autogenic processes 43 

 44 
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 46 
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INTRODUCTION 47 

The spatial arrangement of channel bodies, encased within floodplain strata, is often 48 

referred to as alluvial stratigraphic architecture (e.g. Allen, 1978; Leeder, 1978; Bridge and 49 

Leeder, 1979; Kraus, 2002; Hickson et al., 2005; Wang et al., 2020) (Fig. 1). Primary controls on 50 

this architecture include the depth and width of channels (Bristow and Best, 1993) as well as 51 

their lateral migration and avulsion rates (Bryant et al., 1995; Jerolmack and Mohrig, 2007; 52 

Jerolmack and Paola, 2007; Hajek, 2009; Hajek et al., 2010). Thus, environmental forcings that 53 

influence channel geometry and mobility have the potential to be recorded in alluvial 54 

stratigraphic architecture. While relationships between some forcings and stratigraphic 55 

architecture have been explored, including the character of hydrographs (Plink-Björklund, 2015; 56 

Esposito et al., 2018; Barefoot et al., 2021) and sediment properties (Tornqvist, 1993; Caldwell 57 

and Edmonds, 2014; Hariharan et al., 2021), much of what we know about stratigraphic 58 

architecture concerns channel-centric processes. However, a renewed appreciation of the co-59 

evolution of channels and their floodplains can be seen in several recent studies (Chamberlin and 60 

Hajek, 2015; Esposito et al., 2018; David et al., 2020; Barefoot et al., 2021; Martin and 61 

Edmonds, 2021; Han and Kim, 2022). We follow a definition of floodplains as the relatively flat 62 

topographic surfaces adjacent to rivers that experience inundation on annual to decadal 63 

timescales, and can be distinguished from regions that are not regularly inundated (Sutfin et al., 64 

2016).   65 

Quantitative exploration of stratigraphic architecture has its roots in a series of 66 

publications that modeled the aggradation of individual strike-oriented sections of alluvial strata 67 

(Allen, 1978; Leeder, 1978; Bridge and Leeder, 1979). Following commonly used nomenclature, 68 

we refer to these as the LAB models. Inspired by these early studies, similar models are still in 69 
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use today (Chamberlin and Hajek, 2015; Chamberlin et al., 2016; Chamberlin and Hajek, 2019). 70 

Under a constant rate of tectonic subsidence, river channels in the LAB models were prescribed 71 

to avulse at a set frequency and relocate to random positions in the basin. Deposition outside 72 

channels (overbank deposition) was modeled in the simplest fashion possible, prescribed as a 73 

uniform rate that did not vary in time or space. Relocation of channels through avulsion resulted 74 

in the removal of floodplain and replacement with channelized strata. While advances have been 75 

made in our understanding of overbank sedimentation since publication of the LAB models 76 

(Pizzuto, 1987; Pizzuto et al., 2008; Toonen et al., 2017; Martin and Edmonds, 2021), our 77 

knowledge of sedimentation processes in channels still far exceeds our understanding of 78 

floodplain deposition. This was highlighted in a study by Jerolmack and Paola (2007) who 79 

modeled the accumulation of fluvial strata. Given uncertainty in how to model overbank strata 80 

they explored the consequences of different algorithms: uniform, elevation dependent, and noisy 81 

overbank deposition. The choice of algorithm implemented had important implications for the 82 

spatial arrangement of sand bodies in the strata. While advances in our understanding of 83 

overbank sedimentation have occurred since the Jerolmack and Paola (2007) modeling work, we 84 

still lack process theory for overbank sedimentation that rivals the sophistication of our theory 85 

for channels.  86 

Exploration of processes that produce fluvial stratigraphic architecture has been stifled by 87 

the difficulty in producing fluvial landscapes at laboratory scale that construct strata from both 88 

bedload dominated channelized processes and suspension fallout deposition in overbank settings. 89 

Almost all physical experiments that explore construction of channelized strata are associated 90 

with transport systems that move sediment near exclusively in bedload (Wood et al., 1993; 91 

Strong et al., 2005; Muto and Swenson, 2006; Wang et al., 2011; Powell et al., 2012; Ganti et al., 92 
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2019). However, a sediment mixture developed by Hoyal and Sheets (2009) does generate 93 

landscapes and strata by a mixture of bed and suspended load transport, with overbank strata 94 

resulting from suspension fallout. Here, we use a similar mixture to explore the control of 95 

accommodation generation on the architecture of fluvial-deltaic strata. 96 

The space made available to store sediment is termed accommodation and is primarily set 97 

by subsidence and sea-level rise rates. While accommodation is formally defined in a volumetric 98 

framework (Jervey, 1988), we follow a definition that quantifies the vertical distance between 99 

the current Earth-surface and the long-term equilibrium topography at a point in space (Muto and 100 

Steel, 2000). With this definition, we can define a rate of accommodation production with 101 

dimensions of L/T. A central goal of this manuscript is to use physical experiments to develop a 102 

theoretical framework to quantify how accommodation production influences channel-floodplain 103 

processes (i.e., morphodynamics), and how this in turn influences alluvial sedimentary 104 

architecture. 105 

Under a constant rate of tectonic subsidence river channels in the LAB models were 106 

prescribed to avulse at a set frequency and relocate to random positions in the basin. An early 107 

avenue of exploration focused on the rate of accommodation production for the density and 108 

interconnectedness of channel bodies in the subsurface. The LAB models predicted that 109 

accommodation production rate was inversely related to channel body density in the resulting 110 

strata (Fig. 2B). However, physical experimental observations suggest that rates of channel 111 

avulsion are proportional to long-term sediment accumulation rates  (Bryant et al., 1995; 112 

Chadwick et al., 2020). Here, we refer to long-term sediment accumulation rates as those 113 

measured over timescales in which subsidence rates dictate sedimentation rates. These same 114 

experiments and other stratigraphic architecture models produce the opposite relationship 115 
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between accommodation generation and preserved channel body density found in the LAB 116 

models (Heller and Paola, 1996). Further, a compilation of 20 published field studies found no 117 

consistent relationship between channel-body stacking density and long-term aggradation rates  118 

(Colombera et al., 2015). 119 

A test of the LAB model predictions was undertaken in a physical experiment performed 120 

in the eXperimental Earth-Scape (XES) facility in 1999 (Hickson et al., 2005; Strong et al., 121 

2005). This experiment included two stages that differed in their absolute subsidence rates. 122 

However, to keep the shoreline at an approximate constant location, water and sediment feed 123 

rates also differed between the experimental stages. The switch in forcing parameters between 124 

stages induced a change in transport slope, which resulted in deposits of differing length and so 125 

were not directly comparable in terms of their sedimentary architecture. To account for this, 126 

Strong et al. (2005) developed a mass-balance transformation for sedimentary basins. This 127 

transformation converts a distance from a basin inlet to a dimensionless parameter equal to the 128 

ratio of the sediment mass deposited upstream of a location of interest to the sediment mass 129 

deposited in the entire basin (Fig 2A). They applied this transformation to the strata of their two 130 

experimental stages, comparing architecture at equivalent mass-balance locations. Lacking 131 

channel-belts encased in floodplain strata, they mapped channel scour bodies in the strata that 132 

resulted from hydraulic-jumps. These scour bodies were surrounded by other bedload deposits, 133 

including those resulting from channels and lobes. The mass-balance transformation removed 134 

much of the difference in stratigraphic architecture (Fig. 2C-D) observed in cross-sections of the 135 

two stages. However, some differences remained, including a higher scour body density in the 136 

experimental stage with high subsidence rates, which they suggested might just be due to the 137 

higher water and sediment input rates in this stage. A key finding of their study and a companion 138 
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study (Paola and Martin, 2012), though, was the importance of mass-extraction to stratigraphic 139 

architecture, which the authors suggested might be as important as previously explored 140 

parameters (Fig. 2E).  141 

Here, we undertake an experimental campaign where only the production of 142 

accommodation is varied between two experiments that utilize a sediment mixture similar to that 143 

developed by Hoyal and Sheets (2009). We apply the mass-balance transformation to control for 144 

differences in the absolute planform dimensions of our experiments, thus allowing us to isolate 145 

the influence of accommodation production on channel-floodplain morphodynamics and the 146 

associated alluvial sedimentary architecture. 147 

Our goal is to link mass-extraction to Earth surface dynamics (morphodynamics) and 148 

stratigraphic architecture by exploring critical timescales that quantify the lateral mobility of 149 

fluvial networks and the vertical accumulation of alluvial strata. Further, we explore the 150 

sensitivity of both channels and floodplains to accommodation production. For basins 151 

experiencing constant environmental conditions, processes internal to the sediment routing 152 

system (i.e., autogenic processes) control stratigraphic architecture over the timescales explored 153 

in stratigraphic architecture models (Sheets et al., 2002; Strong et al., 2005; Hajek and Straub, 154 

2017). Methods that quantify the timescales of these processes provide means to quantitatively 155 

compare the lateral and vertical dynamics of systems in a mass-balance framework. We suggest 156 

that timescale ratios that compare lateral to vertical dynamics correlate to stratigraphic attributes, 157 

including the density of preserved channel bodies and the volume of preserved overbank strata.    158 

 159 

THEORY   160 

Timescales of channel migration  161 
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Channels move over alluvial basins through slow lateral migration and punctuated 162 

relocation events, known as avulsions. A commonly used metric to assess the likelihood of river 163 

avulsion is the superelevation ratio. This parameter is defined as the relief between a levee crest 164 

and the elevation of the far-field floodplain normalized by the channel depth (Mohrig et al., 165 

2000; Martin et al., 2009; Hajek and Wolinsky, 2012), with rivers primed for avulsion when this 166 

ratio is order 1. This theory can be used to estimate a time between avulsions, TA, as: 167 

𝑇𝑇𝐴𝐴 = 𝐻𝐻
𝐷𝐷𝐶𝐶−𝐷𝐷𝐹𝐹𝐹𝐹

           (1) 168 

where H is a characteristic channel depth, DC is a channel deposition rate and DFP is the far-field 169 

floodplain deposition rate (Jerolmack and Mohrig, 2007), both measured over the timescale 170 

between avulsions. In this framework, deposition in both channels and floodplains impacts 171 

avulsion frequency.  172 

On timescales longer than TA, the mobility of channels leads to the reworking of 173 

sediments in the active layer (within ~one channel depth of the surface) and deposition of 174 

channel sand geobodies. This channel mobility impacts the distribution of channel sand 175 

geobodies and the rate, timing, and preservation of floodplain deposits (Fielding et al., 2006; 176 

Martin et al., 2009; Kim et al., 2010; Wickert et al., 2013; Sahoo et al., 2020). Tracking the time 177 

necessary for a significant fraction of the terrestrial delta-top to experience surface modification 178 

by channelized flow allows a visitation timescale, TV, to be calculated. This captures 179 

modification from both slow migration of channels and their punctuated relocation following 180 

avulsion. The average of the decay curves representing the change in fraction of un-modified 181 

area (fUM) with timescale of observation follows an exponential decay: 182 

fUM = ae-bt
            (2) 183 
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where a and b are parameters dependent on boundary conditions, such as the rate of 184 

accommodation production, input grain-size distribution, sediment cohesion, vegetation, and 185 

hydrograph variability (Wickert et al., 2013; Straub et al., 2015; Li et al., 2017; Esposito et al., 186 

2018; Barefoot et al., 2021). We define TV as the time necessary to reduce fUM to a near zero 187 

value, specifically 0.05 to avoid statistical irregularities that would be associated with tracking 188 

the time to fUM reaching zero. (Cazanacli et al., 2002; Wickert et al., 2013).  189 

 190 

Timescales of basin filling 191 

Next, we define a timescale that characterizes a vertical mobility, through deposition, of 192 

channelized systems. This is accomplished using the compensation timescale, TC, which defines 193 

the time necessary for sedimentation to produce a deposit geometry that statistically matches the 194 

spatial (x, y) distribution of accommodation production in a basin (Sheets et al., 2002; Wang et 195 

al., 2011). This timescale is estimated by measuring a scale break in the decay of the standard 196 

deviation of deposition rates normalized by the long-term accommodation production rate, σSS. 197 

This variability decays as a power-law function of the timescale of measurement and the slope of 198 

this decay is termed the compensation index, κ (Straub et al., 2009). The value of κ indicates a 199 

style of basin filling, with higher values linked to a stronger statistical preference for deposition 200 

to occur in topographic lows, thus compensating topography. Over short timescales, in which 201 

autogenic processes influence the isopach of a related thickness of strata, κST ranges between 0 202 

to 1. However, over long timescales κLT is generally close to 1, indicating complete 203 

compensation and the one-to-one relationship between the spatial distribution of accommodation 204 

production in a basin and the isopach of a related thickness of strata. Here the subscripts ST and 205 

LT denote short and long timescale, respectively. Laboratory experiments suggest that TC scales 206 
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as the time necessary to generate a deposit with a mean basin wide thickness equal to the 207 

maximum vertical roughness scale of the transport system (Sheets et al., 2002; Wang et al., 208 

2011):  209 

 TC ~ 
𝑙𝑙

𝐷𝐷𝐿𝐿𝐿𝐿
                                                                    (3)   210 

In many systems l can be approximated as the maximum depth of channels at a given location in 211 

a basin and DLT is the basin-wide long-term deposition rate. Given that some of the sediment 212 

associated with filling accommodation over a TC timescale was deposited in a channel and some 213 

in a floodplain, we again highlight the dual importance of both depositional environments to 214 

critical morphodynamic and stratigraphic timescales. 215 

 216 

Dimensionless Mobility Metrics 217 

 The long-timescale vertical to horizontal mobility of channelized sediment routing 218 

systems can be characterized by the ratio of TC and TV  (e.g., Straub and Esposito, 2013) to 219 

produce a dimensionless basin mobility index, TLT
*: 220 

TLT
* =   

𝑇𝑇𝐶𝐶
𝑇𝑇𝑉𝑉

                                                                              (4)                                                                        221 

This ratio is similar to the channel mobility number proposed by Jerolmack and Mohrig (2007), 222 

but rather than characterizing mobility through the time necessary to aggrade a single channel by 223 

one channel depth and migrate that same channel by one channel width, we use parameters that 224 

characterize the longer timescale evolution of a basin. Systems characterized by large TLT
* have 225 

channels with high lateral mobility relative to long-term deposition rates and vice versa. We 226 

explore this parameter in mass-balance space to establish if the rate of accommodation 227 

production influences the relative ratio of vertical to horizontal system mobility and resulting 228 
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gradients in stratigraphic products. We also construct a dimensionless variable to characterize the 229 

ratio of compensation and avulsion timescales: 230 

TST
* =   

𝑇𝑇𝐶𝐶
𝑇𝑇𝐴𝐴

                                                                       (5) 231 

TST
* scales with the number of avulsions, which result in lateral movement of the channel 232 

network, that occur over a compensation timescale. We note that TC and TA are both impacted by 233 

deposition in channels and floodplains. 234 

 235 

Constructing a mass-balance framework 236 

We explore gradients in surface process and stratigraphic timescales, and ratios of these 237 

timescales, within a mass-balance framework. This framework is useful for conceptualizing 238 

controls on stratigraphic gradients, including the environment of deposition, in alluvial basins. 239 

We construct a mass-balance framework for our two experimental deposits using a slight 240 

modification of the method developed by Strong et al. (2005). They defined χ(x) as the ratio of 241 

sediment mass deposited between a source at x = 0 and a downstream distance, x, to the total 242 

mass of sediment deposited in the basin:   243 

 𝜒𝜒(𝑥𝑥)  = ∫
𝐷𝐷(𝑥𝑥)𝑑𝑑𝑑𝑑𝑥𝑥

0

∫ 𝐷𝐷(𝑥𝑥)𝑑𝑑𝑑𝑑𝐿𝐿
0

                                                                        (6) 244 

where D is a rate of deposition and L is the total length of the system. Eq. 6 can be generalized 245 

for transport systems with variable width, B, and with knowledge of the total volumetric 246 

sediment supplied to a basin, VS,0 (Paola and Martin, 2012). Our framework is developed for 247 

single channel inlet basins that can bifurcate downstream of the basin inlet and migrate or avulse 248 

to fill accommodation. We emphasize that our results are specific to distributive systems and 249 

might vary in tributive systems (Weissmann et al., 2010). To account for the three-dimensional 250 
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nature of many fan-deltas we utilize a radial distance, R, from the basin inlet, instead of x and 251 

account for porosity. This leads to the equation: 252 

𝜒𝜒(𝑅𝑅) = 1
𝑉𝑉𝑠𝑠,0

∫ 𝐵𝐵(𝑅𝑅)𝐷𝐷(𝑅𝑅)𝜀𝜀𝑆𝑆(𝑅𝑅)𝑑𝑑𝑑𝑑𝑅𝑅
0                      (7)                  253 

Where εS is the volumetric concentration of sediment in the deposit (1-porosity).  254 

The importance of mass-extraction on surface processes and stratigraphic architecture can 255 

partially be linked to systematic changes in the ratio of sediment to water flux in channels. In 256 

some basins, specifically marginal marine systems, most water fluxes through channels and the 257 

landscapes that surround them until reaching the sea, with minimal loss to groundwater and 258 

evaporation (Winter, 1999; Jasechko et al., 2021). As such, in these basins the ratio of sediment 259 

to water flux generally decreases with distance down system, which suggests there should be 260 

systematic changes in channel aspect ratios and slopes (Parker et al., 1998; Whipple et al., 1998). 261 

Several studies highlight the importance of the ratio of sediment to water flux on channel 262 

morphodynamics (avulsion frequency and channel migration rates) (Bryant et al., 1995; Paola et 263 

al., 2001; Powell et al., 2012; Straub and Wang, 2013; Wang et al., 2020). This ratio will change 264 

down-system, as sediment is deposited, which will initiate spatial gradients in fluvial 265 

morphodynamics and alluvial stratigraphic architecture. A mass-balance framework in essence 266 

normalizes these gradients for deposits of different absolute lengths, thus allowing their 267 

dynamics to be compared. 268 

 269 

METHODS 270 

Despite large differences in some governing dimensionless numbers, experimental and 271 

field scale systems display scale independence and similarity in many deltaic morphodynamic 272 

metrics (Paola et al., 2009; Kleinhans et al., 2014). Here, we characterize the link between 273 
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surface processes and stratigraphic architecture produced in two fan-delta experiments with 274 

significant sediment transport in suspension, some of which overtopped channel levees and got 275 

deposited in floodplains. These two experiments shared identical forcing, except for the rate of 276 

terrestrial accommodation production.  277 

 278 

Experimental setup 279 

Experiments were conducted in a delta basin at the Tulane University Sediment 280 

Dynamics Laboratory. The dimensions of this basin are 4.2 x 2.8 x 0.65 m (Fig. 3). We automate 281 

the rate of sediment (QS) and water (QW) delivery to the basin. In these experiments QS and QW 282 

were kept constant at 3.9 x 10-4 kg/s and 1.7 x 10-4 m3 /s, respectively. Constant QS and QW are 283 

meant to simulate bankfull conditions, which typically occur for a few weeks every other year in 284 

natural systems (Williams, 1978). Constant QS and QW values are a method to speed up time in 285 

experiments as most geomorphic work is thought to occur during these bankfull conditions. 286 

Sediment was released from a computer-controlled commercial feeder into a funnel where it 287 

mixed with water and was routed to the basin from an inlet channel, forming a fan-delta. Blue 288 

dye was added to input water to aid visualization of the flow field and characterization of deltaic 289 

morphodynamics. A weir on a computer controlled vertical slide was in hydraulic 290 

communication with the basin and allowed for ocean elevation control with sub-millimeter 291 

precision.  292 

Sediment delivered to the basin was modeled off the mixture developed by Hoyal and 293 

Sheets (2009), which is composed of particle sizes ranging from approximately 1 – 1000 µm 294 

with a mean of 67 µm. Importantly, the sediment mixture included small amounts of bentonite, 295 

commercially available cat litter, and a granular polymer (New Drill Plus distributed by Baker 296 
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Hughes Inc.). As discussed by Hoyal and Sheets (2009), when mixed with water these 297 

ingredients increase the cohesion of the experimental sediment surface. This increase in system 298 

cohesion allowed relatively narrow and deep channels to form from subcritical flows, which 299 

transported fine grained sediment in suspension. To aid visualization of stratigraphic 300 

architecture, a quarter of the coarsest 23.5% of the distribution was commercially dyed red, 301 

while the remainder consisted of white particles.  302 

The experiments begin with progradation of a delta into the basin with a constant base-303 

level of 25 mm. Progradation stages ceased when the resulting delta-top area matched a 304 

predicted area that combined with a planned base-level rise rate would generate terrestrial 305 

accommodation at a rate equivalent to the input volumetric sediment flux. This resulted in deltas 306 

whose shoreline location was in dynamic equilibrium with forcing conditions (Straub et al., 307 

2015).  308 

The main aggradation stage of an experiment began when sea-level rise was initiated. 309 

The aggradation stage for both experiments lasted 560 hours and all data presented in this study 310 

comes from the aggradation stage. This duration was sufficient to generate tens of channel 311 

depths worth of stratigraphy. The only parameter that varied between experiments was the rate of 312 

accommodation production, Å. This choice facilitated the construction of two deltaic deposits 313 

with different mass-extraction profiles. The low Å experiment had a sea-level rise rate (r) of 0.1 314 

mm/hr, while the high Å experiment had a sea-level rise rate of 0.25 mm/hr.  315 

 316 

Data collection  317 

The primary data collected included topographic scans and co-registered images of the 318 

experimental surface. A FARO Focus3D-S 120 laser scanner was used to collect a point cloud of 319 
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topography, which was converted to a digital elevation model (DEM) having grid spacing of 5 320 

mm in the down and cross basin directions (thus cell area of 25 mm2), and a vertical resolution of 321 

< 1 mm (Figs. 3&4). Two scans were collected each run-hour. The first occurred near the end of 322 

the run-hour to capture an image of the flow field co-registered with topography. The second 323 

occurred after the end of each run-hour while the experiment was paused, yielding the highest 324 

precision topography. As discussed in Straub et al. (2015), the temporal and spatial resolution of 325 

these scans is sufficient to characterize the mesoscale dynamics of the system, such as channel 326 

migration and channel and lobe avulsions. 327 

After the active run phase of the experiments ceased, cores were collected along a dip 328 

line at an interval of 0.5 m, starting at the entrance channel. Cores were dried and weighed to 329 

measure deposit porosity. Next, the deposits were sectioned along cross basin transects with a 330 

spacing of 0.1 m. Cross-sections were imaged using a Cannon G-10 camera and a laser scan. The 331 

visual color fields in the images were co-registered with the point cloud of the cross-section, 332 

resulting in undistorted and basin georeferenced images of the deposits.  333 

 334 

Data analysis 335 

 336 

Measuring morphodynamics 337 

               We focus on measuring attributes important for characterizing timescales of autogenic 338 

surface dynamics in each experiment and linking these to the fraction of strata constructed in key 339 

depositional environments. Our first step is to generate maps of key depositional environments 340 

for each run-hour from co-registered maps of topography and digital images. We define five 341 

environments: terrestrial channels, terrestrial lobes, wet terrestrial overbank (floodplains), dry 342 
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land, and marine (Fig. 3D). Terrestrial channels were mapped by hand using the FARO digital 343 

images. Channels were identified as linear flow features with relatively sharp blue intensity color 344 

gradients that separated channelized flow from overbank flow along levee crests. Channels often 345 

lost confinement prior to reaching the marine, resulting in deposition and construction of 346 

terminal terrestrial lobes. These lobes often migrated upstream due to morphodynamic backwater 347 

effects (Hoyal and Sheets, 2009) until avulsions were triggered (Edmonds et al., 2009). The 348 

lateral extents of these lobes were also mapped by hand and identified by significant surface 349 

expressions of red (coarse) sand and lobate topography. In field scale systems, floodplains are 350 

defined as regions adjacent to channels that are occasionally inundated from flow that overtops 351 

channel levees (Sutfin et al., 2016). Given that our experiments are run with constant discharge, 352 

meant to simulate bankfull conditions, we characterize any terrestrial region that is inundated 353 

with flow and not a channel or a lobe as floodplain (here used interchangeably with overbank). 354 

Thus, active terrestrial floodplain environments were identified as cells above sea-level and 355 

covered by active flow (identified by a blue intensity color threshold) that were not channels or 356 

lobes. The remaining terrestrial cells were registered as dry land. Finally, all cells located below 357 

sea level, defined for each run-hour, were registered as marine. We highlight the range of 358 

depositional environments produced by the Hoyal and Sheets (2009) sediment mixture, which is 359 

greater than produced in bedload dominated experiments. 360 

 Average profiles of down delta topography are generated by taking all measurements of 361 

terrestrial topography, binning data based on radial distance from the entrance channel that are 5 362 

mm wide, and averaging data in each bin. All parameters that are reported as a function of radial 363 

distance from the basin inlet are also measured at this 5 mm spacing. This data is then used to 364 

generate profiles of down delta slope by differing topography at neighboring bins and dividing 365 
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by the bin spacing. Given sensitivity of slope data to small scale variations in average 366 

topography at the tight bin spacing, we apply a 0.1 m moving average to the slope data. 367 

 We measure the average number of channels as a function of distance from the basin 368 

inlet, as we recognize that TV is influenced by both the number of channels on a surface and their 369 

mobility. A similar TV value can be obtained by relatively few channels moving rapidly across a 370 

surface or by many channels moving slowly. However, these two situations would produce 371 

markedly different stratigraphic architecture.  372 

Using channel maps and co-registered topography (Fig. 3), we estimate statistics of 373 

channel depths and widths as a function of distance from the basin inlet, as well as bulk statistics 374 

for the full routing system. For each channel identified along radial strike-sections, we subtract 375 

the minimum elevation present for a channel thread (approximating the thalweg) from the 376 

maximum elevation (approximating the levee crest). Channel widths are measured as the 377 

distance across radial transects between the start and end of channelized flow. This assumes 378 

channels are flowing perpendicular to the radial cross-section, which was generally the case for 379 

the relatively straight channels in our experiments. Distributions of channel depth are used to 380 

calculate a median depth H50(R), which is used in estimates of TA. We also report channel width 381 

statistics as a function of distance from the source. 382 

 Next, we characterize ‘short-timescale’ deposition rates in the three active terrestrial 383 

environments: channels, wet overbanks, and lobes. Given that overbank deposition should be 384 

confined to regions covered by flow, in the remainder of this document we simplify wet 385 

overbank to overbank. Here, short-timescale refers to measurements between successive 386 

topographic scans, δt = 1 hr. While deposition rates are dependent on the timescale of 387 

measurement (Sadler, 1981), all short-timescale rates are calculated over equivalent durations, 388 
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allowing rates to be compared across environments and between experiments. We construct 389 

distributions of short-timescale rates by compiling all rates (including episodes of erosion, stasis, 390 

and deposition) for a given environment of deposition, from all run-hours, at a given distance 391 

from the source. We then report the 25th, 50th, and 75th percentile of these distributions. We also 392 

report bulk statistics of these parameters for the full routing system. 393 

 We are also interested in the average profile of deposition in overbank settings as a 394 

function of distance from a channel margin, as this allows identification of levee and far-field 395 

overbank deposition rates. We identify all overbank cells, measure the distance to the closest 396 

channel, and generate a distribution of deposition rates as a function of distance to the closest 397 

channel, reporting the 25th, 50th, and 75th percentile of these rates.  398 

 Next, we measure long-timescale deposition rates for each experiment as a function of 399 

radial distance from the basin source. This is accomplished by differencing our final and initial 400 

topographic maps and dividing by the duration of the experiments. We report the 50th percentile 401 

of these rates as a function of distance from the basin inlet. 402 

 Estimates of avulsion timescales as a function of distance from the basin inlet are made 403 

with Eq. 1, measurements of H50, and short-timescale deposition rates from channels and far-404 

field floodplains. Specifically, we find that the median DST value for overbanks approximates the 405 

far-field floodplain deposition rate used in the avulsion timescale equation. We refer to the far-406 

field floodplain as locations past the exponential decrease in deposition rate as a function of 407 

distance from a channel the characterizes a levee profile (Pizzuto, 1987). 408 

 We track the reduction in terrestrial dry fraction of each experimental surface as a 409 

function of timespan of observation to estimate TV. We define fM as the fraction of the delta-top, 410 

measured along radial strike-transects that gets modified by channels, with modification defined 411 
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as a change in elevation of at least 1 mm, the vertical resolution of our topographic data. Given 412 

this, the fraction unmodified by channels (fUM) is equal to 1 - fM. We track the change in fUM with 413 

timespan of observation over 350-hour time windows, starting every 1 hour of run-time. This 414 

time window is sufficient for fUM to reduce to 0.05 for any given starting time in either 415 

experiment. For each starting point, we measure the time to fUM reaching 0.05 and then average 416 

all measured reduction timescales for a given experiment to get a representative TV.  417 

 We characterize the vertical evolution of our experiments by utilizing the compensation 418 

timescale, TC. For this, we measure the decay of σSS as a function of timescale of observation 419 

(Wang et al., 2011). We use a change point detection algorithm that minimizes the squares of the 420 

residuals between our data and two power-law trends that intersect at TC. This allows for the 421 

automated detection of TC and the short and long timescale compensation indexes.  422 

 Estimates of TA, TV, and TC, then provide the input parameters necessary to estimate TST
* 423 

and TST
* with equations 4 and 5. 424 

  425 

Characterization of stratigraphy  426 

We construct a volume of synthetic stratigraphy by stacking topographic maps for each 427 

run-hour, which are clipped for episodes of erosion (Strong and Paola, 2008). This synthetic 428 

stratigraphy can be linked to other known or measured attributes, for example the time of 429 

deposition (Fig. 4) or the environment of deposition (Fig. 5B). Each voxel in the stratigraphic 430 

volume is assigned an environment of deposition based on the maps that define the surface 431 

environments. A comparison of our synthetic stratigraphy to images of the physical stratigraphy 432 

indicates that key features like channels and lobes, which are readily apparent in the physical 433 

stratigraphy are correctly categorized in the synthetic stratigraphy (Fig. 5). As such, most of the 434 
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remaining stratigraphic analysis will utilize the synthetic strata, given the higher spatial 435 

resolution at which it was collected, relative to the images of the physical stratigraphy. Synthetic 436 

stratigraphy is then used to calculate the fraction of the final deposit associated with each 437 

depositional environment.  438 

 439 

Constructing a mass-extraction profile  440 

A mass-balance transform for each experiment is constructed using knowledge of the 441 

sediment density, known inputs of sediment mass, and measurements of deposit porosities and 442 

volumes. We estimate deposit volume as a function of radial distance from the basin inlet using 443 

the initial and final topographic scans of each experiment. Next, we fit a polynomial trend to 444 

measurements of porosity to estimate porosity at all radial distances from the entrance channel. 445 

We then apply Eq. 7, with the known basin geometry and input sediment mass to estimate χ(R).   446 

 447 

RESULTS 448 

Mass-extraction profile 449 

However, sediment extraction from transport happened over shorter length scales in the 450 

high, relative to low, Å experiment (Fig. 6).  A key transition in sediment routing systems is that 451 

of the terrestrial to marine environment, and associated deposits. As such, we calculate the mean 452 

distance from the basin inlet to the shoreline for each experiment and note this transition on the 453 

mass-extraction profiles. This transition occurs at χ values of 0.42 and 0.67 for the high and low 454 

Å experiments, respectively. In both experiments χ reaches a maximum value of ~0.8 at 3.5 m 455 

from the basin inlet, a distance that represents the distal wall of the basin and where the basin 456 
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drain is located. Thus, approximately 20% of the sediment input to the basin was not trapped in 457 

the experimental apparatus. 458 

 459 

Characterization of morphodynamics 460 

Morphometrics  461 

 While the water and sediment discharge delivered to the two experiments was the same, 462 

we observe differences in the terrestrial slope of the deltas, with the slope of the low 463 

accommodation experiment significantly higher than the high accommodation generation 464 

experiment (Fig. 7A). The low Å slope is approximately constant at 3% for most of the terrestrial 465 

reach, before falling close to the mean shoreline location. In contrast, the high Å experimental 466 

slope is approximately 3% just downstream of the entrance channel, but immediately starts to 467 

decrease with distance down delta. 468 

We quantify the number of channels observed along strike transects of the experimental 469 

surfaces as functions of distance from the basin inlet (Fig. 7B). In each experiment the number of 470 

channels initially increases with distance as the inlet channel bifurcated. The median number of 471 

channels reaches 4 at a χ value of ~0.2 in each experiment. With further distance into the basin 472 

the number of channels reduced as autogenic transgressions resulted in rough shorelines that 473 

sometimes transgressed to very proximal locations. In addition, some channels terminated in 474 

terrestrial lobes prior to reaching the shoreline. This trend can also be linked to the observation 475 

that very long terrestrial channels, with river mouths at distal basin locations, are generally 476 

linked to a condition where a single and very efficient channel for sediment transport forms, in 477 

contrast to more bifurcated networks. In mass-balance space the two experiments share similar 478 

channel numbers along strike transects as a function of χ. This finding suggests that in mass-479 
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balance space, differences in TV should solely be linked to differences in the mobility of 480 

individual channels. 481 

 Statistics that characterize channel depths also share similar trends in mass-balance space. 482 

In each experiment H50 peaks just downstream of the basin inlet (Fig. 7C). Channels then rapidly 483 

lose relief before maintaining approximately constant relief with further distance into the basin. 484 

Bulk statistics of channel depths over the full routing systems show tremendous overlap between 485 

experiments with similar mean values. Channel widths, however, were significantly different in 486 

the two experiments, both in dimensional distance from the basin inlet and in mass-balance space 487 

(Fig. 7D). Bulk statistics for the full routing systems show that channels were approximately 488 

30% wider in the high, relative to low, accommodation experiment. Taken together, differences 489 

in channel widths and delta top slope between experiments highlights that these parameters are 490 

not only controlled by the ratio of Qs:Qw.  491 

 492 

Depositional statistics 493 

 In systems with constant boundary conditions, deposition rates are a function of timespan 494 

of measurement for timescales less than TC (Schumer and Jerolmack, 2009; Straub et al., 2020). 495 

Therefore, we present measurements of both short and long timescale deposition rates to capture 496 

both shorter term morphodynamics and longer-term deposition. In each experiment, mean 497 

overbank DST gradually decreases with down basin distance, asymptoting at a value of ~0.1 498 

mm/hr (Fig. 8A). The distributions of overbank deposition rates for the entire transport system 499 

show tremendous overlap between experiments, part of this overlap is likely due to the 500 

measurement precision of our topography scanner. However, the quantity of overbank 501 

measurements per experiment (in excess of 106) allows us to identify a 50% greater overbank 502 
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DST in the high vs. low accommodation production experiment, with a standard error of the mean 503 

below one micron. In contrast, in-channel DST is markedly greater in the high, relative to low, Å 504 

experiment (Fig. 8B). This holds whether viewed in a distance from source, mass-balance, or 505 

bulk transport system perspective. In both experiments in-channel DST gradually increases with 506 

distance into the basin before rapidly increasing near the shoreline. Short timescale lobe 507 

deposition rates are relatively independent of distance into the basin and show a slight 508 

dependence on Å. Averaged over the full transport system, lobe DST is 29% greater in the high 509 

vs. low Å experiment (Fig. 8C). We also measured the dependence of short timespan overbank 510 

deposition rates on distance from a channel (Fig. 9). Close to channels overbank deposition rates 511 

are slightly greater in the high, relative to low, Å experiment. Similar to field systems, we note an 512 

exponential decrease in deposition rates as a function of distance from the closest channel until 513 

rates stabilize at their far-field values (Pizzuto, 1987). In both experiments this value is ~0.1 514 

mm/hr, suggesting that far-field overbank deposition rates are not a function of Å.  515 

 Long term deposition rates, measured between the start and the end of each experiment, 516 

are consistently greater in the high, relative to low, Å experiment (Fig. 8D). While measured 517 

rates approximately equal imposed base-level rise rates in the high Å experiment, we note that 518 

DLT outpaces base-level rise rates in the low Å experiment. Further, DLT decreases with distance 519 

into the basin in this experiment. Combined, these observations suggest that the delta slope and 520 

area were not completely in dynamic equilibrium with forcing conditions at the start of the low Å 521 

experiment aggradation stage. As a result, the experimental surface slope increased from 0.022 522 

m/m to 0.033 m/m from the start to end of this experiment.  523 

 In addition to rates of deposition, we also measure the propensity of deposition to occur 524 

in topographic lows. Compensation statistics over autogenic basin filling timescales, which 525 
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measure this propensity, are similar in the two experiments. Specifically, the short timescale 526 

compensation index, κST, does not vary strongly with distance into the basin for the two 527 

experiments, carrying a value of ~0.4 (Fig. 10). This suggests that over autogenic timescales 528 

there is a slight preference for persistence in depositional trends, in contrast to compensational 529 

deposition in topographic lows. This depositional persistence roughens topography until large 530 

scale compensational relocation of transport systems occurs at a timescale equivalent to TC. 531 

 532 

Autogenic timescales 533 

 Next, we use our morphodynamic measurements and maps of depositional environments 534 

to quantify key autogenic timescales. The shortest autogenic timescale explored is the avulsion 535 

timescale, TA. We emphasize here that TA is an estimated setup timescale for avulsions, and not a 536 

timescale between measured avulsion events. However, theory suggest that TA should scale with 537 

the time between observed avulsion events (Jerolmack and Mohrig, 2007; Hajek and Wolinsky, 538 

2012). Using Eq. 1, measurements of H50, and short timescale deposition rates, we estimate a 539 

decrease in TA with distance into each experiment (Fig. 11a). This trend is driven by measured 540 

decreases in channel depths (Fig. 7B) and increases in channel deposition rates (Fig. 8B) with 541 

distance into the basin. While the TA vs. χ trend is similar in shape for the two experiments, TA is 542 

consistently longer in the low, relative to high, Å experiment, primarily due to the difference in 543 

channel DST between experiments. 544 

 While TA quantifies a setup time for an individual channel avulsion, TC quantifies the 545 

time necessary for the products of autogenic channel movements, including avulsions, to average 546 

out in the structure of the basin fill (Wang et al., 2011). In the high Å experiment, we observe 547 

relatively constant TC values until reaching locations near the mean shoreline, where TC starts to 548 
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rise (Fig. 11B). This is likely due to a reduction in long term deposition rates past the mean 549 

shoreline and larger roughness scales associated with the delta front (Trampush et al., 2017).  In 550 

contrast, TC initially increases with χ in the low Å experiment, until stabilizing at a near constant 551 

value with further increases in TC (Fig. 11B). Here, the initial increase is likely due to the 552 

reduction in long term deposition rates with χ that occurred in proximal regions of this 553 

experiment. Over the region where TC was stable with χ in the two experiments, we note 554 

approximately two-fold greater TC values in the low, relative to high, Å experiment (Fig. 11B).  555 

 The final autogenic timescale, TV, quantifies the amount of time necessary for a 556 

significant fraction of the terrestrial delta-top to be modified by channelized flow. Between χ 557 

values of 0 to 0.4, we observe approximately spatially constant visitation timescales that differ 558 

between experiments by approximately a factor of 2, with this autogenic timescale again being 559 

greater in the low, relative to high, Å experiment (Fig. 11C). In both experiments TV increases 560 

with further distance into the basin.   561 

 562 

Basin mobility metrics 563 

 The measured autogenic timescales suggest that accommodation production rates scale 564 

with rates of autogenic processes (i.e., higher Å - shorter autogenic timescales). A key question, 565 

however, is whether some autogenic rates are more sensitive to accommodation production than 566 

others. To explore this, we look at ratios of autogenic timescales. For example, if TC/ TA (TST
*) 567 

varies as a function of accommodation production, it would indicate that the number of avulsions 568 

during a compensation timescale should vary, which should have implications for stratigraphic 569 

architecture. The ratio of TC to TV (TLT
*) should also carry stratigraphic architecture 570 

implications, as TC describes the vertical mobility of a transport system while TV describes a 571 
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system’s lateral mobility.  Starting with TST
*, we observe a systematic increase in this metric 572 

with distance into the basin, suggesting channels are more prone to avulse at distal basin 573 

locations (Fig. 12A). However, in mass-balance space TST
* is approximately equal in the two 574 

experiments at equivalent χ locations. In a similar fashion, values of TLT
* are approximately 575 

equal at equivalent χ values in the two experiments (Fig. 12B). This suggests that changes in the 576 

vertical mobility of each system (i.e., aggradation), driven by changes in accommodation 577 

production, induce proportional changes in lateral mobility. 578 

 579 

Characterization of strata 580 

 A central goal of this study is to explore the capacity of mass-balance transformations to 581 

aid prediction of gradients in facies linked to critical depositional environments. As such, we first 582 

quantify how much overbank strata was preserved in the two experiments, in addition to 583 

quantifying the fraction of each deposit linked to other depositional environments. This is 584 

achieved with the synthetic stratigraphy coded such that each voxel within the volume is linked 585 

to an environment of deposition (Fig. 13). We confirm that both experiments had significant 586 

preservation of overbank strata, at 29% and 18% in the low and high Å experiments, 587 

respectively. If we focus just on the terrestrial deposits, the fraction of strata linked to overbank 588 

deposition increases to 43% and 36%, respectively, for the low and high Å experiments (Fig. 13). 589 

A second observation is the large fraction of sediment in each experiment deposited in the 590 

marine, particularly in the high Å experiment where 50% was deposited in the marine. A 591 

significant export of sediment to the marine is in line with many large river deltas, where 592 

terrestrial sediment retention rates are often less than 50% (Goodbred Jr and Kuehl, 1998; Kim et 593 

al., 2009). We note that in both experiments a fraction of the deposit (<10%) is coded dry land. 594 
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This represents errors in our coding scheme, likely due to environments of deposition changing 595 

over timescales below our measurement frequency. For example, this could represent a brief 596 

episode of overbanking flow between sequential topographic maps, or a brief episode of 597 

terrestrial lobe deposition associated with a crevasse splay. 598 

 Next, we utilize our synthetic stratigraphy to quantify gradients in deposit fraction linked 599 

to each depositional environment.  In both experiments we find that the fraction of strata coded 600 

as channel bodies decreases with distance into the basin (Fig. 14A). The fraction of channel 601 

strata drops to 0 at ~2 m from the basin entrance in the high accommodation production 602 

experiment. Loss of channel deposits does not occur until a distance greater than 3.2 m from the 603 

source in the low accommodation production experiment. The distance from the source at which 604 

channel deposition goes to zero represents the most distal location of shorelines in each 605 

experiment. However, when channel deposit fraction is presented in mass-balance space the data 606 

from the two experiments approximately collapse onto a single trend (Fig. 14A). 607 

The fraction of lobe deposits preserved in each experiment, as a function of distance from 608 

the source, follow parabolic curves. In mass-balance space the lobe fraction is near identical in 609 

the two experiments up to a χ value of 0.4 and then decays with further distance into the high Å 610 

experiment, while this decay does not begin until a χ value of ~0.6 in the low Å experiment (Fig. 611 

14B).   612 

Terrestrial overbank deposit fraction decreases with distance into each experiment (Fig. 613 

14C), which conforms with our observation of reduced short timescale overbank deposition rates 614 

with distance into the basin (Fig. 8A). Loss of overbank deposits occurs at a similar distance into 615 

the basin where channel and lobe deposits are lost. In mass-balance space the decay rate of 616 
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overbank deposits is similar in the two experiments, but the low Å experiment consistently has 617 

greater overbank deposit fractions by approximately 10%.  618 

            The last depositional environment is the marine. We observe marine deposition occurring 619 

at χ values as low as 0.2 in the high Å experiment. Marine deposition is not preserved until a χ 620 

value of 0.6 in the low Å experiment. While preservation of marine strata begins at different χ 621 

values in the two experiments, preservation of any terrestrial strata ceases at a χ value of ~0.7 in 622 

both experiments (Fig. 14D).  623 

 We explore stratigraphic architecture in the two experiments in sections that are 624 

approximately strike oriented and represent the physical stratigraphy paired with panels of 625 

synthetic stratigraphy colored by environment of deposition (Fig. 15). While we define our mass-626 

balance framework with radial distance from the entrance to the basin, here we present panels 627 

that are perpendicular to the long wall of our basin, as this is how our images of the physical 628 

stratigraphy were collected. We present locations that were dominated by terrestrial deposition, 629 

corresponding to χ values of ~0.2 and 0.3 (Fig. 14). While many similarities exist for 630 

stratigraphic panels from the two experiments, we note some differences. First, preserved 631 

channel bodies appear to be wider in the high Å experiment relative to low Å experiment (Fig. 632 

15). This might be due to the wider channels measured on the surface in the high Å experiment, 633 

or due to greater lateral migration rates in this experiment. The latter would suggest greater 634 

prevalence of channel-belt deposits, in comparison to channel body deposits in the high Å 635 

experiment. Second, channel bodies in the low Å experiment are generally thicker, suggesting 636 

greater in-channel aggradation between avulsion events (Fig. 15). 637 

 638 

DISCUSSION    639 
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Coupling of autogenic timescales  640 

As a recap, we focus on three autogenic timescales: 1) The avulsion timescale, TA, 641 

defined as the time to superelevate a channel by one channel depth, 2) the visitation timescale, 642 

TV, defined as the time necessary for 95% of the deltaic surface to be visited by channels that do 643 

geomorphic work, and 3) the compensation timescale, TC, defined as the time necessary for 644 

depositional patterns to mimic patterns of accommodation production. While accommodation 645 

production rates influence autogenic process timescales, a key finding of this study is that they 646 

do so in a manner that preserves mobility metrics important for stratigraphic architecture (Fig. 647 

12). We find, perhaps unsurprisingly, that changes in accommodation production influence 648 

compensation timescales in our experiments (Fig. 11B). Differences in TC between experiments 649 

were primarily due to differences in the long timescale deposition rates, as channel depths were 650 

similar.   651 

Similar to our experiments, other experimental studies have documented increases in 652 

channel mobility, specifically avulsion rates, with an increase in sedimentation rates (Bryant et 653 

al., 1995; Hickson et al., 2005; Martin et al., 2009; Chadwick et al., 2020). A known method to 654 

increase delta-top sedimentation is to increase local accommodation production rates, either 655 

through enhanced subsidence or sea-level rise (Muto and Steel, 1997). The response of the 656 

routing system to this increase in accommodation is felt first and perhaps strongest in the 657 

channels, increasing channel deposition rates. This decreases the timescale necessary to achieve 658 

the avulsion setup condition (Eq. 1).  659 

While avulsion, compensation, and visitation timescales inversely scale with 660 

accommodation production (Fig. 11), they proportionately changed by the same amount when 661 

viewed in mass-balance space (Fig. 12). Thus, in mass-balance space the propensity for channels 662 
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to avulse during the basin-wide aggradation of a compensation length scale is equivalent. A 663 

similar self-organization is observed in the proportional changes to TC and TV. The compensation 664 

scale characterizes the average amount of deposition necessary for autogenic process, largely 665 

associated with lateral migration of the transport system, to average out. In contrast, the 666 

visitation timescale is a description of the lateral mobility of a system, averaged over a timescale 667 

long enough for channels to visit a significant fraction of a basin. While both TC and TV 668 

characterize the filling of basins, they are not identical. Systems with high lateral mobility, 669 

relative to aggradation rates, will visit and rework topography multiple times during the 670 

aggradation of one compensation scale, resulting in more reworking of the active layer and the 671 

potential for multi-storey channel bodies (Straub and Esposito, 2013).  Similar values for TLT
* 672 

observed in our two experiments (Fig. 12B) likely explain the similar propensity for deposition 673 

to occur in topographic lows, as quantified by κST (Fig. 10).  Further, the similar trends in our 674 

long timescale mobility metric, TLT
*, as a function of χ suggest that the lateral mobility of 675 

transport systems is directly and proportionately linked to the self-organization of topography 676 

and deposition rates, which are set by accommodation production. This self-organization, 677 

coupled with comparable gradients in our short and long timescale mobility metrics suggest 678 

similar densities of strata tied to specific depositional environments in the two experiments. For 679 

example, the observed trend in TLT
* with χ suggests similar densities of channel body density as 680 

a function of χ in the two experiments, which is what our stratigraphic analysis reveals (Fig. 681 

14A). These observations, which come from experiments that preserve significant overbank 682 

strata, support earlier mass-balance studies focused on bedload dominated systems that highlight 683 

the importance of mass-extraction to preserved depositional environmental gradients in fluvial 684 

strata (Strong et al., 2005). Our addition is the suggestion that self-similar facies gradients (Fig. 685 
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14) are a result of the self-organized manner that key autogenic surface processes respond to the 686 

production of accommodation (Fig. 12).  687 

 688 

Preserved depositional environment gradients and the role of advective settling 689 

 The work of Strong et al. (2005) and Paola and Martin (2012) suggests that sedimentary 690 

basins sharing similar forcings, with the exception of accommodation production, should share 691 

similar depositional environment gradients in a mass-balance space. They also suggest that some 692 

critical transitions in preserved depositional environments, for example transitions from strata 693 

dominated by channel bodies vs. lobe deposits, might occur at somewhat universal χ values (χ = 694 

0.8 for the channel to lobe transition). Here, we briefly summarize down-basin changes in the 695 

fraction of different preserved depositional environments in our experimental strata and 696 

differences in stratigraphic architecture. First, in mass-balance space we note similar trends for 697 

the fraction of strata composed of channel bodies (Fig. 14A), which we suggest is linked to 698 

similar basin mobility metrics and compensation statistics in our experiments (Fig. 12). We note 699 

that the autogenic timescales explored are rather channel centric and so the link between 700 

measured timescales and stratigraphic products should be strongest for this depositional 701 

environment. While channel deposit fractions were similar in the two experiments, the high Å 702 

experiment had channel storey complexes that indicate a large amount of lateral migration paired 703 

with slow aggradation (Figs. 15 & 16). In contrast, the low Å experiment had relatively narrow 704 

and deep channel storey complexes. Strata of both experiments preserves records of channel 705 

reoccupation, through multi-storey channel bodies (Figs. 15 & 16). In locations that were 706 

dominantly terrestrial (χ < 0.4) both experiments share similar values for the fraction of strata 707 

composed of terminal lobes (Fig. 14B), but at higher χ values the experiments diverge in lobe 708 
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strata abundance. Unlike prior mass-balance studies (Paola and Martin, 2012), we do not see a 709 

sharp transition between channel body dominated vs. lobe dominated strata at a χ = 0.8, but 710 

rather strong overlap in the spatial abundance of these stratigraphic products (Figs. 14-16). While 711 

both experimental deposits have a reduction in terrestrial overbank strata with χ, the low Å 712 

experiment shows consistently higher overbank deposit fractions (Fig. 14C). Finally, we note 713 

that one critical depositional boundary, terrestrial to marine strata, is located at markedly 714 

different χ values in the two experiments (0.42 vs. 0.67 in the high vs. low Å experiments, 715 

respectively) (Fig. 6). Thus, at first take it appears that the mass-balance framework’s predictive 716 

power is strongest for the channelized/bedload dominated strata and reduces as one moves 717 

towards facies dominated by suspension fallout deposition. We stress that applying or testing 718 

these findings to field strata would require generation of generation of sediment budgets, as done 719 

in Hampson et al. (2014) and Sincavage et al. (2019). 720 

  We explore one process that might influence facies transitions and the abundance of 721 

preserved depositional environments in the two experiments: advective settling of fine particles 722 

overbanking channel banks. A key aspect of our experimental forcing is the use of a wide 723 

distribution of particle sizes, with abundant particles in the silt and finer size range. Visual 724 

observations of the experiments confirmed that only fine particles were transported in suspension 725 

and leaked to the floodplains. We estimate an advection settling length for particles that 726 

overbank channels in our experiments and compare this to the distance from the basin entrance 727 

to mean shoreline location. Ganti et al. (2014) defined an advection settling length, la, as: 728 

𝑙𝑙𝑎𝑎 = 𝑢𝑢ℎ𝑆𝑆
𝑤𝑤𝑆𝑆

           (8) 729 

where u is a characteristic flow velocity, hS is a settling height, and wS is a particle fall velocity. 730 

This length scale is most accurate for defining particle transport distances in relatively quiescent 731 
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flows, such as those found in floodplains (Ganti et al., 2014). While a distribution of la would 732 

characterize our experiments, we make a singular and rough estimate with the following 733 

assumptions. First, we assume flow in channels is approximately Froude critical, supported by 734 

earlier observations of similar experimental systems (Hoyal and Sheets, 2009). Assuming a 735 

characteristic channel depth of 10 mm, the assumption of Froude criticality allows us to estimate 736 

a characteristic flow velocity. Our choice of a 10 mm channel depth, which is larger than H50, 737 

accounts for the fact that deeper channels contribute a disproportionate long term mean sediment 738 

flux given the non-linear relationship between channel size and sediment flux rates (Nittrouer et 739 

al., 2011). We use this velocity to describe overbanking flow and given the largely constructional 740 

nature of channels in the experiments, we assume a settling height also of 10 mm. Finally, we 741 

use the Ferguson and Church (2004) method to calculate a settling velocity for the D50 of the 742 

experimental sediment mixture (67 µm) equal to 3.3 mm/s. This will likely overestimate fall 743 

velocity of the overbanking particles, which were likely finer than the D50 of the input sediment 744 

to the basin. These assumptions result in an advection settling length of ~0.9 m. A similar set of 745 

calculations for the D5, D25, D75 and D95 produce advection lengths of approximately 5 km, 9 m, 746 

0.2 m, and 40 mm, respectively. While the assumptions above carry significant uncertainty, it 747 

highlights that in the high Å experiment a significant fraction of sediment leaked to the overbank 748 

could advect to the shoreline and into the marine before deposition, as the mean radius of this 749 

delta was only 1.2 m. In contrast, the mean radius of the low Å experiment was 2.7 m and so a 750 

higher fraction of overbanking sediment should get trapped in the terrestrial in this experiment. 751 

We suggest this helps explain the difference in terrestrial trapping efficiencies and the fraction of 752 

strata linked to overbank sedimentation in the two experiments.  753 
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 We estimate field scale advection lengths to explore the propensity of overbanking 754 

particles to advect past shorelines. Again, a range of advection lengths would characterize any 755 

database of deltas, but for simplicity, we use a settling velocity of flocculated overbanking clays, 756 

recently reported by Lamb et al. (2020) equal to 0.35 mm/s, a typical fluvial flow velocity of 1 757 

m/s and a settling height for overbanking flow of 5 m, based on natural levee heights for larger 758 

river systems (Nittrouer et al., 2012). Combined, this yields an advection length of ~15km, a 759 

distance that is significantly smaller than the radius of many large river systems (Jerolmack, 760 

2009). This suggests that while sediment overbanking levees near shorelines could be lost to the 761 

marine, over the fluvial and much of the deltaic transport segment overbanking particles will get 762 

trapped in terrestrial overbank settings. The advection length will vary with grain size in 763 

channelized transport, with coarser systems experiencing less leakage of overbank sediment to 764 

the marine (and likely less sediment leakage out of channels to begin with). It will also depend 765 

on the settling height of overbanking sediment, with smaller systems linked to lower settling 766 

heights. Combined, grain size and system size influence on advection length scales for 767 

overbanking particles likely also carry a signature of tectonic setting. For example, we 768 

hypothesize more overbanking sediment in large, fine grained passive margin systems relative to 769 

smaller/steeper routing system along active tectonic margins and likely more leakage to the 770 

marine. We suggest that in regions where advection length scales are less than the distance to a 771 

shoreline, a mass-balance framework should carry predictive power for all facies gradients in 772 

strata.  This analysis also emphasizes that application of a mass-balance framework to predict 773 

stratigraphic architecture can be enhanced by considering the total length of a transport segment, 774 

in addition to average accumulation rates, as longer systems will almost always trap more 775 

sediment, all else being equal. 776 
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 777 

Returning to the role of accommodation production on stratigraphic architecture 778 

 Our results, which come from experiments in which only accommodation production rate 779 

was varied, and which included overbank strata resulting from suspension fallout, share similar 780 

fractions of deposits produced in key depositional environments in a mass-balance space. As 781 

such, our results suggest that channel body density is independent of accommodation production 782 

rate in a mass-balance space, supporting earlier mass-balance studies (Strong et al., 2005; Paola 783 

and Martin, 2012). This finding also helps explain the results of the meta-study performed by 784 

Colombera et al. (2015), which found that channel-body density, geometry, and stacking pattern 785 

are not reliable diagnostic indicators of accommodation production rates. Similar to the 786 

theoretical framework provided by Paola and Martin (2012), we suggest that mass-balance 787 

frameworks help collapse stratigraphic observations because they allow comparison of locations 788 

with similar QS:QW ratios. This stratigraphic finding follows on decades of work that highlights 789 

the importance of QS:QW on surface morphology and dynamics (Parker et al., 1998; Whipple et 790 

al., 1998; Powell et al., 2012; Wickert et al., 2013). While channel body density was similar in 791 

the two experiments, we do note differences in both the width of channels and preserved channel 792 

bodies in the strata (Figs. 15&16). Differences in the surface slopes were also observed between 793 

experiments. This highlights that while Qs:Qw critically influences channel width and slopes, 794 

other secondary factors also come into play and should be considered when inverting strata for 795 

paleoenvironmental conditions. 796 

The experimental sediment mixture used in this study allows us to explore the role of 797 

accommodation production on overbank sedimentation and stratigraphic architecture. We see 798 

tremendous overlap in the overbank depositional statistics in the two experiments (Fig. 8A&9). 799 
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However, the vast number of DST measurements in this study allow us to identify the following 800 

differences. First, greater deposition rates near levee crest were measured in the high vs. low Å 801 

experiment (Fig. 9). Second, a 50% greater mean overbank deposition rate was measured in high 802 

vs. low Å experiment (Fig. 8A). The second point might seem to be in contradiction with the 803 

observation that the trend in overbank DST as a function of mass-balance location does not vary 804 

strongly between experiments (Fig. 8A). However, we note the difference in planform area of the 805 

two routing systems (Fig. 3) meant there were a greater number of overbank sites far from a 806 

channel in the low vs. high Å experiment. This tilted the deposition rate distribution towards 807 

lower values in the low vs. high Å experiment.  808 

One important observation regarding overbank sedimentation is that the far-field 809 

overbank DST was similar in the two experiments (Fig. 9). We note that this far-field overbank 810 

aggradation rate factors into the calculation for avulsion setup timescales (Eq. 1). However, 811 

given the near equivalent TST
* estimates between experiments in χ space (Fig. 12A), our results 812 

suggest that channels are more sensitive than floodplains to accommodation production rates 813 

because channels are where deposition rates vary just enough to cause avulsion and 814 

compensation timescales to co-vary proportionally in response to accommodation production. 815 

This might be due to the connection that many channels have with the shoreline, and thus 816 

baselevel through processes that induce non-uniform flow like the development of backwater 817 

(Lamb et al., 2012; Wu and Nitterour, 2020), while deposition in far-field overbank sites lacks 818 

the regional influence of sea-level.  819 

                            832 

CONCLUSIONS 833 
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Using results from a suite of physical fan-delta experiments, we explore gradients in key 834 

autogenic timescales and preserved depositional environments in strata within a mass-balance 835 

framework. We focus on channelized systems that preserve a significant volume of sediment 836 

deposited from suspension fallout in overbank settings. All forcing parameters were identical in 837 

the two experiments, except for the production of accommodation by sea-level rise. This allowed 838 

us to explore the universality of observations made in mass-balance space from bedload 839 

dominated fan-delta experiments (Strong et al., 2005; Paola and Martin, 2012) and explore the 840 

role of accommodation production on stratigraphic architecture. We find: 841 

 842 

1. Measurements of surface morphology, deposition rates, and channel mobility suggest that 843 

autogenic timescales inversely scale with accommodation production rates (Fig. 11).   844 

2. Metrics that quantify ratios of the vertical mobility of a delta through deposition 845 

(compensation timescale) to the lateral mobility of a network (either avulsion setup 846 

timescale or channel visitation timescale) were independent of accommodation 847 

production rate when placed in a mass-balance space (Fig. 12). This self-organized 848 

response to accommodation production provides a process framework to explain the 849 

utility of balancing mass for prediction of stratigraphic properties.   850 

3. Measured gradients in the fraction of strata composed of key depositional environments 851 

show good agreement between experiments when placed in mass-balance space (Fig. 14). 852 

This suggests that stratigraphic architecture is independent of accommodation production 853 

in a mass-balance framework. This is particularly true for depositional environments 854 

linked to bedload transport (channels and terminal lobes). We suggest that low terrestrial 855 

retention of fines overbanking channels near shorelines partially explains differences in 856 
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overbank strata in our experiments. However, in field scale studies that explore large 857 

source to sink sediment routing systems, the loss of fine overbanking sediment to the 858 

marine near shorelines might not be an important factor for prediction of overbank strata 859 

volumetrics. 860 

4. Trends in channel deposition rates are sensitive to accommodation production rates in our 861 

experiments. However, overbank deposition rates as a function of mass balance space are 862 

relatively insensitive to accommodation production rates in our experiments (Fig. 8). 863 

Thus, most of the differences in autogenic timescales in our experiments are due to the 864 

sensitivity of channels to processes that generate accommodation.  865 
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SUPPLEMENTAL MATERIAL  873 

Data from the low and high accommodation production experiments (TDB-17-1 and TDB-18-1, 874 

respectively) are accessible through the Sustainable Environment–Actionable Data (SEAD) 875 

project data repository in collaboration with the Sediment Experimentalist Network. All data can 876 

be accessed through the Tulane Sediment Dynamics and Quantitative Stratigraphy Group’s 877 

collection at https://sead2.ncsa.illinois.edu/collection/596d28c5e4b05e3417b2096f. 878 
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FIGURE CAPTIONS 880 

Figure 1: The Lower Wasatch Formation as observed in the Uinta Basin, UT, U.S.A. 881 

exemplifies alluvial strata constructed in basins that preserve significant fractions of both 882 

channelized and overbank strata. Sediment transport direction is into the image. Image modified 883 

from Pisel et al. (2018) and provided courtesy of David Pyles. The lower panel represents 884 

interpretation of outcrop into channel bodies and overbank strata. 885 

 886 

Figure 2: Schematic illustrating a segment of a sediment routing system with measurement of 887 

length as both a dimensional distance and dimensionless mass-extraction distance from an 888 

upstream segment boundary. B-F) Conceptual models of the influence of accommodation 889 

production rate on stratigraphic architecture and example stratigraphy that contains channel-belt 890 

deposits encased in overbank strata. In each conceptual model a step change separates older 891 

strata deposited in a high accommodation production setting from younger strata constructed in a 892 

low accommodation setting. B) Conceptual model generated from LAB publications. Along a 893 

vertical section of strata at a fixed location in space, the LAB models predict an increase in 894 

channel density with a decrease in accommodation production rate. C) Conceptual model of 895 

Strong et al. 2005, SSHP, findings where a decrease in channel scour density resulted from a 896 

decrease in accommodation production at a fixed location in space. D) Placing the strata of the 897 

SSHP study in a mass-extraction framework removed most, but not all the differences in channel 898 

scour density between the two stages. E) An idealized model of SSHP and Paola and Martin 899 

(2012), PM, suggest similar density of channel bodies encased in floodplain strata if placed in a 900 

mass-extraction framework. F) This same strata, if viewed at a fixed location in space, would 901 

show a reduction in channel body density with reduction in accommodation production rate. 902 
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 903 

Figure 3: Characteristic images of the active experimental surface and depositional 904 

environments in the two experiments. A-B) Images of active experimental surfaces with flow 905 

dyed blue for the low (run-hr 390) and high (run-hr 415) Å experiments, respectively. Purple 906 

lines denote contours of mass-extraction fractions, while black line denotes shoreline at that run-907 

hour C) Map of elevations relative to sea-level for run-hr 415 of the low Å experiment. Line B 908 

represents arc defined by radius R (dashed line). D) Map of depositional environments. Location 909 

of cross-sections presented in figures 4 and 5 is shown in red.  910 

 911 

Figure 4: Synthetic stratigraphy produced during the first 390 hrs of the low Å experiment. 912 

Cross-section is oriented as if one is looking downstream, with location of cross-section noted in 913 

Fig. 3d. Colored lines represent time since deposition normalized by the compensation timescale 914 

of the cross-section. Black lines represent surfaces deposited more than one compensation 915 

timescale prior to run-hour 390. Key depositional environments are noted. Insert shows 916 

schematic of key morphodynamic parameters necessary to estimate avulsion timescales.  917 

 918 

Figure 5: Cross-sections of (A) physical and (B) synthetic stratigraphy of the low Å experiment. 919 

Cross-section is oriented as if one is looking downstream, with location of cross-section noted in 920 

Fig. 3d. Synthetic stratigraphy is coded by environment of deposition. Locations of several 921 

channel bodies preserved in both the physical and synthetic strata are noted for comparison of 922 

the two data types.  923 

 924 

JS
R  

Pre-
Prin

t 

Draf
t V

ers
ion

 

Downloaded from http://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/doi/10.2110/jsr.2022.012/5937001/straub.pdf
by University of Liverpool user
on 05 September 2023



 

Straub et al., in-prep. 41 

Figure 6: Mass-extraction profiles define how distance from source converts to fraction of input 925 

sediment extracted to deposition for the two experiments. Dark hues represent dominantly 926 

terrestrial settings while lighter hues represent dominantly marine settings. 927 

 928 

Figure 7: Data defining key morphological parameters as a function of distance from source (left 929 

panels), mass-extraction location (center panels) and bulk statistics, presented as violin plots, for 930 

the full routing system (right panels) of each experiment. A) Data defining the down delta 931 

terrestrial slope. B) Data defining number of active channels on a given surface. B) Data defining 932 

depth of active channels on a given surface. C) Data defining width of active channels on a given 933 

surface. Lines in left and center panels represent median values, while semi-transparent shaded 934 

regions spanning the 25th - 75th percentiles. 935 

 936 

Figure 8: Data defining short (δt = 1 hr) and long (δt = 560 hr) timescale deposition rates as a 937 

function of distance from source (left panels), mass-extraction location (center panels), and bulk 938 

statistics, presented as violin plots, for the full routing system (right panels) of each experiment. 939 

Short timescale deposition rates presented for A) overbank, B) terrestrial channel, and C) 940 

terrestrial lobe depositional environments. Lines in left and center panels represent median 941 

values, while semi-transparent shaded regions spanning the 25th - 75th percentiles. 942 

D) Data defining long term deposition rates of bulk deposit as a function of position in basin for 943 

each experiment. Dashed lines illustrate imposed long term sea-level rise rate in each 944 

experiment.  945 

 946 
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Figure 9: Data defining short term deposition rates as a function of distance from the closest 947 

active channel for each experiment. Lines represent median values, while semi-transparent 948 

shaded regions spanning the 25th - 75th percentiles. Dashed lines illustrate imposed long term sea-949 

level rise rate in each experiment.  950 

 951 

Figure 10: Measurements of short-timescale compensation indexes as a function of mass-952 

balance location in each experiment. 953 

 954 

Figure 11: Estimations and measurements of autogenic timescales as a function of mass-balance 955 

location in each experiment. A) Estimations of avulsion setup timescales made with measured 956 

median channel depths and short timescale deposition rates. B) Measurements of compensation 957 

timescales made from measurements of the decay of σSS with timespan of observation. C) 958 

Measured channel visitation timescales for experimental surfaces.  959 

 960 

Figure 12: Mobility metrics generated with ratios of autogenic timescales as a function of mass-961 

balance location in each experiment. A) Ratio of compensation to avulsion timescale, TST
*. B) 962 

Ratio of compensation to visitation timescale, TLT
*.  Similar basin mobility metrics at a given 963 

mass-balance location suggests strata should have similar architecture.  964 

 965 

Figure 13: Data defining fraction of deposit associated with each depositional environment for 966 

the two experiments. A) Fraction of bulk deposit associated with each depositional environment. 967 

B) Fraction of terrestrial strata linked to each terrestrial depositional environment. 968 

 969 
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Figure 14: Data defining fractions of bulk deposits linked to each depositional environment as a 970 

function of dimensional distance from source (left panels) and mass-extraction location (right 971 

panels) for each experiment.  Environments of deposition include A) terrestrial channels, B) 972 

terrestrial lobes, C) terrestrial overbank, and D) marine.  973 

 974 

Figure 15: Cross-sections of physical and synthetic stratigraphy produced in the two 975 

experiments. All panels are oriented perpendicular to the long wall of the experimental basin, 976 

making them approximately strike oriented sections. Sections are presented with sediment 977 

transport into the panels and come from the middle third of the full basin cross-section. Given 978 

that our mass-balance framework is defined as a function of radial distance from the source, 979 

mass-balance position of each cross-section is approximate. Solid black lines are timelines of the 980 

synthetic strata, generated by stacking topographic scans and clipping for episodes of erosion. 981 

Timelines are presented for every 10th hour of each experiment. 982 

 983 

Figure 16: Schematic cross sections of the sedimentary architecture at CHI = 0.2 and CHI = 0.5 984 

for the high accommodation experiment (A, C) and the low accommodation experiment (B, D).  985 

Numerals refer to: (i) multi-storey, multilateral offset stacked channel architecture with high 986 

trajectory; (ii) multistorey, vertically stacked channel architecture (thickness >> channel depth); 987 

(iii) multi-storey nested and nested offset stacked channel architecture; (iv) multi-storey, 988 

multilateral offset stacked channel architecture with low trajectory; (vi) multistorey, vertically 989 

stacked channel architecture (thickness ≥ channel depth). (E, F) Fraction of deposit composed of 990 

either channel, overbank, lobe and marine strata for the high accommodation experiment (left) 991 

and the low accommodation experiment (right).   992 
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