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Asstract:  Basin-wide accommodation production and associated sediment mass deposition exert fundamental
controls on stratigraphic architecture, but the details of this relationship are not fully understood. This is because
it is unknown how accommodation production directly influences morphodynamics both in terms of channel pro-
cess (i.e., channel migration, channel avulsion) and floodplain process, both of which are themselves coupled
dynamically and are critical to the nature of stratigraphic architecture. To address this, we expand on existing
theory that links sediment mass balance and resultant stratigraphic architecture. We use two fan-delta experi-
ments that each experience different rates of accommodation production to measure key surface morphometrics
and subsurface sedimentary characteristics. Importantly, sediment was transported in bedload and suspension in
these experiments, resulting in construction of strata characterized by channel bodies surrounded by overbank
strata deposited from suspension fallout. From these data we use three key timescales to capture the overall
behavior of the system when placed into mass-balance space: avulsion setup timescales (74) and channel mobility
timescales (7)) that define short-term surface autogenics, and an accretion timescale (7¢) that incorporates
longer-term deposition. We find that the ratio of both 7-/T, and T¢/Ty are independent of accommodation pro-
duction rate in mass-balance space, which supports a self-organized response of channel dynamics to environmen-
tal boundary conditions. The fraction of strata generated from key depositional environments largely supports
this behavior, particularly for channel sand bodies that resulted in deposition from bedload transport. As such,
our results suggest that channel-body density is independent of accommodation production rate in a mass-balance
space. We found that, although contributing to a significant fraction of the basin strata, far-field overbank deposi-
tion rates are insensitive to accommodation production and that differences in autogenic timescales between
experiments largely resulted from differences in channel deposition rates, highlighting the close coupling between
channel dynamics and accommodation generation. More generally the observed self-organized response of surface
morphodynamics to accommodation production in mass-balance space provides a process-based framework to
explain the utility of balancing mass for the prediction of down-system sediment size fractionation and sedimen-
tary architecture.

INTRODUCTION appreciation of the co-evolution of channels and their floodplains can be seen
in several recent studies (Hajek 2015; Esposito et al. 2018; Barefoot et al.
2021; Martin and Edmonds 2021; Chamberlin and David et al. 2022; Han and
Kim 2022). We follow a definition of floodplains as the relatively flat topo-
graphic surfaces adjacent to rivers that experience inundation on annual to
decadal timescales, and can be distinguished from regions that are not regularly
inundated (Sutfin et al. 2016).

Quantitative exploration of stratigraphic architecture has its roots in a
series of publications that modeled the aggradation of individual strike-
oriented sections of alluvial strata (Allen 1978; Leeder 1978, Bridge and
Leeder 1979). Following commonly used nomenclature, we refer to these
as the LAB models. Inspired by these early studies, similar models are still

The spatial arrangement of channel bodies, encased within floodplain strata,
is often referred to as alluvial stratigraphic architecture (e.g., Allen 1978;
Leeder 1978; Bridge and Leeder 1979; Kraus 2002; Hickson et al. 2005;
Wang et al. 2021) (Fig. 1). Primary controls on this architecture include the
depth and width of channels (Bristow and Best 1993) as well as their lateral
migration and avulsion rates (Bryant et al. 1995; Jerolmack and Mohrig 2007;
Jerolmack and Paola 2007; Hajek 2009; Hajek et al. 2010). Thus, environmen-
tal forcings that influence channel geometry and mobility have the potential to
be recorded in alluvial stratigraphic architecture. While relationships between
some forcings and stratigraphic architecture have been explored, including the

character of hydrographs (Plink-Bjorklund 2015; Esposito et al. 2018; Bare-
foot et al. 2021) and sediment properties (Tornqvist 1993; Caldwell and
Edmonds 2014; Hariharan et al. 2021), much of what we know about strati-
graphic architecture concerns channel-centric processes. However, a renewed
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in use today (Chamberlin and Hajek 2015, 2019; Chamberlin et al. 2016).
Under a constant rate of tectonic subsidence, river channels in the LAB
models were prescribed to avulse at a set frequency and relocate to random
positions in the basin. Deposition outside channels (overbank deposition)
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FiG. 1.—The lower Wasatch Formation as observed in the Uinta Basin, UT, U.S.A. exemplifies alluvial strata constructed in basins that preserve significant fractions of both channelized and overbank strata. Sediment

transport direction is into the image. Image modified from Pisel et al. (2018) and provided courtesy of David Pyles. The lower panel represents interpretation of outcrop into channel bodies and overbank strata.
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was modeled in the simplest fashion possible, prescribed as a uniform
rate that did not vary in time or space. Relocation of channels through
avulsion resulted in the removal of floodplain and replacement with
channelized strata. While advances have been made in our understanding
of overbank sedimentation since publication of the LAB models (Pizzuto
1987; Pizzuto et al. 2008; Toonen et al. 2017; Martin and Edmonds
2021), our knowledge of sedimentation processes in channels still far
exceeds our understanding of floodplain deposition. This was high-
lighted in a study by Jerolmack and Paola (2007), who modeled the
accumulation of fluvial strata. Given uncertainty in how to model over-
bank strata, they explored the consequences of different algorithms: uni-
form, elevation dependent, and noisy overbank deposition. The choice of
algorithm implemented had important implications for the spatial arrange-
ment of sand bodies in the strata. While advances in our understanding of
overbank sedimentation have occurred since the Jerolmack and Paola
(2007) modeling work, we still lack process theory for overbank sedimen-
tation that rivals the sophistication of our theory for channels.

Exploration of processes that produce fluvial stratigraphic architecture
has been stifled by the difficulty in producing fluvial landscapes at labo-
ratory scale that construct strata from both bedload-dominated channel-
ized processes and suspension-fallout deposition in overbank settings.
Almost all physical experiments that explore construction of channelized
strata are associated with transport systems that move sediment near
exclusively in bedload (Wood et al. 1993; Strong et al. 2005; Swenson
2006; Wang et al. 2011; Muto and Powell et al. 2012; Ganti et al. 2019).
However, a sediment mixture developed by Hoyal and Sheets (2009)
does generate landscapes and strata by a mixture of bed-load and
suspended-load transport, with overbank strata resulting from suspension
fallout. Here, we use a similar mixture to explore the control of accom-
modation generation on the architecture of fluvial—deltaic strata.

The space made available to store sediment is termed accommodation
and is primarily set by subsidence and sea-level rise rates. While accommo-
dation is formally defined in a volumetric framework (Jervey 1988), we fol-
low a definition that quantifies the vertical distance between the current
Earth-surface and the long-term equilibrium topography at a point in space
(Muto and Steel 2000). With this definition, we can define a rate of accom-
modation production with dimensions of L/7. A central goal of this work is
to use physical experiments to develop a theoretical framework to quantify
how accommodation production influences channel-floodplain processes
(i.e., morphodynamics), and how this in turn influences alluvial sedimentary
architecture.

Under a constant rate of tectonic subsidence river channels in the LAB
models were prescribed to avulse at a set frequency and relocate to random
positions in the basin. An early avenue of exploration focused on the rate of
accommodation production for the density and interconnectedness of chan-
nel bodies in the subsurface. The LAB models predicted that accommoda-
tion production rate was inversely related to channel-body density in the
resulting strata (Fig. 2B). However, physical experimental observations sug-
gest that rates of channel avulsion are proportional to long-term sediment
accumulation rates (Bryant et al. 1995; Chadwick et al. 2020). Here, we
refer to long-term sediment accumulation rates as those measured over time-
scales in which subsidence rates dictate sedimentation rates. These same
experiments and other stratigraphic architecture models produce the oppo-
site relationship between accommodation generation and preserved channel-
body density found in the LAB models (Heller and Paola 1996). Further, a
compilation of 20 published field studies found no consistent relationship
between channel-body stacking density and long-term aggradation rates
(Colombera et al. 2015).

A test of the LAB model predictions was undertaken in a physical experi-
ment performed in the eXperimental Earth-Scape (XES) facility in 1999
(Hickson et al. 2005; Strong et al. 2005). This experiment included two
stages that differed in their absolute subsidence rates. However, to keep the
average shoreline location at an equal location, water and sediment feed
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FiG. 2.—A) Schematic illustrating a segment of a sediment routing system with measurement of length as both a dimensional distance and dimensionless mass-extraction
distance from an upstream segment boundary. B-F) Conceptual models of the influence of accommodation production rate on stratigraphic architecture and example stra-
tigraphy that contains channel-belt deposits encased in overbank strata. In each conceptual model a step change separates older strata deposited in a high-accommodation
production setting from younger strata constructed in a low-accommodation setting. B) Conceptual model generated from LAB publications. Along a vertical section of
strata at a fixed location in space, the LAB models predict an increase in channel density with a decrease in accommodation production rate. C) Conceptual model of
Strong et al. (2005), SSHP, findings where a decrease in channel scour density resulted from a decrease in accommodation production at a fixed location in space. D) Plac-
ing the strata of the SSHP study in a mass-extraction framework removed most, but not all, the differences in channel scour density between the two stages. E) An idealized
model of SSHP and Paola and Martin (2012), PM, suggest similar density of channel bodies encased in floodplain strata if placed in a mass-extraction framework. F) This

same strata, if viewed at a fixed location in space, would show a reduction in channel-body density with reduction in accommodation production rate.

rates also differed between the experimental stages. The switch in forcing
parameters between stages induced a change in transport slope, which resulted
in deposits of differing length and so were not directly comparable in terms of
their sedimentary architecture. To account for this, Strong et al. (2005) devel-
oped a mass-balance transformation for sedimentary basins. This transforma-
tion converts a distance from a basin inlet to a dimensionless parameter
equal to the ratio of the sediment mass deposited upstream of a location of
interest to the sediment mass deposited in the entire basin (Fig 2A). They
applied this transformation to the strata of their two experimental stages, com-
paring architecture at equivalent mass-balance locations. Lacking channel-
belts encased in floodplain strata, they mapped channel scour bodies in the
strata that resulted from hydraulic jumps. These scour bodies were surrounded
by other bedload deposits, including those resulting from channels and lobes.
The mass-balance transformation removed much of the difference in strati-
graphic architecture (Fig. 2C, D) observed in cross-sections of the two stages.
However, some differences remained, including a higher scour body density

in the experimental stage with high subsidence rates, which they suggested
might just be due to the higher input rates of water and sediment in this stage.
A key finding of their study and a companion study (Paola and Martin 2012)
though, was the importance of mass-extraction to stratigraphic architecture,
which the authors suggested might be as important as previously explored
parameters (Fig. 2E).

Here, we undertake an experimental campaign where only the produc-
tion of accommodation is varied between two experiments that utilize a
sediment mixture similar to that developed by Hoyal and Sheets (2009).
We apply the mass-balance transformation to control for differences in the
absolute planform dimensions of our experiments, thus allowing us to iso-
late the influence of accommodation production on channel-floodplain
morphodynamics and the associated alluvial sedimentary architecture.

Our goal is to link mass-extraction to Earth-surface dynamics (morphody-
namics) and stratigraphic architecture by exploring critical timescales that
quantify the lateral mobility of fluvial networks and the vertical accumulation
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of alluvial strata. Further, we explore the sensitivity of both channels and
floodplains to accommodation production. For basins experiencing constant
environmental conditions, processes internal to the sediment routing system
(i.e., autogenic processes) control stratigraphic architecture over the timescales
explored in stratigraphic architecture models (Sheets et al. 2002; Strong et al.
2005; Hajek and Straub 2017). Methods that quantify the timescales of these
processes provide means to quantitatively compare the lateral and vertical
dynamics of systems in a mass-balance framework. We suggest that timescale
ratios that compare lateral to vertical dynamics correlate to stratigraphic attri-
butes, including the density of preserved channel bodies and the volume of
preserved overbank strata.

THEORY
Timescales of Channel Migration

Channels move over alluvial basins through slow lateral migration and
punctuated relocation events, known as avulsions. A commonly used metric
to assess the likelihood of river avulsion is the superelevation ratio. This
parameter is defined as the relief between a levee crest and the elevation of
the far-field floodplain normalized by the channel depth (Mohrig et al.
2000; Martin et al. 2009; Hajek and Wolinsky 2012), with rivers primed for
avulsion when this ratio is order 1. This theory can be used to estimate a
time between avulsions, 74, as

H

T)j=——
47 D¢ — Drp

(1
where H is a characteristic channel depth, D is a channel deposition rate, and
Dpp is the far-field floodplain deposition rate (Jerolmack and Mohrig 2007),
both measured over the timescale between avulsions. In this framework, depo-
sition in both channels and floodplains impacts avulsion frequency.

On timescales longer than 7, the mobility of channels leads to the
reworking of sediments in the active layer (within ~ 1 channel depth of the
surface) and deposition of channel sand geobodies. This channel mobility
impacts the distribution of channel sand geobodies and the rate, timing, and
preservation of floodplain deposits (Fielding et al. 2006; Martin et al. 2009;
Kim et al. 2010; Wickert et al. 2013; Sahoo et al. 2020). Tracking the time
necessary for a significant fraction of the terrestrial delta-top to experience
surface modification by channelized flow allows a visitation timescale, 77,
to be calculated. This captures modification from both slow migration of
channels and their punctuated relocation following avulsion. The average of
the decay curves representing the change in fraction of unmodified area
(fuas) with timescale of observation follows an exponential decay:

fou = ae™ )

where a and b are parameters dependent on boundary conditions, such as the
rate of accommodation production, input grain-size distribution, sediment
cohesion, vegetation, and hydrograph variability (Wickert et al. 2013; Straub
et al. 2015; Li et al. 2017; Esposito et al. 2018; Barefoot et al. 2021). We
define 7'-as the time necessary to reduce i, to a near zero value, specifically
0.05 to avoid statistical irregularities that would be associated with tracking
the time to f;, reaching zero (Cazanacli et al. 2002; Wickert et al. 2013).

Timescales of Basin Filling

Next, we define a timescale that characterizes a vertical mobility, through
deposition, of channelized systems. This is accomplished using the compen-
sation timescale, T, which defines the time necessary for sedimentation to
produce a deposit geometry that statistically matches the spatial (x, y) distri-
bution of accommodation production in a basin (Sheets et al. 2002; Wang
et al. 2011). This timescale is estimated by measuring a scale break in the
decay of the standard deviation of deposition rates normalized by the long-
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term accommodation production rate, Ggg. This variability decays as a
power-law function of the timescale of measurement, and the slope of this
decay is termed the compensation index, k (Straub et al. 2009). The value
of « indicates a style of basin filling, with higher values linked to a stronger
statistical preference for deposition to occur in topographic lows, thus com-
pensating topography. Over short timescales, in which autogenic processes
influence the isopach of a related thickness of strata, kg7 ranges between 0
to 1. However, over long timescales ;7 is generally close to 1, indicating
complete compensation and the one-to-one relationship between the spatial
distribution of accommodation production in a basin and the isopach of a
related thickness of strata. Here the subscripts S7 and L7 denote short and
long timescale, respectively. Laboratory experiments suggest that 7 scales
as the time necessary to generate a deposit with a mean basin-wide thickness
equal to the maximum vertical roughness scale of the transport system
(Sheets et al. 2002; Wang et al. 2011):

!
Te~— 3
Dir )

In many systems / can be approximated as the maximum depth of channels
at a given location in a basin and D, 7 is the basin-wide long-term deposition
rate. Given that some of the sediment associated with filling accommodation
over a T timescale was deposited in a channel and some in a floodplain, we
again highlight the dual importance of both depositional environments to criti-
cal morphodynamic and stratigraphic timescales.

Dimensionless Mobility Metrics

The long-timescale vertical to horizontal mobility of channelized sedi-
ment routing systems can be characterized by the ratio of 7¢ and T (e.g.,
Straub and Esposito 2013) to produce a dimensionless basin mobility
index, TLT*Z

Tc

T = =5 4
LT TV ()

This ratio is similar to the channel mobility number proposed by Jerol-
mack and Mobhrig (2007), but rather than characterizing mobility through
the time necessary to aggrade a single channel by one channel depth and
migrate that same channel by one channel width, we use parameters that
characterize the longer-timescale evolution of a basin. Systems character-
ized by large T;7* have channels with high lateral mobility relative to
long-term deposition rates and vice versa. We explore this parameter in
mass-balance space to establish if the rate of accommodation production
influences the relative ratio of vertical to horizontal system mobility and
resulting gradients in stratigraphic products. We also construct a dimen-
sionless variable to characterize the ratio of compensation and avulsion
timescales:

Tsr* = — )

Tsr* scales with the number of avulsions, which result in lateral move-
ment of the channel network, that occur over a compensation timescale.
We note that 7¢ and 74 are both impacted by deposition in channels and
floodplains.

Constructing a Mass-Balance Framework

We explore gradients in surface process and stratigraphic timescales, and
ratios of these timescales, within a mass-balance framework. This framework
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is useful for conceptualizing controls on stratigraphic gradients, including the
environment of deposition, in alluvial basins. We construct a mass-balance
framework for our two experimental deposits using a slight modification of
the method developed by Strong et al. (2005). They defined y(x) as the ratio
of sediment mass deposited between a source at x = 0 and a downstream dis-
tance, x, to the total mass of sediment deposited in the basin:

= ©)

where D is a rate of deposition and L is the total length of the system. Eq. 6
can be generalized for transport systems with variable width, B, and with
knowledge of the total volumetric sediment supplied to a basin, Vs, (Paola
and Martin 2012). Our framework is developed for single-channel-inlet
basins that can bifurcate downstream of the basin inlet and migrate or avulse
to fill accommodation. We emphasize that our results are specific to distribu-
tive systems and might vary in tributive systems (Weissmann et al. 2010).
To account for the three-dimensional nature of many fan-deltas we utilize a
radial distance, R, from the basin inlet, instead of x and account for porosity.
This leads to the equation

R

JB (R)D(R)es(R)dR ™)

0

1
V&,O

x(R) =

where €g is the volumetric concentration of sediment in the deposit
(1 — porosity).

The importance of mass-extraction on surface processes and strati-
graphic architecture can partially be linked to systematic changes in the
ratio of sediment to water. In some basins, specifically marginal marine
systems, most water fluxes through channels and the landscapes that sur-
round them until reaching the sea, with minimal loss to groundwater and
evaporation (Winter 1999; Jasechko et al. 2021). As such, in these basins
the ratio of sediment flux to water flux generally decreases with distance
down system, which suggests that there should be systematic changes in
channel aspect ratios and slopes (Parker et al. 1998; Whipple et al. 1998).
Several studies highlight the importance of the ratio of sediment flux to
water flux on channel morphodynamics (avulsion frequency and channel
migration rates) (Bryant et al. 1995; Paola et al. 2001; Powell et al. 2012,
Straub and Wang 2013; Wang et al. 2021). This ratio will change down-
system, as sediment is deposited, which will initiate spatial gradients in
fluvial morphodynamics and alluvial stratigraphic architecture. A mass-
balance framework in essence normalizes these gradients for deposits of
different absolute lengths, thus allowing their dynamics to be compared.

METHODS

Despite large differences in some governing dimensionless numbers,
experimental and field-scale systems display scale independence and simi-
larity in many deltaic morphodynamic metrics (Paola et al. 2009; Kleinhans
et al. 2014). Here, we characterize the link between surface processes and
stratigraphic architecture produced in two fan-delta experiments with signifi-
cant sediment transport in suspension, some of which overtopped channel
levees and was deposited in floodplains. These two experiments shared iden-
tical forcing, except for the rate of terrestrial accommodation production.

599

Experimental Setup

Experiments were conducted in a delta basin at the Tulane University
Sediment Dynamics Laboratory. The dimensions of this basin are 4.2 m X
2.8 m X 0.65 m (Fig. 3). We automate the rate of sediment (Qs) and water
(Qyw) delivery to the basin. In these experiments Qg and Qy were kept con-
stant at 3.9 X 10~* kg/s and 1.7 X 10™* m?/s, respectively. Constant Qg
and Qy are meant to simulate bankfull conditions, which typically occur
for a few weeks every other year in natural systems (Williams 1978). Con-
stant Qg and Qy values are a method to speed up time in experiments as
most geomorphic work is thought to occur during these bankfull condi-
tions. Sediment was released from a computer-controlled commercial
feeder into a funnel where it mixed with water and was routed to the basin
from an inlet channel, forming a fan-delta. Blue dye was added to input
water to aid visualization of the flow field and characterization of deltaic
morphodynamics. A weir on a computer-controlled vertical slide was in
hydraulic communication with the basin and allowed for ocean elevation
control with sub-millimeter precision.

Sediment delivered to the basin was modeled off the mixture developed by
Hoyal and Sheets (2009), which is composed of particle sizes ranging from
approximately 1 — 1000 pm with a mean of 67 pm. Importantly, the sediment
mixture included small amounts of bentonite, commercially available cat litter,
and a granular polymer (New Drill Plus, distributed by Baker Hughes, Inc.).
As discussed by Hoyal and Sheets (2009), when mixed with water these
ingredients increase the cohesion of the experimental sediment surface. This
increase in system cohesion allowed relatively narrow and deep channels to
form from subcritical flows, which transported fine-grained sediment in sus-
pension. To aid visualization of stratigraphic architecture, a quarter of the
coarsest 23.5% of the distribution was commercially dyed red, while the
remainder consisted of white particles.

The experiments begin with progradation of a delta into the basin with a
constant base level of 25 mm. Progradation stages ceased when the result-
ing delta-top area matched a predicted area that combined with a planned
base-level rise rate would generate terrestrial accommodation at a rate
equivalent to the input volumetric sediment flux. This resulted in deltas
whose shoreline location was in dynamic equilibrium with forcing condi-
tions (Straub et al. 2015).

The main aggradation stage of an experiment began when sea-level rise
was initiated. The aggradation stage for both experiments lasted 560
hours, and all data presented in this study comes from the aggradation
stage. This duration was sufficient to generate tens of channel depths worth
of stratigraphy. The only parameter that varied between experiments was
the rate of accommodation production, 4. This choice facilitated the con-
struction of two deltaic deposits with different mass-extraction profiles.
The low 4 experiment had a sea-level rise rate () of 0.1 mm/hr, while the
high 4 experiment had a sea-level rise rate of 0.25 mm/hr.

Data Collection

The primary data collected included topographic scans and co-
registered images of the experimental surface. A FARO Focus3D-S 120
laser scanner was used to collect a point cloud of topography, which was
converted to a digital elevation model (DEM) having grid spacing of 5
mm in the down-basin and cross-basin directions (thus cell area of 25
mm?), and a vertical resolution of < 1 mm (Figs. 3, 4). Two scans were
collected each run-hour. The first occurred near the end of the run-hour to
capture an image of the flow field co-registered with topography. The sec-
ond occurred after the end of each run-hour while the experiment was
paused, yielding the highest-precision topography. As discussed in Straub
et al. (2015), the temporal and spatial resolution of these scans is sufficient
to characterize the mesoscale dynamics of the system, such as channel
migration and channel and lobe avulsions.
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FiG. 3.—Characteristic images
of the active experimental surface
and depositional environments in
the two experiments. A, B)
Images of active experimental
surfaces with flow dyed blue for
the low- (run-hr 390) and high-
(run-hr 415) 4 experiments,
respectively. Purple lines denote
contours of mass-extraction frac-
tions, while black line denotes
shoreline at that run-hour. C)
Map of elevations relative to sea-

Depositional Environments leyel for run-iir 415 of the low-A
. . . . experiment. Line B represents
Elevation relative to sea level [m] p— Terrestrial Terrestrial Dry arc defined by radius R (dashed
] o Channel Lobe Land line). D) Map of depositional
- environments. Location of cross-
0.1 0 0.1 Terrestrial = Marine sections presented in Figures 4
Overbank and 5 is shown in red.

After the active-run phase of the experiments ceased, cores were collected ~ Cross-sections were imaged using a Cannon G-10 camera and a laser scan.
along a dip line at an interval of 0.5 m, starting at the entrance channel. ~ The visual color fields in the images were co-registered with the point cloud
Cores were dried and weighed to measure deposit porosity. Next, the depos-  of the cross-section, resulting in undistorted and basin georeferenced images
its were sectioned along cross-basin transects with a spacing of 0.1 m.  of the deposits.
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Data Analysis

Measuring Morphodynamics.—We focus on measuring attributes
important for characterizing timescales of autogenic surface dynamics in
each experiment and linking these to the fraction of strata constructed in
key depositional environments. Our first step is to generate maps of key
depositional environments for each run-hour from co-registered maps of
topography and digital images. We define five environments: terrestrial
channels, terrestrial lobes, wet terrestrial overbank (floodplains), dry land,
and marine (Fig. 3D). Terrestrial channels were mapped by hand using the
FARO digital images. Channels were identified as linear flow features with
relatively sharp blue intensity color gradients that separated channelized
flow from overbank flow along levee crests. Channels often lost confine-
ment before reaching the marine, resulting in deposition and construction
of terminal terrestrial lobes. These lobes often migrated upstream due to
morphodynamic backwater effects (Hoyal and Sheets 2009) until avul-
sions were triggered (Edmonds et al. 2009). The lateral extents of these
lobes were also mapped by hand and identified by significant surface
expressions of red (coarse) sand and lobate topography. In field scale sys-
tems, floodplains are defined as regions adjacent to channels that are occa-
sionally inundated from flow that overtops channel levees (Sutfin et al.
2016). Given that our experiments are run with constant discharge, meant
to simulate bankfull conditions, we characterize any terrestrial region that
is inundated with flow and not a channel or a lobe as floodplain (here used
interchangeably with overbank). Thus, active terrestrial floodplain environ-
ments were identified as cells above sea level and covered by active flow
(identified by a blue intensity color threshold) that were not channels or
lobes. The remaining terrestrial cells were registered as dry land. Finally,
all cells located below sea level, defined for each run hour, were registered
as marine. We highlight the range of depositional environments produced
by the Hoyal and Sheets (2009) sediment mixture, which is greater than
produced in bedload-dominated experiments.

Average profiles of down-delta topography are generated by taking all
measurements of terrestrial topography, binning data based on radial dis-
tance from the entrance channel that are 5 mm wide, and averaging data in
each bin. All parameters that are reported as a function of radial distance
from the basin inlet are also measured at this 5 mm spacing. This data is
then used to generate profiles of down-delta slope by differing topography
at neighboring bins and dividing by the bin spacing. Given sensitivity of
slope data to small-scale variations in average topography at the tight bin
spacing, we apply a 0.1 m moving average to the slope data.

We measure the average number of channels as a function of distance
from the basin inlet, as we recognize that 7' is influenced by both the num-
ber of channels on a surface and their mobility. A similar 7} value can be
obtained by relatively few channels moving rapidly across a surface or by
many channels moving slowly. However, these two situations would pro-
duce markedly different stratigraphic architecture.

Using channel maps and co-registered topography (Fig. 3), we estimate
statistics of channel depths and widths as a function of distance from the
basin inlet, as well as bulk statistics for the full routing system. For each
channel identified along radial strike-sections, we subtract the minimum
elevation present for a channel thread (approximating the thalweg) from
the maximum elevation (approximating the levee crest). Channel widths
are measured as the distance across radial transects between the start and
end of channelized flow. This assumes that channels are flowing perpen-
dicular to the radial cross-section, which was generally the case for the rel-
atively straight channels in our experiments. Distributions of channel
depth are used to calculate a median depth Hso(R), which is used in esti-
mates of 7,4;. We also report channel width statistics as a function of dis-
tance from the source.

Next, we characterize “short-timescale” deposition rates in the three
active terrestrial environments: channels, wet overbanks, and lobes. Given
that overbank deposition should be confined to regions covered by flow, in
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the rest of this document we simplify wet overbank to overbank. Here,
short-timescale refers to measurements between successive topographic
scans, 0t = 1 hr. While deposition rates are dependent on the timescale of
measurement (Sadler 1981), all short-timescale rates are calculated over
equivalent durations, allowing rates to be compared across environments
and between experiments. We construct distributions of short-timescale
rates by compiling all rates (including episodes of erosion, stasis, and
deposition) for a given environment of deposition, from all run-hours, at a
given distance from the source. We then report the 25th, 50th, and 75th
percentile of these distributions. We also report bulk statistics of these
parameters for the full routing system.

We are also interested in the average profile of deposition in overbank set-
tings as a function of distance from a channel margin, because this allows
identification of levee and far-field overbank deposition rates. We identify
all overbank cells, measure the distance to the closest channel, and generate
a distribution of deposition rates as a function of distance to the closest
channel, reporting the 25th, 50th, and 75th percentile of these rates.

Next, we measure long-timescale deposition rates for each experiment
as a function of radial distance from the basin source. This is accom-
plished by differencing our final and initial topographic maps and dividing
by the duration of the experiments. We report the 50th percentile of these
rates as a function of distance from the basin inlet.

Estimates of avulsion timescales as a function of distance from the basin
inlet are made with Eq. 1, measurements of Hs, and short-timescale depo-
sition rates from channels and far-field floodplains. Specifically, we find
that the median Dgz value for overbanks approximates the far-field flood-
plain deposition rate used in the avulsion timescale equation. We refer to
the far-field floodplain as locations past the exponential decrease in depo-
sition rate as a function of distance from a channel that characterizes a
levee profile (Pizzuto 1987).

We track the reduction in terrestrial dry fraction of each experimental
surface as a function of timespan of observation to estimate 7). We define
fu as the fraction of the delta-top, measured along radial strike-transects
that gets modified by channels, with modification defined as a change in
elevation of at least 1 mm, the vertical resolution of our topographic data.
Given this, the fraction unmodified by channels (f7,) is equal to 1 — f,.
We track the change in fi;, with timespan of observation over 350-hour
time windows, starting every 1 hour of run-time. This time window is suf-
ficient for fi,, to decrease to 0.05 for any given starting time in either
experiment. For each starting point, we measure the time to f;;;, reaching
0.05 and then average all measured reduction timescales for a given exper-
iment to get a representative 77.

We characterize the vertical evolution of our experiments by utilizing
the compensation timescale, 7. For this, we measure the decay of Ggg as a
function of timescale of observation (Wang et al. 2011). We use a change-
point-detection algorithm that minimizes the squares of the residuals
between our data and two power-law trends that intersect at 7. This
allows for the automated detection of 7 and the short and long timescale
compensation indexes.

Estimates of 74, Ty, and T¢ then provide the input parameters necessary
to estimate T and T with Equations 4 and 5.

Characterization of Stratigraphy

We construct a volume of synthetic stratigraphy by stacking topographic
maps for each run-hour, which are clipped for episodes of erosion (Strong
and Paola 2008). This synthetic stratigraphy can be linked to other known
or measured attributes, for example the time of deposition (Fig. 4) or the
environment of deposition (Fig. 5B). Each voxel in the stratigraphic vol-
ume is assigned an environment of deposition based on the maps that
define the surface environments. A comparison of our synthetic stratigra-
phy to images of the physical stratigraphy indicates that key features like
channels and lobes, which are readily apparent in the physical stratigraphy,
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FiG. 6.—Mass-extraction profiles define how distance from source converts to
fraction of input sediment extracted to deposition for the two experiments. Dark
hues represent dominantly terrestrial settings while lighter hues represent domi-
nantly marine settings.

are correctly categorized in the synthetic stratigraphy (Fig. 5). As such,
most of the remaining stratigraphic analysis will utilize the synthetic strata,
given the higher spatial resolution at which it was collected, relative to the
images of the physical stratigraphy. Synthetic stratigraphy is then used to
calculate the fraction of the final deposit associated with each depositional
environment.

Constructing a Mass-Extraction Profile

A mass-balance transform for each experiment is constructed using
knowledge of the sediment density, known inputs of sediment mass, and
measurements of deposit porosities and volumes. We estimate deposit vol-
ume as a function of radial distance from the basin inlet using the initial
and final topographic scans of each experiment. Next, we fit a polynomial
trend to measurements of porosity to estimate porosity at all radial dis-
tances from the entrance channel. We then apply Eq. 7 with the known
basin geometry and input sediment mass to estimate y(R).

RESULTS

Mass-Extraction Profile

Sediment extraction from transport happened over shorter length scales
in the high, relative to low, 4 experiment (Fig. 6). A key transition in sedi-
ment routing systems is that of the terrestrial to marine environment and
associated deposits. As such, we calculate the mean distance from the
basin inlet to the shoreline for each experiment and note this transition on
the mass-extraction profiles. This transition occurs at  values of 0.42 and
0.67 for the high- and low-4 experiments, respectively. In both experi-
ments y reaches a maximum value of ~ 0.8 at 3.5 m from the basin inlet,
a distance that represents the distal wall of the basin and where the basin
drain is located. Thus, approximately 20% of the sediment input to the
basin was not trapped in the experimental apparatus.

Characterization of Morphodynamics

Morphometrics.—While the inlet water flux and sediment flux for the
two experiments was the same, we observe differences in the terrestrial
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slope of the deltas, with the slope of the low-accommodation experiment
significantly higher than the high-accommodation generation experiment
(Fig. 7A). The low 4 slope is approximately constant at 3% for most of
the terrestrial reach, before falling close to the mean shoreline location. In
contrast, the high 4 experimental slope is approximately 3% just down-
stream of the entrance channel, but immediately starts to decrease with dis-
tance down delta.

We quantify the number of channels observed along strike transects of
the experimental surfaces as functions of distance from the basin inlet
(Fig. 7B). In each experiment the number of channels initially increases
with distance as the inlet channel bifurcated. The median number of chan-
nels reaches 4 at a y value of ~ 0.2 in each experiment. With further dis-
tance into the basin the number of channels reduced as autogenic
transgressions resulted in rough shorelines that sometimes transgressed to
very proximal locations. In addition, some channels end in terrestrial lobes
before reaching the shoreline. This trend can also be linked to the observa-
tion that very long terrestrial channels, with river mouths at distal basin
locations, are generally linked to a condition where a single and very effi-
cient channel for sediment transport forms, in contrast to more bifurcated
networks. In mass-balance space the two experiments share similar channel
numbers along strike transects as a function of . This finding suggests that
in mass-balance space, differences in 7 should solely be linked to differ-
ences in the mobility of individual channels.

Statistics that characterize channel depths also share similar trends in
mass-balance space. In each experiment Hs, peaks just downstream of the
basin inlet (Fig. 7C). Channels then rapidly lose relief before maintaining
approximately constant relief with further distance into the basin. Bulk sta-
tistics of channel depths over the full routing systems show tremendous
overlap between experiments with similar mean values. Channel widths,
however, were significantly different in the two experiments, both in
dimensional distance from the basin inlet and in mass-balance space
(Fig. 7D). Bulk statistics for the full routing systems show that channels
were approximately 30% wider in the high-accommodation experiment
than in the low-accommodation experiment. Taken together, differences in
channel widths and delta-top slope between experiments highlights that
these parameters are not only controlled by the ratio of O;:0,,.

Depositional Statistics

In systems with constant boundary conditions, deposition rates are a func-
tion of timespan of measurement for timescales less than 7 (Schumer and
Jerolmack 2009; Straub et al. 2020). Therefore, we present measurements of
both short- and long-timescale deposition rates to capture both shorter-term
morphodynamics and longer-term deposition. In each experiment, mean over-
bank Dgr gradually decreases with down-basin distance, asymptoting at a
value of ~ 0.1 mm/hr (Fig. 8A). The distributions of overbank deposition
rates for the entire transport system show tremendous overlap between experi-
ments; part of this overlap is likely due to the measurement precision of our
topography scanner. However, the quantity of overbank measurements per
experiment (in excess of 10°) allows us to identify a 50% greater overbank
Dgr in the high-accommodation experiment than in the low-accommodation
experiment, with a standard error of the mean below one micron. In contrast,
in-channel Dy is markedly greater in the high 4, relative to low 4, experiment
(Fig. 8B). This holds whether viewed in a distance from source, mass-
balance, or bulk transport system perspective. In both experiments in-channel
Dgr gradually increases with distance into the basin before rapidly increasing
near the shoreline. Short-timescale lobe deposition rates are relatively inde-
pendent of distance into the basin and show a slight dependence on A. Aver-
aged over the full transport system, lobe Dgris 29% greater in the high- vs.
low-A experiment (Fig. 8C). We also measured the dependence of short-
timespan overbank deposition rates on distance from a channel (Fig. 9).
Close-to-channels overbank deposition rates are slightly greater in the high-
A, relative to low-A experiment. Similar to field systems, we note an
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Fig. 7.—Data defining key morphological parameters as a function of distance from source (left panels), mass-extraction location (center panels), and bulk statistics, pre-
sented as violin plots, for the full routing system (right panels) of each experiment. A) Data defining the down-delta terrestrial slope. B) Data defining number of active
channels on a given surface. C) Data defining depth of active channels on a given surface. D) Data defining width of active channels on a given surface. Lines in left and
center panels represent median values, while semitransparent shaded regions spanning the 25th—75th percentiles.

exponential decrease in deposition rates as a function of distance from the Long-term deposition rates, measured between the start and the end
closest channel until rates stabilize at their far-field values (Pizzuto 1987). In  of each experiment, are consistently greater in the high-A, relative to
both experiments this value is ~ 0.1 mm/hr, suggesting that far-field over-  low-4 experiment (Fig. 8D). While measured rates approximately equal
bank deposition rates are not a function of A. imposed base-level rise rates in the high-4 experiment, we note that
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regions spanning the 25th—75th percentiles. D) Data defining long-term deposition rates of bulk deposit as a function of position in basin for each experiment. Dashed lines

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

D, 7 outpaces base-level rise rates in the low-4 experiment. Further,
Dy r decreases with distance into the basin in this experiment. Com-
bined, these observations suggest that the delta slope and area were not
completely in dynamic equilibrium with forcing conditions at the start
of the low-A experiment aggradation stage. As a result, the experimental

surface slope increased from 0.022 m/m to 0.033 m/m from the start to end
of this experiment.

In addition to rates of deposition, we also measure the propensity of
deposition to occur in topographic lows. Compensation statistics over auto-
genic basin-filling timescales, which measure this propensity, are similar in
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the two experiments. Specifically, the short-timescale compensation index,
Ks7, does not vary strongly with distance into the basin for the two experi-
ments, carrying a value of ~ 0.4 (Fig. 10). This suggests that over autogenic
timescales there is a slight preference for persistence in depositional trends,
in contrast to compensational deposition in topographic lows. This deposi-
tional persistence roughens topography until large-scale compensational
relocation of transport systems occurs at a timescale equivalent to 7.

Autogenic Timescales

Next, we use our morphodynamic measurements and maps of deposi-
tional environments to quantify key autogenic timescales. The shortest
autogenic timescale explored is the avulsion timescale, 7;. We emphasize
here that 7 is an estimated setup timescale for avulsions, and not a time-
scale between measured avulsion events. However, theory suggests that 74
should scale with the time between observed avulsion events (Jerolmack
and Mohrig 2007; Hajek and Wolinsky 2012). Using Eq. 1, measurements
of Hsg, and short-timescale deposition rates, we estimate a decrease in 74
with distance into each experiment (Fig. 11A). This trend is driven by
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measured decreases in channel depths (Fig. 7B) and increases in channel
deposition rates (Fig. 8B) with distance into the basin. While the 7, vs. ¥,
trend is similar in shape for the two experiments, 7, is consistently longer
in the low-4, relative to high-A, experiment, primarily due to the difference
in channel Dgr between experiments.

While 7y quantifies a setup time for an individual channel avulsion, 7
quantifies the time necessary for the products of autogenic channel move-
ments, including avulsions, to average out in the structure of the basin fill
(Wang et al. 2011). In the high-4 experiment, we observe relatively constant
T¢ values until reaching locations near the mean shoreline, where 7 starts to
rise (Fig. 11B). This is likely due to a reduction in long-term deposition rates
past the mean shoreline and larger roughness scales associated with the delta
front (Trampush et al. 2017). In contrast, 7 initially increases with y in the
low-A experiment, until stabilizing at a nearly constant value with further
increases in 7¢ (Fig. 11B). Here, the initial increase is likely due to the reduc-
tion in long-term deposition rates with 7 that occurred in proximal regions of
this experiment. Over the region where 7~ was stable with y in the two exper-
iments, we note approximately two-fold greater T values in the low-A4, rela-
tive to high-4 experiment (Fig. 11B).

The final autogenic timescale, 7, quantifies the amount of time neces-
sary for a significant fraction of the terrestrial delta-top to be modified by
channelized flow. Between y values of 0 to 0.4, we observe approximately
spatially constant visitation timescales that differ between experiments by
approximately a factor of 2, with this autogenic timescale again being
greater in the low-4, relative to high-4, experiment (Fig. 11C). In both
experiments 7 increases with further distance into the basin.

Basin Mobility Metrics

The measured autogenic timescales suggest that accommodation pro-
duction rates scale with rates of autogenic processes (i.e., higher 4, shorter
autogenic timescales). A key question, however, is whether some auto-
genic rates are more sensitive to accommodation production than others.
To explore this, we look at ratios of autogenic timescales. For example, if
To/T, (Tsy') varies as a function of accommodation production, it would
indicate that the number of avulsions during a compensation timescale
should vary, which should have implications for stratigraphic architecture.
The ratio of T¢ to Ty (Tyr ) should also carry stratigraphic-architecture
implications, because T~ describes the vertical mobility of a transport sys-
tem while 7} describes a system’s lateral mobility. Starting with Tz, we
observe a systematic increase in this metric with distance into the basin,
suggesting that channels are more prone to avulse at distal basin locations
(Fig. 12A). However, in mass-balance space T is approximately equal
in the two experiments at equivalent y locations. In a similar fashion, val-
ues of T;; are approximately equal at equivalent 3 values in the two
experiments (Fig. 12B). This suggests that changes in the vertical mobility
of each system (i.e., aggradation), driven by changes in accommodation
production, induce proportional changes in lateral mobility.

Characterization of Strata

A central goal of this study is to explore the capacity of mass-balance
transformations to aid prediction of gradients in facies linked to critical
depositional environments. As such, we first quantify how much overbank
strata was preserved in the two experiments, in addition to quantifying the
fraction of each deposit linked to other depositional environments. This is
achieved with the synthetic stratigraphy coded such that each voxel within
the volume is linked to an environment of deposition (Fig. 13). We confirm
that both experiments had significant preservation of overbank strata, at
29% and 18% in the low-4 and high-4 experiments, respectively. If we
focus just on the terrestrial deposits, the fraction of strata linked to overbank
deposition increases to 43% and 36%, respectively, for the low-A and high-
A experiments (Fig. 13). A second observation is the large fraction of
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sediment in each experiment deposited in the marine, particularly in the
high-4 experiment where 50% was deposited in the marine. A significant
export of sediment to the marine is in line with many large river deltas,
where terrestrial sediment retention rates are often less than 50% (Goodbred
and Kuehl 1998; Kim et al. 2009). We note that in both experiments a frac-
tion of the deposit (< 10%) is coded dry land. This represents errors in our
coding scheme, likely due to environments of deposition changing over
timescales below our measurement frequency. For example, this could repre-
sent a brief episode of overbanking flow between sequential topographic
maps, or a brief episode of terrestrial lobe deposition associated with a cre-
vasse splay.

Next, we utilize our synthetic stratigraphy to quantify gradients in deposit
fraction linked to each depositional environment. In both experiments we find
that the fraction of strata coded as channel bodies decreases with distance into
the basin (Fig. 14A). The fraction of channel strata drops to 0 at ~ 2 m from
the basin entrance in the high-accommodation-production experiment. Loss
of channel deposits does not occur until a distance greater than 3.2 m from
the source in the low-accommodation-production experiment. The distance
from the source at which channel deposition goes to zero represents the most
distal location of shorelines in each experiment. However, when channel
deposit fraction is presented in mass-balance space the data from the two
experiments approximately collapse onto a single trend (Fig. 14A).

The fraction of lobe deposits preserved in each experiment, as a func-
tion of distance from the source, follows parabolic curves. In mass-balance

0.6 tion. C) Measured channel-visitation timescales
for experimental surfaces.

space the lobe fraction is nearly identical in the two experiments up to a
value of 0.4 and then decays with further distance into the high-4 experi-
ment, while this decay does not begin until a  value of ~ 0.6 in the low-4
experiment (Fig. 14B).

Terrestrial overbank deposit fraction decreases with distance into each
experiment (Fig. 14C), which conforms with our observation of reduced short-
timescale overbank deposition rates with distance into the basin (Fig. 8A).
Loss of overbank deposits occurs at a similar distance into the basin where
channel and lobe deposits are lost. In mass-balance space the decay rate of
overbank deposits is similar in the two experiments, but the low-A4 experiment
consistently has greater overbank deposit fractions by approximately 10%.

The last depositional environment is the marine. We observe marine
deposition occurring at y values as low as 0.2 in the high-4 experiment.
Marine deposition is not preserved until a y value of 0.6 in the low-4
experiment. While preservation of marine strata begins at different y val-
ues in the two experiments, preservation of any terrestrial strata ceases at a
% value of ~ 0.7 in both experiments (Fig. 14D).

We explore stratigraphic architecture in the two experiments in sections that
are approximately strike oriented and represent the physical stratigraphy paired
with panels of synthetic stratigraphy colored by environment of deposition
(Fig. 15). While we define our mass-balance framework with radial distance
from the entrance to the basin, here we present panels that are perpendicular to
the long wall of our basin, because this is how our images of the physical stra-
tigraphy were collected. We present locations that were dominated by terrestrial
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deposition, corresponding to y values of ~ 0.2 and 0.3 (Fig. 14). While many
similarities exist for stratigraphic panels from the two experiments, we note
some differences. First, preserved channel bodies appear to be wider in the
high-4 experiment relative to low-4 experiment (Fig. 15). This might be due
to the wider channels measured on the surface in the high-4 experiment, or
due to greater lateral migration rates in this experiment. The latter would sug-
gest greater prevalence of channel-belt deposits, in comparison to channel-
body deposits in the high-4 experiment. Second, channel bodies in the low-4
experiment are generally thicker, suggesting greater in-channel aggradation
between avulsion events (Fig. 15).

timescale, 7,7 . Similar basin-mobility metrics at
a given mass-balance location suggests that
strata should have similar architecture.

0.6

DISCUSSION

Coupling of Autogenic Timescales

As a recap, we focus on three autogenic timescales: 1) the avulsion time-
scale, 7, defined as the time to superelevate a channel by one channel
depth, 2) the visitation timescale, 7, defined as the time necessary for 95%
of the deltaic surface to be visited by channels that do geomorphic work,
and 3) the compensation timescale, T, defined as the time necessary for
depositional patterns to mimic patterns of accommodation production.
While accommodation production rates influence autogenic process
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FiG. 13.—Data defining fraction of deposit
associated with each depositional environment
for the two experiments. A) Fraction of bulk
deposit associated with each depositional envi-
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to each terrestrial depositional environment.
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Fic. 15.—Cross-sections of physical and synthetic stratigraphy produced in the two experiments. All panels are oriented perpendicular to the long wall of the experimen-
tal basin, making them approximately strike-oriented sections. Sections are presented with sediment transport into the panels and come from the middle third of the full
basin cross-section. Given that our mass-balance framework is defined as a function of radial distance from the source, mass-balance position of each cross-section is
approximate. Solid black lines are timelines of the synthetic strata, generated by stacking topographic scans and clipping for episodes of erosion. Timelines are presented

for every 10th hour of each experiment.

timescales, a key finding of this study is that they do so in a manner that pre-
serves mobility metrics important for stratigraphic architecture (Fig. 12). We
find, perhaps unsurprisingly, that changes in accommodation production
influence compensation timescales in our experiments (Fig. 11B). Differ-
ences in 7¢ between experiments were primarily due to differences in the
long-timescale deposition rates, as channel depths were similar.

Similar to our experiments, other experimental studies have documented
increases in channel mobility, specifically avulsion rates, with an increase in

sedimentation rates (Bryant et al. 1995; Hickson et al. 2005; Martin et al.
2009; Chadwick et al. 2020). A known method to increase delta-top sedi-
mentation is to increase local accommodation production rates, either
through enhanced subsidence or sea-level rise (Muto and Steel 1997). The
response of the routing system to this increase in accommodation is felt first
and perhaps strongest in the channels, increasing channel deposition rates.
This decreases the timescale necessary to achieve the avulsion setup condi-
tion (Eq. 1).
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While avulsion, compensation, and visitation timescales scale inversely
with accommodation production (Fig. 11), they proportionately changed
by the same amount when viewed in mass-balance space (Fig. 12). Thus,
in mass-balance space the propensity for channels to avulse during the
basin-wide aggradation of a compensation length scale is equivalent. A
similar self-organization is observed in the proportional changes to 7 and
Ty The compensation scale characterizes the average amount of deposition
necessary for autogenic process, largely associated with lateral migration
of the transport system, to average out. In contrast, the visitation timescale
is a description of the lateral mobility of a system, averaged over a time-
scale long enough for channels to visit a significant fraction of a basin.
While both 7 and T characterize the filling of basins, they are not identi-
cal. Systems with high lateral mobility, relative to aggradation rates, will
visit and rework topography multiple times during the aggradation of one
compensation scale, resulting in more reworking of the active layer and
the potential for multi-story channel bodies (Straub and Esposito 2013).
Similar values for 777" observed in our two experiments (Fig. 12B) likely
explain the similar propensity for deposition to occur in topographic lows,
as quantified by kg7 (Fig. 10). Further, the similar trends in our long-
timescale mobility metric, 77", as a function of y suggest that the lateral
mobility of transport systems is directly and proportionately linked to the
self-organization of topography and deposition rates, which are set by
accommodation production. This self-organization, coupled with compara-
ble gradients in our short- and long-timescale mobility metrics, suggests
similar densities of strata tied to specific depositional environments in the
two experiments. For example, the observed trend in 7, with  suggests
similar channel-body density as a function of y in the two experiments,
which is what our stratigraphic analysis reveals (Fig. 14A). These observa-
tions, which come from experiments that preserve significant overbank
strata, support earlier mass-balance studies focused on bedload-dominated
systems that highlight the importance of mass-extraction to preserved depo-
sitional environmental gradients in fluvial strata (Strong et al. 2005). Our
addition is the suggestion that self-similar facies gradients (Fig. 14) are a
result of the self-organized manner that key autogenic surface processes
respond to the production of accommodation (Fig. 12).

The work of Strong et al. (2005) and Paola and Martin (2012) suggests
that sedimentary basins sharing similar forcings, with the exception of accom-
modation production, should share similar depositional-environment gradients
in a mass-balance space. They also suggest that some critical transitions in
preserved depositional environments, for example transitions from strata dom-
inated by channel bodies to lobe deposits, might occur at somewhat universal
¥ values (y = 0.8 for the channel-to-lobe transition). Here, we briefly summa-
rize down-basin changes in the fraction of different preserved depositional
environments in our experimental strata and differences in stratigraphic archi-
tecture. First, in mass-balance space we note similar trends for the fraction of
strata composed of channel bodies (Fig. 14A), which we suggest is linked to
similar basin mobility metrics and compensation statistics in our experiments
(Fig. 12). We note that the autogenic timescales explored are rather channel-
centric, and so the link between measured timescales and stratigraphic prod-
ucts should be strongest for this depositional environment. While channel
deposit fractions were similar in the two experiments, the high-4 experiment
had channel story complexes that indicate a large amount of lateral migration
paired with slow aggradation (Figs. 15, 16). In contrast, the low-A experiment
had relatively narrow and deep channel story complexes. Strata of both exper-
iments preserves records of channel reoccupation, through multistory channel
bodies (Figs. 15, 16). In locations that were dominantly terrestrial (y < 0.4)
both experiments share similar values for the fraction of strata composed of
terminal lobes (Fig. 14B), but at higher  values the experiments diverge in
lobe-strata abundance. Unlike prior mass-balance studies (Paola and Martin
2012), we do not see a sharp transition between channel-body-dominated vs.
lobe-dominated strata at a y = 0.8, but rather strong overlap in the spatial
abundance of these stratigraphic products (Figs. 14—16). While both experi-
mental deposits have a reduction in terrestrial overbank strata with y, the low-
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A experiment shows consistently higher overbank deposit fractions
(Fig. 14C). Finally, we note that one critical depositional boundary, terrestrial
to marine strata, is located at markedly different y, values in the two experi-
ments (0.42 vs. 0.67 in the high-4 vs. low-4 experiments, respectively)
(Fig. 6). Thus, at first take it appears that the mass-balance framework’s pre-
dictive power is strongest for the channelized or other bedload-dominated
strata and reduces as one moves towards facies dominated by suspension-
fallout deposition. We stress that applying or testing these findings to field
strata would require generation of sediment budgets, as done in Hampson
et al. (2014) and Sincavage et al. (2019).

We explore one process that might influence facies transitions and the
abundance of preserved depositional environments in the two experiments:
advective settling of fine particles overbanking channel banks. A key aspect
of our experimental forcing is the use of a wide distribution of particle sizes,
with abundant particles in the silt and finer size range. Visual observations
of the experiments confirmed that only fine particles were transported in sus-
pension and leaked to the floodplains. We estimate an advection settling
length for particles that overbank channels in our experiments and compare
this to the distance from the basin entrance to mean shoreline location. Ganti
et al. (2014) defined an advection settling length, /,, as

_ uhs

la ®)

ws

where u is a characteristic flow velocity, Ag is a settling height, and wg is a
particle fall velocity. This length scale is most accurate for defining particle
transport distances in relatively quiescent flows, such as those found in
floodplains (Ganti et al. 2014). While a distribution of /, would characterize
our experiments, we make a singular and rough estimate with the following
assumptions. First, we assume that flow in channels is approximately Froude
critical, supported by earlier observations of similar experimental systems
(Hoyal and Sheets 2009). Assuming a characteristic channel depth of
10 mm, the assumption of Froude criticality allows us to estimate a charac-
teristic flow velocity. Our choice of a 10 mm channel depth, which is larger
than Hsg, accounts for the fact that deeper channels contribute a dispropor-
tionate long-term mean sediment flux given the nonlinear relationship
between channel size and sediment flux rates (Nittrouer et al. 2011). We use
this velocity to describe overbanking flow, and given the largely construc-
tional nature of channels in the experiments, we assume a settling height
also of 10 mm. Finally, we use the Ferguson and Church (2004) method to
calculate a settling velocity for the Ds, of the experimental sediment mixture
(67 pm) equal to 3.3 mmy/s. This will likely overestimate fall velocity of the
overbanking particles, which were likely finer than the D5 of the input sedi-
ment to the basin. These assumptions result in an advection settling length
of ~ 0.9 m. A similar set of calculations for the Ds, D,s, D75, and Dos pro-
duce advection lengths of approximately 5 km, 9 m, 0.2 m, and 40 mm,
respectively. While the assumptions above carry significant uncertainty, it
highlights that in the high-4 experiment a significant fraction of sediment
leaked to the overbank could advect to the shoreline and into the marine
before deposition, as the mean radius of this delta was only 1.2 m. In con-
trast, the mean radius of the low-A experiment was 2.7 m, and so a higher
fraction of overbanking sediment should get trapped in the terrestrial in this
experiment. We suggest that this helps explain the difference in terrestrial
trapping efficiencies and the fraction of strata linked to overbank sedimenta-
tion in the two experiments.

We estimate field-scale advection lengths to explore the propensity of
overbanking particles to advect past shorelines. Again, a range of advec-
tion lengths would characterize any database of deltas, but for simplicity
we use a settling velocity of flocculated overbanking clays, recently
reported by Lamb et al. (2020) equal to 0.35 mm/s, a typical fluvial flow
velocity of 1 m/s, and a settling height for overbanking flow of 5 m, based
on natural-levee heights for larger river systems (Nittrouer et al. 2012).
Combined, this yields an advection length of ~ 15 km, a distance that is
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significantly smaller than the radius of many large river systems (Jerolmack
2009). This suggests that while sediment overbanking levees near shorelines
could be lost to the marine, over the fluvial and much of the deltaic transport
segment overbanking particles will get trapped in terrestrial overbank set-
tings. The advection length will vary with grain size in channelized trans-
port, with coarser systems experiencing less leakage of overbank sediment
to the marine (and likely less sediment leakage out of channels to begin
with). It will also depend on the settling height of overbanking sediment,
with smaller systems linked to lower settling heights. Combined, grain-size
and system-size influence on advection length scales for overbanking parti-
cles likely also carry a signature of tectonic setting. For example, we hypoth-
esize more overbanking sediment in large, fine grained passive margin
systems relative to smaller and steeper routing systems along active tectonic
margins and likely more leakage to the marine. We suggest that in regions
where advection length scales are less than the distance to a shoreline, a
mass-balance framework should carry predictive power for all facies gradi-
ents in strata. This analysis also emphasizes that application of a mass-
balance framework to predict stratigraphic architecture can be enhanced by
considering the total length of a transport segment, in addition to average
accumulation rates, inasmuch as longer systems will almost always trap
more sediment, all else being equal.

Returning to the Role of Accommodation Production on Stratigraphic
Architecture

Our results, which come from experiments in which only accommodation
production rate was varied, and which included overbank strata resulting from
suspension fallout, share similar fractions of deposits produced in key deposi-
tional environments in a mass-balance space. As such, our results suggest that
channel-body density is independent of accommodation production rate in a
mass-balance space, supporting earlier mass-balance studies (Paola and Mar-
tin 2012; Strong et al. 2005). This finding also helps explain the results of the
meta-study performed by Colombera et al. (2015), which found that channel-
body density, geometry, and stacking pattern are not reliable diagnostic indica-
tors of accommodation production rates. Similar to the theoretical framework
provided by Paola and Martin (2012), we suggest that mass-balance frame-
works help collapse stratigraphic observations because they allow comparison
of locations with similar Qg:Qyy ratios. This stratigraphic finding follows on
decades of work that highlights the importance of Qg:Qy on surface morphol-
ogy and dynamics (Parker et al. 1998; Whipple et al. 1998; Powell et al.
2012; Wickert et al. 2013). While channel-body density was similar in the
two experiments, we do note differences in both the width of channels and
preserved channel bodies in the strata (Figs. 15, 16). Differences in the surface
slopes were also observed between experiments. This highlights that while
0:0,, critically influences channel width and slopes, other secondary factors
also come into play and should be considered when inverting strata for paleo-
environmental conditions.

The experimental sediment mixture used in this study allows us to
explore the role of accommodation production on overbank sedimentation
and stratigraphic architecture. We see tremendous overlap in the overbank
depositional statistics in the two experiments (Figs. 8A, 9). However, the
vast number of Ds7 measurements in this study allow us to identify the fol-
lowing differences. First, greater deposition rates near levee crest were mea-
sured in the high-4 vs. low-4 experiment (Fig. 9). Second, a 50% greater
mean overbank deposition rate was measured in high-4 vs. low-4 experi-
ment (Fig. 8A). The second point might seem to be inconsistent with the
observation that the trend in overbank Dgy as a function of mass-balance
location does not vary strongly between experiments (Fig. 8A). However,
we note that the difference in planform area of the two routing systems
(Fig. 3) meant that there were a greater number of overbank sites far from a
channel in the low-A vs. high-4 experiment. This tilted the deposition rate
distribution towards lower values in the low-4 vs. high-4 experiment.

K.M. STRAUB ET AL.

One important observation regarding overbank sedimentation is that the
far-field overbank Dgrwas similar in the two experiments (Fig. 9). We note
that this far-field overbank aggradation rate factors into the calculation for
avulsion setup timescales (Eq. 1). However, given the nearly equivalent 7 S
estimates between experiments in y space (Fig. 12A), our results suggest
that channels are more sensitive than floodplains to accommodation produc-
tion rates because channels are where deposition rates vary just enough to
cause avulsion and compensation timescales to co-vary proportionally in
response to accommodation production. This might be due to the connec-
tion that many channels have with the shoreline, and thus baselevel through
processes that induce non-uniform flow like the development of backwater
(Lamb et al. 2012; Wu and Nitterour 2020), while deposition in far-field
overbank sites lacks the regional influence of sea-level.

CONCLUSIONS

Using results from a suite of physical fan-delta experiments, we explore
gradients in key autogenic timescales and preserved depositional environ-
ments in strata within a mass-balance framework. We focus on channelized
systems that preserve a significant volume of sediment deposited from sus-
pension fallout in overbank settings. All forcing parameters were identical in
the two experiments, except for the production of accommodation by sea-
level rise. This allowed us to explore the universality of observations made in
mass-balance space from bedload-dominated fan-delta experiments (Strong
et al. 2005; Paola and Martin 2012) and explore the role of accommodation
production on stratigraphic architecture. We find:

1. Measurements of surface morphology, deposition rates, and channel
mobility suggest that autogenic timescales inversely scale with accom-
modation production rates (Fig. 11).

2. Metrics that quantify ratios of the vertical mobility of a delta through
deposition (compensation timescale) to the lateral mobility of a net-
work (either avulsion-setup timescale or channel-visitation timescale)
were independent of accommodation production rate when placed in a
mass-balance space (Fig. 12). This self-organized response to accom-
modation production provides a process framework to explain the util-
ity of balancing mass for prediction of stratigraphic properties.

3. Measured gradients in the fraction of strata composed of key deposi-
tional environments show good agreement between experiments when
placed in mass-balance space (Fig. 14). This suggests that stratigraphic
architecture is independent of accommodation production in a mass-
balance framework. This is particularly true for depositional environ-
ments linked to bedload transport (channels and terminal lobes). We
suggest that low terrestrial retention of fines overbanking channels
near shorelines partially explains differences in overbank strata in our
experiments. However, in field-scale studies that explore large source-
to-sink sediment routing systems, the loss of fine overbanking sedi-
ment to the marine near shorelines might not be an important factor
for prediction of overbank-strata volumetrics.

4. Trends in channel deposition rates are sensitive to accommodation pro-
duction rates in our experiments. However, overbank deposition rates as
a function of mass-balance space are relatively insensitive to accommo-
dation production rates in our experiments (Fig. 8). Thus, most of the
differences in autogenic timescales in our experiments are due to the
sensitivity of channels to processes that generate accommodation.

SUPPLEMENTAL MATERIAL

Data from the low and high accommodation production experiments
(TDB-17-1 and TDB-18-1, respectively) are accessible through the Sus-
tainable Environment—Actionable Data (SEAD) project data repository in
collaboration with the Sediment Experimentalist Network. All data can
be accessed through the Tulane Sediment Dynamics and Quantitative
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Stratigraphy Group’s collection at https://sead2.ncsa.illinois.edu/
collection/596d28c5e4b05e3417b2096f.
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