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When deltas dock at continental margins they construct thick stratigraphic intervals
and activate continental slope sediment routing systems (SRS). Given their thickness,
these deposits have the capacity to store detailed paleo-environmental records. Several
competing theories describe how SRS comprised of linked deltas-continental slopes
respond to sea level cycles of varying magnitude and periodicity. I explore this in
a physical experiment where the topography of a coupled delta-slope system was
monitored at high resolution. This allows development of process-based theory for the
response of SRS to external forcings at the land-ocean interface. Connection between
these environments was promoted with input conditions that generated plunging
hyperpycnal flows at river mouths. The experiment had three stages, which included: (1)
a delta-slope system aggrading with no sea level cycles, (2) a system responding to low
magnitude and high frequency sea level cycles, and (3) a system responding to a high
magnitude and long period cycle. All stages shared an identical background pseudo-
subsidence rate. Here the magnitudes and periods of sea level cycles are discussed
relative to key autogenic scales. I find that, on average, sediment transport to the marine
is promoted during lowstand conditions in all stages. However, the scale of the sea
level cycles with respect to emergent autogenic scales controls the predictability of this
response, with greater stochasticity and thus lower predictability for the response to
smaller and shorter sea level cycles. Analysis of two SRS suggests that predictable
responses can require sea level cycle amplitudes greater than 50 m and periods longer
than 200 kyrs, but will vary with system size.

Keywords: shelf-edge delta, autogenics, laboratory experiments, stratigraphy, sea level

INTRODUCTION

Sediment routing systems, which transport sediment from sources to sinks, consist of linked
segments within which the dominant morphodynamic processes remain fairly constant (Allen,
2008; Sømme et al., 2009b; Allen, 2017). The coupling of these segments occur at important
Earth-surface boundaries which fundamentally alter the method, rate, and variability of sediment
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transport. Here I explore the coupling of sediment transport
segments that occur at the shoreline, with a specific focus
on deltas and their down system environments. In particular,
I explore how the magnitude and period of sea level cycles
influence the extraction of mass to deposition across the delta-
slope transition.

The influence of sea level, or relative sea level (RSL) change
in regions with substantial vertical Earth-surface motion due
to tectonics, on sediment transport and stratigraphy is not a
new question. It has been explored since the time of Gilbert
(1890) and ramped up with the advent and examination
of hydrocarbon exploration derived seismic surveys, which
motivated the development of sequence stratigraphic methods
and interpretations (Vail et al., 1977; Van Wagoner et al.,
1990; Catuneanu et al., 2009). While the largely qualitative,
observational, and conceptual approaches underpinning
sequence stratigraphy continue to teach us about continental
margin stratigraphy, the approaches championed by the
source to sink movement require quantitative data for theory
development garnered from field observations and numerical
and physical experiments.

In today’s icehouse highstand conditions many deltas are
separated from the shelf-edge by wide continental shelves (Sweet
and Blum, 2016). With these conditions transport of sediment to
the deep marine, and in particular coarse sediment, is limited.
Icehouse conditions refer to time periods in Earth history when
the waxing and waning of continental scale ice sheets result
in high amplitude (≥ 100 m) sea level fluctuations, while
greenhouse refers to periods with no continental-scale glaciers
and thus small-magnitude Milankovitch-forced RSL cycles from
the thermal expansion contraction of water. Efficient transport
of sediment to the deep marine is currently limited to rivers that
link to submarine canyons or fjords (Xu et al., 2004; Vendettuoli
et al., 2019). However, analysis of continental margin stratigraphy
exposed in outcrop and reflection seismic data suggest that shelf-
edge deltas efficiently fed slope systems during recent icehouse
lowstand conditions as well as greenhouse periods (Porębski and
Steel, 2003; Straub et al., 2012; Sylvester et al., 2012). Here, I
present a detailed set of measurements derived from a physical
laboratory experiment on the role of RSL in the partitioning of
sediment between dominantly terrestrial vs. dominantly marine
settings at shelf-edge deltas. In particular, I focus on (A) the
sea level cycle characteristics necessary to induce stratigraphic
signatures that can clearly be linked to paleo sea level change
and (B) the timing and magnitude of sediment delivery to regions
past a shelf-edge.

Motivating this experimental study are a suite of results from
numerical experiments that explore the impact of RSL variations
on sediment dispersal across the shelf-edge during icehouse
vs. greenhouse Earth conditions (Harris et al., 2016, 2018).
The numerical model used in these studies, Dionisos, simulates
sediment transport at basinal length-scales and geological time-
scales based off diffusive transport of sediment (Granjeon,
1999). This diffusive algorithm adequately replicates depositional
patterns over long spatial and temporal scales. However,
over shorter length and time scales morphodyamic processes
resulting from the coupling of topography, flow, and sediment

transport produce rich stochastic behavior that is not well
described by diffusion (Kim et al., 2014; Paola, 2016; Hajek and
Straub, 2017). Some of this stochasticity arises due to internal
processes within sediment routing systems, for example dune
and channel migration and avulsions which are commonly called
autogenic processes.

Even with a diffusive description of sediment transport, these
models make several predictions that challenge conventional
wisdom about the role of RSL change in sediment delivery
to the continental slope and beyond due to emergent model
autogenic dynamics. These dynamics result from lateral gradients
in deposition, which aid occasional channel formation and
compensational stacking of lobes. Specifically, I highlight the
following results: (1) Harris et al. (2016) found a trivially small
difference in cumulative deepwater sand delivery between a
model of continental margin evolution with a eustatic history
derived from a field compilation and a second model with no
eustatic variations. While peak delivery of sand to the deep
marine did occur during short periods of sea level fall in the
variable eustacy model, similar episodes of sand delivery occur in
the constant eustacy model when transport systems occasionally
reached and became temporarily locked at the shelf-edge. (2) The
delivery of sand to the deep marine is not well correlated to rate or
amplitude of sea level fall, which holds regardless of the diffusion
coefficients used in the models (Harris et al., 2018).

Motivated by these numerical observations, I conducted a
physical experiment to examine the coupling of deltas to the
continental slope. Specifically I focus on systems with rivers
that spawn hyperpycnal flows downstream of the shoreline.
While the diffusion scheme used in Dionisos likely produces
muted autogenic dynamics over time scales of delta lobe growth
and abandonment, physical experiments are known for self-
organization and complex stochastic behavior (Paola et al., 2009).

This work is also motivated and informed by theory which
predicts threshold characteristics of sea level cycles necessary
to produce geomorphic and stratigraphic signals which can
confidently be distinguished from autogenic processes and
products (Li et al., 2016; Yu et al., 2017). This theory was
recently tested in a set of deltaic experiments, but these
experiments lacked a slope downstream of the shoreline and
the collection of high resolution bathymetry, both of which are
present in this study.

MATERIALS AND METHODS

To study the influence of RSL on the partitioning of sediment
between dominantly terrestrial vs. marine environments, I
conducted a physical laboratory experiment in the Deepwater
Basin housed in the Tulane University Sediment Dynamics and
Stratigraphy Laboratory. The basin is 6 m long, 4 m wide,
and 2.2 m deep (Figure 1A). Sea level is controlled through
a weir, which is in hydraulic communication with the basin.
The weir is on a computer-controlled vertical slide that allows
for sub-millimeter-scale elevation control of sea level. The sea
level elevation was monitored and logged once a minute with a
transducer to ensure that it matched target elevations.
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FIGURE 1 | Schematic diagram of the experimental facility and experimental conditions. (A) Dip view of the facility and initial topographic form with important basin
dimensions noted. A saline mixture was pumped from a reservoir tank to a constant head tank before mixing with sediment in a funnel and then entering the basin.
(B) Characteristic perspective photo of experimental surface with input flow dyed for visualization. (C) Time series of sea-level, minus the long term drift imposed for
pseudo-subsidence and referenced to sea level at the start of stage 1 with time of topographic scans noted with red filled circles.

The initial basin topography was characterized in dip by a
1.2 m long flat shelf which connected to a 3.8 m long segment
with a 10% slope. Initial topography did not vary in the strike
direction. While steeper than typical continental margins, the
10% slope was implemented to match other experimental studies
which used distorted Froude scaling to show that increasing
the slope for laboratory systems helps better replicate field scale
processes (Cantelli et al., 2011).

The input flow to the basin was designed to help facilitate
transport of sediment to the deep marine by hyperpycnal flows.
Flow was introduced via a constant head tank as a mixture of
water and dissolved salt, which gave it a 2% excess density relative
to the fresh water of the basin ocean. To keep the density contrast
between the input flow and ocean, a system was implemented
to extract dense flow at the base of the basin and replace it
with fresh water from above at a rate equal to 11 times the
saline input. The salinity of our river input and ocean might
seem counterintuitive given that deltas constructed at land-ocean
interfaces have fresh water in their rivers, which empty into saline
oceans. However, this choice was made to promote hyperpycnal
plunging of flows in the marine and thus promote transport of
sediment to the continental slope. Similar to previous studies, the
salt introduced can be thought of as the washload component of
a system, which bypasses the region of study (Straub et al., 2008;
Hamilton et al., 2017). Once every 3 h the experiment was paused
and fresh water was cycled into the basin until no salinity could
be detected. The input hydrograph was also designed to include
floods to facilitate pumping of sediment to the deep marine.
Base flow to the experiment was 1.54 × 10−4 m3/s. Floods were

two-times the base flow and occurred for a continuous 6 min
during each run-hour. The ratio of time at base flow to flood
was set to mimic seasonal floods on large river deltas. The length
of the flood-base flow cycle is set so that a large number of
cycles occurred in the time necessary to aggrade, on average,
a single channel depth everywhere on the delta top, which has
been shown to be an important timescale of autogenic activity
(Wang et al., 2011).

Supply of sediment to the basin was controlled through a
computer interface. During base flow conditions the sediment
delivery rate was 3.53 × 10−4 kg/s and the ratio of sediment
to water delivery rate was kept constant for base flow and flood
conditions at a volumetric ratio of 1:1000. The input sediment
mixture was designed to mimic earlier experimental work (Hoyal
and Sheets, 2009; Li et al., 2016) with particle diameters ranging
from 1 to 1000 µm with a mean of 67 µm and was dominantly
white quartz. One quarter of the coarsest 23.5% of the sediment
distribution was commercially dyed red to aid visualization
of stratigraphic architecture. A small amount of commercially
available polymer (New Drill Plus, distributed by Baker Hughes
Inc.) was added to the sediment mixture to enhance sediment
cohesion, which aids formation of channels in experiments.
I used this sediment mixture as earlier experimental studies
found that its fine grain sizes are transported in suspension
through the self-organized deep and relatively stable channels
and resulted in pumping of substantial volumes of sediment
to the marine (Straub et al., 2015). The combination of the
saline input flow, fresh water receiving basin, and suspended
sediment resulted in continuous plunging of hyperpycnal flows
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at river mouths which traversed down the basin slope as turbid
underflows (Figure 1B).

The experiment included a 120 h build out stage in which
sea level was kept constant. The main phase of the experiment
followed when I imposed a constant rate of sea level rise
(rSL = 0.25 mm/h), meant to simulate a constant long term
subsidence rate. This pseudo-subsidence resulted in a terrestrial
accommodation production rate that matched the average
percentage of the volumetric sediment input rate trapped in the
terrestrial, determined from earlier experimental work (Straub
et al., 2015). As such, long term sea level rise induced a long
term deposition rate on the delta-top, rD that matched rSL . This
allowed the mean location of the shoreline to remain constant,
with superimposed variations due to autogenic processes and
sea level cycles. The main phase of the experiment included
three stages: (1) no sea level cycles, (2) small amplitude and
short period sea level cycles, and (3) a large amplitude and
long period sea level cycle (Figure 1C). Stage 1 was 108 h and
produced slightly more than two channel depths of stratigraphy
over the entire delta-top (maximum autogenic channel depths
were∼12 mm deep).

Following Li et al. (2016), I scale the magnitude and period
of sea level cycles in stages 2 and 3 to critical autogenic space
and time scales. The magnitude of sea level cycles, MRSL, (i.e.,
difference in elevation from cycle peak to trough) is compared
to the maximum autogenic channel depth, Hc:

H∗ =
MRSL

HC
(1)

While the period of a sea level cycle, TRSL, is compared to
the average time necessary to deposit one channel depth of
stratigraphy over the entire delta-top, which utilizes the long term
delta-top deposition rate, rD, as:

TC =
HC

rD
(Wang et al., 2011) (2)

Which allows:
T∗ =

TRSL

TC
(3)

Stage 2 included four sequential sea level cycles characterized by
H∗ = 0.5 and T∗ = 0.5, and thus were small in comparison to the
autogenic scales. Stage 3 included one sea level cycle characterized
by H∗ = 2 and T∗ = 2, and thus was large in comparison to the
autogenic scales. Ideally I would run a larger number of sea level
cycles for all stages, to allow exploration of statistical variability
to forcings. However, results from a similar set of experiments on
sea level forcing response of deltas, with no down system slope,
indicate a quick adjustment of the deltas to their cycle forcing
parameters (Yu et al., 2017).

It is worth noting that Tc does not equal the time scale
of avulsion, TA, as initially defined by Mohrig et al. (2000).
TA is defined as the depth of a system’s channels divided
by the in-channel, local aggradation rate, measured over one
avulsion cycle. The aggradation rate used in the formulation
of Tc is the long term or geological rate (i.e., measured over
long enough timescales that rates are temporally persistent;

Jerolmack and Sadler, 2007). Typically, Tc is several orders of
magnitude greater than TA. As such, Tc does not relate to
the average periodicity of any one surface process, but rather
estimates the time necessary for even dispersal of sediment
across a basin resulting from the full suite of autogenic processes
(Wang et al., 2011).

The input current was dyed twice an hour with blue
food coloring to aid visualization of morphodynamics. This
was done for 1 min of each flood and then 30 min later
for 1 min of base flow conditions. Aerial images of the
experimental surface were collected at the very end of each
dye pulse. Maps of the entire experimental surface were
collected every 3 h of run-time with a 1 Khz long range
displacement laser connected to a data logger and housed
on a measurement carriage capable of movement in all three
Cartesian directions. Sequential topographic maps were collected
on a common grid with a horizontal grid spacing of 5 mm
in the down-basin and cross-basin directions. This produced
maps with a vertical resolution of 0.25 mm. For stratigraphic
analysis, the topographic maps were used to construct synthetic
stratigraphy by stacking all topographic scans and clipping
for erosion. Following the completion of the experimental
run, the deposit was sectioned along three primarily dip
oriented transects and imaged with a digital camera for
stratigraphic characterization.

RESULTS

General System Dynamics
I start with a general description of the system dynamics prior
to the quantitative analysis of mass partitioning from source
to sink. Pseudo-subsidence was turned on at the start of stage
1 with one major river channel located on the river-left side
of the basin. This channel and its delta lobe protruded well
past the shelf-slope break and remained fixed in position for
approximately 70 h before the first large scale lobe avulsion
(Figures 2, 3). This time-scale of stability is significantly
longer than the compensation time-scale for the stage and
longer than any time between avulsions in a previous deltaic
experiment that used a very similar setup to that discussed
here, but without a coupled slope system (Straub et al., 2015;
Li et al., 2017). This might point to enhanced stability of
terrestrial channels when their tips reach a shelf-edge, as
quantified in previous experiments (Kim et al., 2013). This
was followed by several smaller scale avulsion events. As the
system reorganized, the long term pseudo-subsidence resulted
in drowning of old delta lobes and the construction of a shelf
environment. I characterize the shelf in our experiment to be
low sloping (S = 0.05 m/m) marine environments that were
constructed in terrestrial settings, but later drowned due to the
local RSL history.

During stage 1, input flow and sediment was routed to the
shoreline through a mixture of channelized and overbanking
flow. Coarse sediment was largely confined to the channels
while overbanking flow resulted in substantial fine grained
deposition on the delta-top. Deposition at the shoreline
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FIGURE 2 | Overhead images of the three experimental stages. Images display transport system at key time periods in sea level cycles (stages 2 and 3), or for key
periods in an autogenic channel cycle (stage 1). Photos from base flow conditions and then succeeding flood are shown. Images were taken after 1 full minute of
dye release into the basin. Major tick marks on images borders have a 1 m spacing and a reference location is noted in the upper left photo with distances from the
proximal basin wall (x) and from the river right basin wall (y).
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FIGURE 3 | Topographic maps of the three experimental stages. Maps display transport system at key time periods in sea level cycles (stages 2 and 3), or for key
periods in an autogenic channel cycle (stage 1). Line spacing of grid over topographic maps is 0.5 m and a reference location is noted in the upper left map with
distances from the proximal basin wall (x) and from the river right basin wall (y).

was dominated by coarse grained delta lobes. Sediment
that bypassed the delta foresets in turbid underflows was
almost exclusively fine grained. These underflows were sheet-
like and lacked any detectable channelization. Underflows
traversed the entire length of the basin and plunged
into the distal basin moat, but lacked much suspended
sediment at this point. The only significant difference
between base and flood flow conditions was the amount of
terrestrial overbanking flow, which was noticeably higher
during flood events.

The small magnitude and short period RSL cycles of stage
2 drove reorganization of channel networks, most of which
occurred during highstand conditions when the terrestrial system
shrunk in size and the shelf system expanded. However, this
was not always the case. Between the second and third RSL
cycles a single channel formed down the center of the basin
during rising sea level conditions. This channel remained in place
during the highstand, pumping high sediment volumes to the
marine, and continued to remain open through the succeeding
lowstand. Similar to stage 1, a significant amount of the input
flow left the terrestrial channels to the overbank during both

base and flood flow during the entirety of all stage 2 sea level
cycles (Figures 2, 3).

The single RSL cycle of stage 3 produced clear geomorphic
responses (Figures 2, 3). Initial rising and then highstand
sea level conditions drove a rapid shoreline transgression
and wide scale expansion of the experimental shelf. As our
experimental setup did not include waves, no large scale erosional
ravinement surface formed on the shelf during transgression.
During highstand the delta-top system had high lateral mobility
and relatively little channelization. During falling sea level
conditions channelization occurred that eventually collapsed
into a single erosional corridor on the river right side of the
basin. This channel was deep and wide enough to contain
all flow during base and flood flow conditions. As such,
this channel acted as a conveyor belt, transporting all of the
input flow and sediment to the marine and the terrestrial
overbank was starved of sediment. While the size of the shelf
decreased during falling and lowstand conditions, it did not
completely disappear as sediment transport and deposition
to the marine was laterally constricted to the river right
side of the basin.
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FIGURE 4 | Images of preserved physical stratigraphy of the three experimental stages. Primary transport direction is from left to right. Blue staining is from food
coloring used to dye input flow and is primarily present on the fine grained strata. Insert panel gives location of sections, which are displayed with a 4X
vertical exaggeration.

Stratigraphic Architecture
The surface dynamics discussed above resulted in a stratigraphic
package with delta-top deposits that averaged roughly 0.07 m
in thickness, shelf-edge delta foresets in excess of 0.15 m thick
and slope deposits that tapered from roughly 0.03 m down to
0.005 m thick. Panels of the preserved strata were generated by
vertically slicing the final deposit along three dominantly dip
panels. I took advantage of the locations of the transport system
during each stage of the experiment when selecting the location
of the dip panels. These included: (1) a panel down the river left
side of the basin that aligned with the longest lived autogenic
channel path during stage 1, (2) a panel down the center of

the basin that captured the strata deposited during several of
the stage 2 cycles, and (3) a panel down the river right side of
the basin that was aligned with the dominant flow path during
stage 3 (Figure 4).

Delta-top strata along the center and river left transects were
similar in nature and included interbedded layers of red sand
and white fine grained strata with occasional oblique channel
cuts of similar depth. The delta-top strata along the river right
transect included the large erosional channel fill from stage 3.
The coarsest deposits in each transect were found in the shelf-
edge foresets with fine grained strata constructing the down
dip slope strata.
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FIGURE 5 | Panels of synthetic stratigraphy with deposits painted as a function of time of deposition within a sea level cycle. Stage 1 strata is displayed without
coloring, but with preserved time horizons as black solid lines. Thick green lines denote break between stage 2 and 3 strata. Insert map details location of each
transect; color bar details how synthetic stratigraphic color corresponds to time of deposition.

To complement the facies information contained within
images of the physical stratigraphy, I construct volumes of
synthetic stratigraphy by stacking DEMs of topography that are
clipped to account for erosion in the topographic time-series

(Figure 5). As I know the run-time associated with each map
and the corresponding sea level, I can paint panels of synthetic
strata by position within an RSL cycle. The complete spatial
coverage of the basin allows me to extract these cross-sections
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along any path I wish. As sea level did not cycle in stage 1, I
focus on a comparison of stage 2 and 3. I extract dip sections
of synthetic stratigraphy along identical transects as our physical
stratigraphy. The strata of the dip panel that ran down the middle
of the basin shows that delta-top stratigraphy was constructed
during both highstand and lowstand conditions of RSL during
stage 2 and stage 3, but with a preference for deposition during
highstand conditions. At least along this transect, a significant
amount of the foreset strata was also deposited during highstand
conditions, but with a cap on the foreset strata deposited during
the subsequent lowstand.

Synthetic strata analyzed down the river right side of
the basin, following the path of the dominant erosional
channel of stage 3, reveals that foreset construction began
during highstand, but its growth accelerated as sea level
fell to its lowstand position. Preserved delta-top strata along
this transect was deposited during lowstand conditions as
earlier highstand delta-top deposits were largely eroded and
transported down-dip.

I also extracted panels of strata oriented in the strike direction.
Here I compare three panels: one oriented half-way down the
delta-top, one near the initial shelf-slope break, and one near
the toe of the dominant shelf-edge delta foresets. I see a general
decrease in preserved strata deposited in highstand conditions
and an increase in preserved lowstand strata as you progress
from source to sink.

Quantifying the Relationship Between
RSL and Mass Extraction
The central goal of this study is to quantify the conditions
necessary for RSL cycles to influence the depositional patterns of
linked shelf-edge delta and slope systems. It is common to assume
that sea level cycles influence the location of deposition, with
deposition moving basinward as sea level falls and vice versa with
sea level rise (Van Wagoner et al., 1990; Catuneanu et al., 2009). I
explore this in the experimental strata by constructing a set of
modified Wheeler diagrams (Wheeler, 1964). First, I construct
these for individual dip and strike sections. The dip section comes
from the basin bisect line (Figure 6A), while the strike section
is from the location of the shelf-edge at the beginning of the
experiment (Figure 6B). I generate a matrix populated with the
preserved deposition rates from sequential pairs of topographic
maps. I note that these are preserved deposition rates and are thus
constructed after topographic clipping has occurred to account
for post depositional erosion. This is done for each downstream
location on the dip section and each cross-stream location on the
strike section, with the distance between measurement locations
equal to the 5 mm topographic grid. To facilitate comparison of
our experiment to field systems, I normalize deposition rates by
the imposed long-term pseudo-subsidence rate:

D∗ =
D(x or y)

r
(4)

Where D(x or y) is the deposition rate at either a given
downstream (x) or cross-stream (y) location.

On these two-dimensional sections, I observe extreme
variability in deposition rates in space and time, with a large
number of stratigraphic hiatuses. Measured D∗ values peak at
values in excess of 20 over delta foresets, but it is difficult to
link depositional dynamics to the imposed sea level history in
either dip or strike.

In an effort to decrease the “depositional noise” associated with
looking at single dip or strike transects, I generated a second set
of modified Wheeler diagrams. For this, an average dip-oriented
Wheeler diagram was generated by averaging all dip oriented
rows in the topographic dataset (n = 531) (Figure 6C). The same
process was used to construct an average strike oriented diagram
by averaging all strike oriented columns in the topographic
dataset (n = 923) (Figure 6D).

I observe D∗ values ranging from 0 to 3 in the basin
averaged Wheeler diagrams with highest values over delta
foresets (Figure 6). Looking at the dip section, in stage 1
peak D∗ values initially move basinward, until making a
rapid sourceward transition at the time of the first major
avulsion. This is followed by smaller cycles of progradation then
retrogradation of peak D∗ values. I observe no clear imprint
of the stage 2 small amplitude and short period cycles in
the Wheeler diagram. In comparison to the short period sea
level cycles, a much longer period autogenic progradation and
then retrogradational cycle is observed. The high magnitude
and long period sea level cycle of stage 3, though, drove a
clear response in the location of peak deposition rates. The
initial rise in sea level toward highstand conditions drove
peak D∗ values toward the sediment source, while falling sea
level during this cycle drove a basinward shift in D∗. Stage
3 was also the only stage with a stratigraphic hiatus over the
entire width of the proximal depositional system. This hiatus
occurred during the falling portion of the stage 3 cycle as
the terrestrial system entrenched through erosion and pushed
sediment to the marine.

The basin averaged strike section again shows similar
character in the first and second stages with zones of
deposition shifting laterally to compensate for topographic
lows. Stage 3, however, is characterized by deposition
that remains on the river right side of the basin and a
stratigraphic hiatus that spans most of the river left side of
the basin during falling sea level. This stratigraphic hiatus is
largely associated with inactivity rather than erosion, as the
transport system was confined to the river right side of the
basin at this time.

The modified Wheeler diagram presented above helps
visualize movement of the peak depocenters in the experiment,
but I am also interested in describing the cumulative extraction
of mass to deposition as a function of distance from the
sediment source and how this varies (1) between stages and
(2) over the course of individual sea level cycles. This can be
useful in identifying if sea level cycle characteristics promote
the pumping of sediment to more distal locations and if the
cumulative source to sink movement of the depocenter is in
phase with imposed sea level cycles. To accomplish this I generate
mass extraction curves as a function of downstream distance
for each experimental stage. I use the Paola and Martin (2012)
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FIGURE 6 | Modified Wheeler diagrams detailing how mean deposition rate varies both with distance from source, lateral position in basin and run time. (A) Wheeler
diagram generated from a single dip section down the basin centerline (transect A–C in Figure 5). (B) Wheeler diagram generated from a single strike transect
located at the location of the shelf-edge at the beginning of the experiment (transect G–H in Figure 5). (C) Mean dip oriented Wheeler diagram generated from the
average of all dip transects in the topographic maps. (D) Mean strike oriented Wheeler diagram generated from the average of all strike transects in the topographic
maps. White locations on Wheeler diagrams represent stratigraphic hiatuses. Black dashed lines demarcate stage breaks and experimental sea level history is
shown to aid analysis of time-space information.

definition of mass extraction as the total sediment flux lost
to deposition up to a distance of interest, x, from the source
normalized by the input sediment flux to the basin, QS0:

χ(x) =
1

QS0

∫ x

0
B(x)D(x)dx (5)

Where B(x) is the width of the basin at location x. A tangible
example of this transformation is χ(x) = 0.5, where half

of the sediment input to the basin is deposited upstream
of location x and half of the sediment is still in flux.
χ(x) = 0.5 also represents the depositional midpoint of the basin
(Paola and Martin, 2012).

I start the analysis of mass extraction by generating bulk
χ(x) curves for each stage (Figure 7A). This is done with an
isopach map generated by differencing topography at the end
of each experimental stage from the topography at the start of
the stage. The shape of the χ(x) curves is similar for the three
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FIGURE 7 | Relationship between distance from source and mass extraction for experimental deposit. (A) χ (x) curve for bulk stage deposits with position of mean
shoreline noted for each stage. (B) χ (x) curves for each 3 h window between topographic scans in stage 1, thick solid gray line is the mean stage trend. (C,D) χ (x)
curves for 3 h windows between topographic scans in stage 2 and 3, respectively. Color of curve corresponds to time of sample window with respect to a sea level
cycle and solid gray lines show the mean stage trends.

stages with an initial slow growth of χ(x) over distances from
the sediment source that were typically delta-top environments.
Then a rapid growth in χ(x) is observed between 1 and 2 m from
the basin entrance, which was typically delta foreset and upper
slope. Finally, χ(x) slowly grows over 2–4 m from the source,
which was always a marine slope environment. Using the DEM
database, I also calculate the average distance from the basin
entrance to the shoreline for each stage and post this on the χ(x)
curves (Figure 7). This allows me to measure the mass portioning
between dominantly terrestrial and dominantly marine settings
in each stage. I find that in stage 1, 19% of the input mass was
deposited in the terrestrial, while both stages 2 and 3 had 32% of
the input mass deposited in the terrestrial. The biggest difference
in the χ(x) curves of the three stages is the slow initial growth of
χ(x) in stage 1 relative to stage 2 and 3. The distance from the
entrance to the mean shoreline is near identical for all stages, but
the sediment extracted inbound of the shoreline is less in stage 1
relative to stages 2 and 3. This is likely linked to the long lived and
relatively stable channel that was present through much of stage
1, which efficiently pumped sediment to the marine.

Next I calculate χ(x) curves for each sequential set of DEMs,
following the clipping process for post-depositional erosion. This
serves two purposes: (1) to characterize the amount of variability
in the location of mass extraction due to both autogenic and
allogenic reorganization of channel networks and (2) to identify
if position in a sea level cycle results in predictable changes in
the mass extraction trend. Regarding point 2, minus autogenic
dynamics I might expect that sea level would be correlated with
the proximal-distal trend of mass extraction: lower sea level might
result in proximal bypass and more distal mass extraction, relative
to the mean χ(x) curve of a sea level cycle.

A comparison of stage 1 and 2 suggest a similar amount of
variability in χ(x) curves around the mean trend (Figures 7B,C).
χ sometimes exceeds a value of 1 in these curves due to erosion
and redeposition of previously deposited sediment, which can
result in a greater volume of sediment deposited and preserved in
a given 3 h period than input to the basin during that same time.
A greater spread around the mean is observed for the χ(x) curves
of stage 3 (Figure 7D), suggesting an imprint of the forcing that
exceeds the stochastic variability.
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The position within a sea level cycle does not produce
predictable shifts in χ(x) curves for the low magnitude, short
period cycles of stage 2. While some periods of low sea level
correspond to a basinward shift in the mass extraction trend,
relative to the mean stage trend, other periods of low sea level
are associated with enhanced proximal mass extraction relative to
the mean trend (Figure 7C). In contrast, a clear and predictable
response of χ(x) is seen in stage 3 with low RSL associated with
more distal mass extraction and vice versa (Figure 7D).

Earlier in the description of the synthetic stratigraphic panels I
noted a general trend of a reduction in preserved strata deposited
in highstand conditions and an increase in preserved lowstand
strata with movement from source to sink. My goal here is to
quantify this trend. This is done with a calculation of a parameter,
αD, first presented by Yu et al. (2017) which quantifies when, on
average, during a sea level cycle deposition occurs, and how this
changes as a function of mass extraction location. This metric is
constructed as:

αD =
1
N

N∑
i=1

(
Di(χ)

r
ηSL, i

MRSL/2

)
(6)

Where Di (χ) is the mean thickness of strata deposited during run
hour i at a mass extraction location χ , ηSL, i is the sea level during
run hour i and N is the total number of run hours analyzed. For
strata deposited during a given RSL cycle, αD theoretically could
take any value between −1 and 1. In descriptive terms, a value
of −1 would represent a deposit at a mass extraction location
of interest that was constructed only when sea level was at the
trough of a cycle, while a value of 1 would represent deposits
constructed only when sea level was at the peak of a cycle.

As no sea level cycles were present in stage 1, αD remains a
constant value of 0 for all χ locations. In stages 2 and 3 αD is
a positive value inbound of the mean stage shoreline suggesting
a preference for highstand deposition (Figure 8). In both stages
this preference increases with distance from the source until
reaching peak values. However, the peak in αD is significantly
higher in stage 3 compared to stage 2 indicating rapid deposition
in proximal locations during highstand conditions for large
magnitude sea level cycles. At more distal mass extraction
locations this trend is reversed. Between χ locations of 0.6 –
0.8, I observe negative αD values in both stages, with the
trend reaching lower values in stage 3 compared to stage 2.
This indicates a preference for rapid marine deposition during
lowstand conditions increases with the magnitude of a sea level
cycle. Toward the end of the transport system, αD starts to rise
back toward 0, suggesting a loss in preference for deposition as
a function of location in a sea level cycle. However, it should
be denoted that at these extremely distal locations the deposit
thickness drops dramatically, likely making identification of this
signal in field scale systems difficult.

DISCUSSION

I start with a general summary of my experimental findings and a
comparison to the observations from the numerical experiments

FIGURE 8 | Data defining average position within a sea level cycle in which
sediment is deposited as a function of distance from basin entrance. Symbols
indicate position of mean shoreline for each stage.

of Harris et al. (2016, 2018). For this comparison I loosely upscale
the experimental stages to field conditions using the emergent
experimental autogenic scales. Here I provide a rough upscaling
to a Mississippi River scale system by assuming similarity
in morphodynamic response between experimental (denoted
with e) and prototype (denoted with p) systems that share
dimensionless ratios that compare autogenic and allogenic scales.
I stress that, as with all stratigraphic experiments, this experiment
is not a simulation of any one particular system as it is challenging
to match many important dimensionless numbers that describe
the flow and sediment transport fields when comparing lab to
field systems. However some emergent geomorphic scales and
the scale invariance of many processes allow some dynamics to
be compared to field systems (Paola et al., 2009). As such, this
comparison gives a rough feel for the time scales and responses
that should be expected for field scale systems.

I start with upscaling the magnitude of the experimental sea
level cycles:

MRSL, e

HC, e
= H∗ =

MRSL, p

HC, p
(7)

Given that deep autogenic sections of the Mississippi River in its
backwater reach are ∼50 m in depth (Nittrouer et al., 2012), the
stage 2 and 3 sea level cycles scale to 25 and 100 m, respectively.

Next I upscale the duration or period of the experimental sea
level cycles using the following relationship:

TRSL, e

TC, e
= T∗ =

TRSL, p

TC, p
(8)

Using Equation 2 and a rD value for the Mississippi River reported
from biostratigraphic dates (rD = 0.26 m/kyr) (Straub et al.,
2009) the stage 2 and 3 sea level cycles scale to 96 and 384
kyrs, respectively.

The scaling above, however, only holds for the autogenic scales
of the Mississippi River Delta. If we apply Equations 7, 8 to
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compare our stages 2 and 3 to the Rhine River Delta, which has
Hc and rD values of 7 m and 1.2 mm/yr respectively (Zagwijn,
1989; Hijma et al., 2009), we get significantly different scaling.
For the Rhine Delta, my stage 2 and 3 sea level cycles scale to
3.5 and 14 m with durations of 2.9 and 11.7 kyrs, respectively.
The comparison of the Mississippi and Rhine River Delta systems
suggest the following. First, not all river deltas respond to a
given sea level cycle in the same way. Larger systems, with their
larger autogenic scales, will be less sensitive to sea level cycles
compared to their smaller neighboring systems. This point has
been highlighted in a number of recent studies (Li et al., 2016;
Yu et al., 2017; Trower et al., 2018). Second, these results suggest
that care should be taken in universally applying one set of
rules to icehouse condition deltas and another to greenhouse
condition deltas. For example, the response of larger deltas with
autogenic scales similar to icehouse sea level cycles might be
similar to the response of smaller systems to high frequency
and low magnitude greenhouse scale sea level cycle, like those
proposed for the Late Cretaceous and earlier Paleogene (Tibert
and Leckie, 2004; Miller, 2009). Third, while some large systems
in icehouse conditions might behave like smaller systems in
greenhouse conditions, on average the autogenic scales of deltas
will be larger, relative to the scales of imposed sea level cycles,
during greenhouse conditions and thus on average less sensitive
to those cycles. This will facilitate more continuous connections
between terrestrial and slope conditions during these times,
similar to what has been proposed from numerical modeling
studies (Sømme et al., 2009a).

Linking Mass Partitioning Along Source
to Sink Profiles to Sea Level Cycles
In our experiments the relationship between mass extraction and
physical distance from basin entrance was near identical in the
three experimental stages (Figure 7A). The stage that pumped the
most sediment to the marine was the one that lacked any sea level
cycles, however this difference was only 13%. This increase in
pumping of sediment to the marine in stage 1 can be linked to the
long lived and relatively stable channel present for more than half
of this stage. This channel produced a delta lobe that protruded
far past the initial shelf-slope break. This is in line with a previous
experiment that observed a stabilization of channels that are able
to pump their sediment into deep waters (Kim et al., 2013).
While avulsions still occur after this shelf-edge docking, their
frequency is thought to be reduced, thus facilitating sediment
flux to the marine.

The similarity in the χ(x) mean trend of stage 2 and 3 is
striking and supports the notion that partitioning of sediment
along a source to sink transect is largely driven by the long
term basin accommodation production trend. By long-term, I
mean time scales important for generation of basin subsidence,
which exceed most Milinkovic sea level cycle fluctuations. While
the bulk mass extraction trends for individual stages are similar
(Figure 7A), my analysis of the average position within a sea level
cycle during which preserved strata was constructed (Figure 8)
suggest a preference for terrestrial strata constructed during
highstands and marine strata constructed during lowstands. This

preference is muted in the low magnitude and short period cycles
of stage 2 in comparison to the high magnitude and long period
cycle of stage 3, but still present.

It is important to note that the preference for terrestrial
deposition during highstands and marine deposition during
lowstands, apparent in our αD analysis, is a time averaged
result. Specifically, the signal present in the stage 2 deposit
is the average result of the four cycles in this stage. Without
excellent time control, this signal might be difficult to tease out
from stratigraphic architecture constructed in marginal marine
settings forced with small magnitude and short period sea
level cycles. For example, the experimental transport system
experiencing stage 2 scale sea level cycles did not always produce
predictable products of the allogenic forcing. The variability in
the short term mass extraction trends of stage 2 was similar to
the variability in the mass extraction curves of the autogenic
stage 1 (Figures 7B,C), which suggest that their stratigraphic
architecture was also similar. In addition, lowstand conditions
in stage 2 did not always force a basinward movement of the
transport system. In contrast, the high magnitude and long period
sea level cycle of stage 3 produced a predictable movement
of the depocenter with position in a sea level cycles and the
changes in the location of mass extraction during lowstand
(or highstand) conditions exceeded the autogenic stochastic
variability in depocenter location (Figure 7D).

I now return to the observations from numerical experiments
detailed in the set of papers by Harris et al. (2016, 2018).
An exact comparison of the numerical experiments of Harris
et al. (2016, 2018) to our physical experiment is not possible
due to experimental scaling parameters. In addition, the
channel depths in the numerical experiments of Harris
et al. are unknown, making estimation of H∗ and T∗
for their numerical experiments imprecise. However, many
of their modeled sea level cycles are less than 30 m in
magnitude and occur over less than 100 kyr in a domain
with forcing conditions motivated by the passive margin of
the northeast United States. This might suggest H∗ and T∗
values close to 1.

The physical experimental results support the finding of
Harris et al. (2016, 2018) that only a small difference in sediment
delivery exists between systems forced with constant vs. dynamic
sea level histories. For systems experiencing sea level cycles that
are small relative to their autogenic scales, the timing of sediment
delivery to the marine does have a preference for lowstand
conditions. Similar to the findings of Harris et al. (2016), I
note that this response can be variable, and due to autogenic
processes sometimes the opposite of those predicted by purely
allogenic models. For example, the channel that formed between
the second and third sea level cycles of stage 2 was able to keep
sediment delivery to the marine high, even as sea level rose. This
channel was similar to some of the autogenic stage 1 channels and
its growth rate allowed it to continue to extend, even under long
term shoreline transgression of the rest of the delta. However,
the response to sea level cycles that are large in comparison
to the system’s autogenic scales seem to be predictable and
in line with long standing theory (Van Wagoner et al., 1990).
Large drops in sea level correlate with pronounced basinward
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movement of the depocenter and increased sediment delivery to
the marine. For a Mississippi scale system, this would mean sea
level cycles with amplitudes in excess of 50 m and/or periods
in excess of 200 kyrs. However, as previously mentioned, these
scales will vary with the size of a system as autogenic time
and space scales typically correlate with system size (Hajek and
Straub, 2017). Thus smaller systems will more easily produce
detectable responses in the delivery of sediment to the marine
compared to a larger system exposed to the same sea level cycle
(Li et al., 2016).

Pumping of Sediment Past Experimental
Delta Foresets
A key point to highlight from the system described here
is the difficulty in pumping sediment past delta foresets in
physical experiments. The experimental design was crafted to
promote pumping of sediment past shelf-edge delta fronts to
continental slope settings. These conditions included frequent
flood events and an input flow that had excess density
relative to the receiving basin. Even with these design
parameters ∼80% of the input sediment was stored in the
delta top and foreset. In comparison, a detailed seismic
analysis of a shelf-edge delta and linked submarine channels
in the northeastern Gulf of Mexico found a 50:50 split
between shelf and slope volumes (Sylvester et al., 2012).
Clearly, more work is necessary to identify the experimental
parameter space necessary to promote flux of high sediment
volumes to the marine.

While the flux of sediment past delta foresets is not as
high as some systems, I can still compare the resulting slope
isopachs in the three stages. Stage 1 and 2 share similar slope
deposits and volumes (Figures 9A,B) that were spread over the
full width of the platform. In comparison, the high magnitude
and long period sea level cycle of stage 3 produced a slope
deposit that was more isolated in lateral extent, but with

FIGURE 9 | Maps highlighting deposit thickness trends on experimental slope
for three experimental stages. Colorbar limits set to highlight slope deposit
patterns with a 2 mm contours overlain.

thicker deposits at distal locations compared with the other
stages (Figure 9C).

CONCLUSION

The key results, which directly relate to the development
of process-based theory for source-to-sink sediment routing
systems, are twofold:

(1) Results from a physical experiment on linked shelf-edge
delta and slope systems suggest that the scale of sea level cycles
does not strongly influence the pumping of sediment to the
marine, if one averages sediment delivery over a full cycle. This
delivery of sediment to the marine is similar to systems with no
sea level cycles, which due to long autogenic scales when deltas
dock at shelf-edge, can actually have sustained rates of deepwater
sediment delivery for long periods.

(2) While the magnitude and period of sea level cycles does not
influence the long term delivery of sediment to the marine (i.e.,
a rate averaged over an entire RSL cycle), these parameters do
influence the timing of deep marine sediment delivery. Sea level
cycles with scales in excess of autogenic dynamic scales produce
predictable responses during a sea level cycle with maximum
delivery during ultimate lowstands. In contrast, sea level cycles
with scales less than autogenic scales produce varied responses.
On average marine sedimentation is delivered during lowstands
for small cycles, but this response can sometimes be flipped, with
high marine delivery during highstands. The handoff between
predictable to stochastic response can be on the order of 50 m
and 200 kyrs for large river systems.
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