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1Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, The Netherlands,
2Department of Civil Engineering, Technical University of Catalonia, Barcelona, Spain, 3Department of Civil
and Environmental Engineering, University of South Carolina, Columbia, SC, USA

Abstract Laboratory experiments were conducted on a sand-gravel Gilbert delta to gain
insight on its dynamics under varying base level. Base level rise results in intensified aggradation
over the topset, as well as a decrease in topset slope and topset surface coarsening, the signals of which
migrate in an upstream direction. Preferential deposition of coarse sediment in the topset results in
a finer load at the topset-foreset break, which creates a fine signature in the foreset deposit. Base level
fall has the opposite effects. Entrainment of the topset mobile armor causes a coarsening of the load at
the topset-foreset break and so a coarse signature in the foreset deposit. The entrainment of the topset
substrate and fine top part of the foreset may follow, which causes a fining of the load and a fine signature
in the foreset deposit. The fact that the upstream sediment supply requires a certain slope and bed surface
texture to be transported downstream under quasi-equilibrium conditions counteracts the effects of base
level change. This information travels in the downstream direction. In nature base level change is likely so
slow that the upstream sediment load maintains the topset slope and bed surface texture and so keeps
the topset in a quasi-equilibrium state. Base level change is therefore not expected to leave a clear signal
in a mixed-sediment Gilbert delta other than a change in elevation of the topset-foreset interface.

1. Introduction

Gilbert (1885, 1890) was the first to subdivide a deltaic deposit into three parts—the topset, the foreset,
and the bottomset—where sedimentary processes are controlled by different physical processes (Figure 1).
The topset deposit is formed out of layers gently inclined in the streamwise direction and deposited over the
foreset by fluvial transport processes. The downstream limit of the topset is denoted as the brinkpoint. The
delta foreset, or front, is dominated by avalanching processes and is formed out of steeply inclined layers that
are placed over a fine-grained bottomset deposit. In general foreset layers are nearly parallel to the relatively
steep delta front, and the bottomset deposit is nearly parallel to the substrate (i.e., the lake or sea bottom).

Edmonds et al. (2011) proposed to classify deltas as topset or foreset dominated. The stratigraphy of the
former is mainly governed by aggradational fluvial processes on the delta top, whereas the stratigraphy of
foreset dominated deltas mainly depends on avalanching processes at the delta front. They suggest that the
ratio between the thickness of the topset and foreset deposits distinguishes between the two types of deltas.
Gilbert deltas classify as foreset dominated deltas.

Gilbert deltas are deposited in both marine and lacustrine environments (Viparelli et al., 2012). Examples of
stratigraphy created by Gilbert deltas are in the Ventimiglia valley in Italy (Breda et al., 2007, 2009), the Aguilas
(Dabrio et al., 1991) and Tabernas (García-García et al., 2006) Basins in Spain, and the Kerinitis Delta in Greece
(Backert et al., 2010). Peyto Lake in Canada (Smith & Jol, 1997) is an example of a modern active Gilbert delta.

The progradation of Gilbert deltas is essentially governed by two factors (Martini et al., 2017; Posamentier &
Allen, 1993; Postma, 1995): (a) the influx of sediment supplied from upstream and (b) the “accommodation
space,” defined as the space where sediment deposits after passing the brinkpoint. Since base level variations
are a main factor controlling the accommodation space, the stratigraphy of ancient Gilbert deltas has been
used to reconstruct the paleo sea level (e.g., Longhitano, 2008).

The role of mixed-size sediment in Gilbert deltas is seen in the foreset deposit. Deposition of sediment
downstream from the brinkpoint not only makes the delta prograde downstream but also results in the
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Figure 1. Stratification of a Gilbert-type delta (after Gilbert, 1890).

characteristic upward fining of the foreset deposit (e.g., Allen, 1965; Bagnold, 1941; Blom et al., 2003;
Kleinhans, 2005; Postma, 1990; Van Bendegom, 1947). This is because, while avalanching downslope, (a)
coarse particles roll over fines more easily than fines roll over coarse particles and (b) grain flows entrain coarse
particles from a previous grain flow deposit and take them further downslope (Kleinhans, 2005).

Blom and Kleinhans (2006) developed a stratification model to describe the characteristic upward fining of the
foreset deposit. They assumed that the volume fraction content varies linearly with elevation. Their stratifica-
tion model was included in a numerical model of mixed-size sediment Gilbert delta progradation developed
by Viparelli et al. (2012). Viparelli et al. (2014) tested the numerical model against the laboratory data obtained
by Ferrer-Boix et al. (2015). The latter authors measured the size stratification in a laboratory Gilbert delta
on a sloping bottomset formed during reservoir deposition due to a dam (i.e., under a constant base level).
They found that as the front height increases the deposit in the lower part of the foreset becomes coarser.
The numerical model has been used to predict stratigraphy under periodic base level changes (Viparelli et al.,
2012). The runs indicate that slow oscillations leave a clear signature in the foreset deposit, while the stratig-
raphy resulting from fast oscillations approach that of a fixed base level (Howard, 1982). In particular, the
signal of a slow base level rise was the formation of fine lenses in the foreset deposit (Viparelli et al., 2012).
A coarsening of the bottom part of the foreset was observed during base level fall.

The objective of this study is threefold: (a) to gain insight on the progradation and size stratification of a labo-
ratory mixed-size sediment Gilbert delta under base level rise and fall, (b) to apply and assess the Viparelli et al.
(2012, 2014) mixed-size sediment Gilbert delta model under conditions of base level change, and (c) to study
the effects of mixed-size sediment on a hypothetical field scale Gilbert delta whose stratigraphy is governed
by grain flow processes.

The structure of the paper is as follows. Section 2 provides a description of the dynamics of Gilbert
delta progradation and explains backwater effects over the fluvial reach resulting from base level change.
The experimental setup and measurement techniques are presented in section 3. Section 4 deals with the
laboratory results on delta migration and size stratification. In section 5 we explain the setup and the results
of applying the Viparelli et al. (2012, 2014) numerical model to the laboratory experiments. In section 6 we
extend the results to a hypothetical field scale Gilbert delta.

2. Background: Conceptual Dynamics of a 1-D Gilbert Delta

Deltas are three-dimensional morphological features with intricate structures such as natural levees and
lobes and complex processes such as avulsions and ecological interactions (Boesch et al., 1994). In this study
we focus on the effects of mixed-size sediment on delta progradation and size stratification. Therefore, we
reduce the complexity of the problem retaining the essential dynamics of delta migration in one dimension.
Thus, aggradational and degradational processes are averaged in the lateral direction (Paola et al., 1992).
This idealized system not only provides qualitative information on deltaic processes (Lai et al., 2017;
Muto & Swenson, 2005; Posamentier et al., 1992; Swenson & Muto, 2007) but also understanding of field cases,
which can be well-approximated in 1-D (e.g., Ahmed & Sanchez, 2011).

The sediment that is transported over the fluvial reach is deposited downstream of the brinkpoint due to
the expansion of the flow at the brinkpoint and the associated reduction in flow velocity. This deposition
of sediment on the delta front makes a Gilbert delta prograde and the topset lengthen. Under conditions
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Figure 2. Schematic delta progradation under conditions of (a) a constant base level, (b) base level rise, and (c) base
level rise and fall.

of a constant base level the lengthening of the topset results in topset aggradation (Gilbert, 1890; Paola
et al., 2011) to maintain a slope adequate for the flow to transport the sediment load supplied from upstream.
Due to the lengthening of the topset and therefore the larger volume of sediment needed to maintain the
required slope, the rate at which the delta progrades decreases with time (e.g., Gilbert, 1890; Lorenzo-Trueba
et al., 2009; Swenson et al., 2000).

Topset aggradation results in a streamwise decrease of the sediment load and so a streamwise reduction
of the bed slope, since a smaller load requires a smaller slope to be transported downstream (Blom et al.,
2016; Mackin, 1948). This results in a concave upward fluvial reach (Blom et al., 2016; Gilbert, 1890; Mackin,
1948; Sternberg, 1875). Due to the downstream decrease in bed slope, even under conditions of a constant
base level, there is a streamwise increase in flow depth (Figure 2a). However, for long timescales
(i.e., slow delta advance relative to the domain length) it is valid to assume that the flow is locally uniform
(i.e., quasi-equilibrium conditions or quasi-normal flow (Blom et al., 2017; De Vries, 1973, 1975; Fasolato et al.,
2011; Ribberink & Van der Sande, 1985)). Thus, when the base level is constant or varies slowly, fluviodeltaic
morphodynamics are well approximated assuming quasi-equilibrium conditions (Ashida & Michiue, 1971;
Begin et al., 1981; Culling, 1960; Martín-Vide et al., 2010; Paola, Heller et al., 1992; Ronco et al., 2010).

Under base level rise, aggradation on the topset is not only driven by delta progradation but also by the
rising base level. For short timescales (i.e., fast base level changes relative to the domain length) the rising
base level induces an M1 backwater (Chow, 1959) over the topset (Figure 2b). This backwater effect results in
higher aggradation rates compared to the case of a constant base level, a reduction of the load arriving at the
brinkpoint, and a slowdown of delta progradation. Under fast base level fall topset aggradation due to delta
lengthening is counteracted by an M2 backwater (Chow, 1959) with opposite effects (faster progradation
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Figure 3. Not-to-scale sketch of flume and initial bed: (a) weir, (b) motor of the feeder, (c) sediment distributor plate,
(d) feeder box, (e) energy dissipation and flow regulation device, and (f ) wooden structure. The streamwise position
x is defined.

and increase in load at the brinkpoint; Figure 2c). Degradation into the topset (and possibly the top part of the
foreset) occurs until the slope and flow depth of the fluvial reach have adjusted to the new base level. In these
conditions the brinkpoint migration line (which illustrates successive positions of the brinkpoint Swenson
et al., 2000; Parker et al., 2008) is not preserved in the stratigraphic record since it does not coincide with the
topset-foreset division line (which separates the topset from the foreset deposit; Figure 2c).

In this study we aim at assessing the complexities of mixed-sediment processes in the problem of a Gilbert
delta subject to base level change (section 1). The first feature introduced by mixed-sediment processes is
the formation of a mobile armor over the fluvial reach (e.g., Parker & Klingeman, 1982). Like the channel slope
adjusts to allow for the transport of the sediment supplied from upstream (Blom et al., 2016; Gilbert, 1877;
Howard, 1980; Mackin, 1948; Snow & Slingerland, 1987), under mixed-sediment conditions also the bed sur-
face texture adjusts to allow for the transport of the coarse fractions in the sediment supplied from upstream
(Blom et al., 2016; Mackin, 1948). The topset bed surface therefore coarsens compared to the substrate and
forms a mobile armor.

The second feature is the fact that the larger mobility of the fines (i.e., grain size selective transport) together
with the streamwise decrease in flow velocity due to delta lengthening induces preferential deposition of
coarse particles in the upstream part of the topset and so downstream fining over the fluvial reach (Paola
et al., 1992). This second feature reduces the mean grain size of the sediment supplied to the brinkpoint with
time (i.e., a fining of the brinkpoint load (Nemec, 1990)), which has been reported also for numerical runs
(Viparelli et al., 2012). This fining of the brinkpoint load reduces the topset slope near the brinkpoint, as a finer
load requires a smaller slope to be transported downstream (Blom et al., 2016; Mackin, 1948). This mechanism
adds to the above-mentioned reduction of the topset slope near the brinkpoint.

The third feature is the fact that the mobility of the coarse grains transported over the fluvial reach is expected
to be more sensitive to base level change than the fines. This is because the transport regime of the coarse
particles is generally closer to the threshold condition for significant transport.

3. Experimental Setup and Measurements
3.1. The Flume
We conduct three experiments in a tilting flume (Figure 3) in the Water Laboratory of the Faculty of Civil
Engineering and Geosciences at Delft University of Technology to study the effects of base level change on
Gilbert delta progradation and its size stratification. The tilting flume is 14.4 m long, 40 cm wide, and 45 cm
high. An energy dissipation and flow regulation device is installed at its upstream end. At the downstream
end the water surface elevation is set by a weir. Sediment is supplied to the flume with an in-house built
sediment feeder.

3.2. Sediment Specifications
The parent material is a well-sorted trimodal mixture. Each sediment fraction is painted a different color to ana-
lyze the size stratification using the image analysis technique developed by Orrù et al. (2014). The geometric
mean grain sizes of the fine, medium, and coarse size fractions are 1.03 mm (blue), 2.21 mm (red), and
4.42 mm (yellow), respectively (Figure 4). Appendix A provides information on the grain size definitions.
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Figure 4. Grain size distributions of the fine, medium, and coarse fractions
and the parent material. The model mixture (green line) is discussed in
section 5.

The percentage of the fine, medium, and coarse size fractions in the parent
material is, respectively, 50%, 35%, and 15%. The geometric mean grain
size (dm) of the parent material is 1.66 mm, and the geometric standard
deviation (𝜎) is 1.75 mm. Dodecyl sulphate sodium salt is added to the sed-
iment mixture (0.5 g/kg of sediment) to reduce the surface tension and
avoid the attachment of air bubbles to the painted sediment after being
released from the feeder.

3.3. Experimental Program
The initial bed consists of a mildly sloping fluvial reach (1/100) and a steep
foreset (30∘) that ends in a mildly sloping (1/100) basement (Figure 3). The
initial deposit is built out of parent material (Figure 4). Parent material is
fed at the upstream end of the test reach (Figure 3). The sediment is trans-
ported as bedload and all sediment that reaches the brinkpoint is trapped
in the delta foreset.

The upstream boundary conditions (i.e., the water discharge and the sed-
iment feed rate) are maintained constant during the experiments and are
equal to 13 L/s and 280 g/min (or 1.76 × 10−6 m3/s or 4.40 × 10−6 m2/s),
respectively. The downstream boundary condition (i.e., the base level) is
kept constant in Experiment I. In Experiments II and III base level varies

(Figures 5a–5c). In particular, Experiment II is characterized by base level rise (four instantaneous base
level increases of 0.5 cm each), while in Experiment III we impose a stepwise sine function for rise and fall
(two instantaneous base level increases of 0.5 cm each, then four falls of 0.5 cm each, and four increases
of 0.5 cm each).

The duration of Experiments I–III is 14, 25, and 25.5 h, respectively. The experiments are carried out without
stopping the flow to avoid start-and-stop disturbances. The imposed changes in base level are small enough
to prevent the abandonment of the delta. In other words, during the entire duration of the experiments
sediment is passing the brinkpoint.

3.4. Measurements
Longitudinal profiles of bed elevation and water surface elevation are measured approximately every 30 min.
To this end an Ultralab UWS echosounder and a Micro-epsilon optoNCDT laser device are mounted on a
carriage. Another laser device is installed at the downstream end of the flume to continuously measure the
base level.

We apply the measurement technique developed by Orrù et al. (2014) to measure the size stratification of the
delta deposit at the end of each experiment. The technique is based on color segmentation and provides data
on the percentage of pixels of the same color in an image. As each size fraction is painted a different color, the
areal fraction content covered by a color corresponds to the areal fraction content covered by a size fraction.
The result is an areal fraction content rather than a volumetric one as is commonly obtained when sieving
and weighting a sample. A conversion relation is applied (Parker, 1991a, 1991b) to determine the associated
volumetric fraction content of a size fraction (Orrù et al., 2014).

The bed sampling procedure consists of two steps that are repeated along the entire depth of the delta once
it has sufficiently dried (Orrù et al., 2014). A photo camera is installed on a movable carriage on top of the
flume to take images of the entire bed surface. The second step is sediment extraction. After taking images of
the entire bed surface, a 1-cm layer of sediment is removed using a wet vacuum cleaner. We then take images
of the newly exposed sediment layer. These steps are repeated until the initial bed is reached. The images are
cut into slices with a streamwise length of 6.25 cm (covering the entire flume width), and for each slice we
determine the grain size distribution.

At the time of these experiments we were not able to measure the bed surface texture during an experiment.
However, this study has encouraged us to develop a technique to measure it (Orrù, Blom, Chavarrías, et al.,
2016; Orrù, Blom, Uijttewaal, et al., 2016).
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Figure 5. Characteristics of delta progradation. Subplots a–c show base level change; subplots d–f, bed elevation at
the initial brinkpoint position (x = 1.52 m); subplots g–i, the brinkpoint migration distance; subplots j–l, the brinkpoint
migration rate; and subplots m–o, the topset mean bed slope. The predicted data (green lines) are discussed in
section 5.

4. Experimental Results
4.1. Delta Progradation

During the first approximately 30 min of each experiment degradation occurs (Figures 5d–5f ). The beginning

of each experiment is characterized by a phase of slope reduction, degradation, and development of a mobile

armor on the unarmored initial deposit. After this brief degradational phase, the brinkpoint elevation follows

the variation of the base level.

In all experiments the brinkpoint continues to migrate downstream, which confirms that neither delta retreat

nor abandonment occurs (Muto & Steel, 1992). In Experiments I and II (constant and rising base level) the

brinkpoint migration rate decreases with time (Figures 5j and 5k), as expected due to the lengthening and

aggrading topset (also see section 2). Due to the base level rise in Experiment II, the brinkpoint migration rate

is smaller than in Experiment I. Figure 5k reveals the presence of drops in the brinkpoint progradation rate
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after every discrete rise of the base level. During the phase of base level fall in Experiment III the brinkpoint
migration rate rapidly increases due to the relatively large amount of sediment deposited on the foreset, which
is associated with erosion of mostly the topset deposit (Figure 5l). During the final phase of base level rise
of Experiment III the brinkpoint migration rate decreases in time as sediment was trapped on the topset to
restore the topset slope.

4.2. The Topset and Foreset Slopes
The backwater length scale defined as the ratio of flow depth to slope, H∕S (Paola & Mohrig, 1996), is of the
order of 25 m. This implies that the entire laboratory topset is located within the backwater zone induced by
base level change (section 2).

At the beginning of each experiment the topset experiences a rapid adjustment phase characterized by a
decrease of the mean slope as the slope that allows for transporting the parent material downstream is smaller
than the imposed initial bed slope of 1/100 (Figures 5m–5o). During this initial phase a mobile armor develops
to compensate for the difference in mobility between coarse and fine grains, the measurements of which will
be discussed in the next section.

After this initial adjustment, the temporal change in bed slope varies from one experiment to the other. In the
case of a constant base level, Experiment I, the mean bed slope very slowly decreases with time. One reason
for the temporal decrease in mean topset slope is that, as the delta elongates and a larger volume of sediment
is required for the topset to maintain the required slope, the bed material load at the brinkpoint decreases in
time. A second reason for the steady decrease in mean topset slope may be a steady fining of the brinkpoint
load (although this is not clearly observed in the measured data as will be discussed in section 4.5).

A sudden rise in base level typically causes a backwater that induces upstream migrating aggradational effects
(section 2), which is associated with a decrease of the mean bed slope. However, since the entire topset of our
laboratory experiments is located within the backwater zone, after each sudden base level rise the maximum
rate of aggradation is observed at the upstream end of the topset, where a constant feed rate is imposed. This
upstream aggradation leads to an increase of the mean topset slope. During the subsequent constant base
level phase, the sediment load arriving from upstream restores the topset slope towards its quasi-equilibrium
(constant base level) state (section 2).

The opposite response is observed after each sudden base level fall in Experiment III: Due to the limited flume
length the maximum rate of degradation is observed at the upstream end of the topset. This degradation
results in a decrease of the mean topset slope. In the subsequent phase of constant base level, the mean
topset slope is slowly restored.

Figures 6a–6c confirms that the topset is concave upward (also see section 2). Aggradation due to base
level rise in Experiment II has increased the absolute values of bed elevation compared to the other two
experiments.

The avalanches over the delta foreset follow a two-step process (Kleinhans, 2005). Initially, sediment is
deposited at the top part of the foreset forming a wedge (grain fall). When the wedge exceeds the static angle
of repose, sediment moves downslope until reaching the bottom part of the foreset (grain flow). The fore-
set slope after the grain flow is approximately equal to the dynamic angle of repose (Kleinhans, 2005). These
processes result in a foreset slope that varies between 19∘ and 38∘ with a mean value of 27∘. We have not
observed any significant difference between the experiments in this regard.

For our laboratory Gilbert deltas the limited length of the topset and so the upstream boundary with a
constant sediment feed rate play a significant role. In section 6 we will extend these results to a field scale
Gilbert delta that is characterized by a topset length that is much larger than the length of the backwater zone.

4.3. Streamwise Sorting of Topset Surface
Before we discuss the results on the stratification of the delta deposit, we consider a limited part of these
results, that is, the results for the topset bed surface texture at the end of the experiments.

The geometric mean grain size of the bed surface sediment and the areal fraction content of the fine,
medium, and coarse components in the bed surface sediment at the end of each experiment are presented
in Figures 6d–6f and 6g–6i, respectively. The parent material is indicated for reference.
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Figure 6. Bed elevation profile and surface grain size over the topset at the end of each experiment, expressed in terms
of bed elevation (a–c), volumetric mean grain size of the bed surface sediment (d–f ), and areal fraction content of the
fine, medium, and coarse size fractions in the bed surface sediment (g–i). The dash-dotted lines indicate the parent
material. The predicted data (green lines) are discussed in section 5.

During the runs a mobile armor forms to compensate for the difference in mobility between particles of
different sizes, which is illustrated by the fact that in all experiments the bed surface is coarser than the
parent material. A pattern of downstream fining characterizes the bed surface at the end of the experiments.
Downstream fining seems to be a bit more pronounced in Experiments II and III, which are characterized by
base level rise, than in Experiment I, which is characterized by a constant base level. This may underline the
fact that coarse fractions are more sensitive to base level change than fines, as the mobility of the coarse
fractions is closer to the threshold for significant transport.

Finally, the small scale variability in grain size distribution, in all experiments and in particular in Experiment
III, is the signal of bedload sheets (Dietrich et al., 1989; Recking et al., 2009; Whiting et al., 1988). We observed
that sediment was transported in low relief bedforms (two or three coarse grain sizes in height) characterized
by a coarse front and a fine tail. Although we were unable to capture the dynamics of bedload sheets in detail,
we did not observe differences in the geometry and grain size distribution of the bedload sheets between
the experiments.
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Figure 7. Stratification at the end of each experiment based on image analysis in Experiment I (a), II (b), and III (c):
volumetric mean grain size over the entire delta averaged over the flume width (excluding 0.03 m near either flume
wall). Both the measured initial and final bed elevation profiles are presented together with the brinkpoint path line
(red). The arrow at the colorbar indicates the volumetric mean grain size of the parent material (1.66 mm). The vertical
dashed line in subplot b indicates the location of the profile plotted in Figure 8.

4.4. Size Stratification of the Delta Deposit
The grain size distribution of the sediment deposited in the topset substrate (below the mobile armor) is
similar to that of the sediment feed (i.e., the parent material). This is most clearly illustrated by Experiment II
(Figure 7b), as in this case of ongoing base level rise the topset deposit thickness is largest.

In each experiment the deposit is characterized by the expected upward fining of the foreset deposit (also see
section 2). A close look at the vertical variation in mean grain size, however, shows that the upper part of the
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foreset deposit is characterized by a nearly constant grain size distribution, while the lower part presents a
clear fining upward profile (Figure 8). The strong upward fining of the lower part is in agreement with previous
experimental observations (Blom et al., 2003; Ferrer-Boix et al., 2015; Kleinhans, 2005) and lee face sorting
models (Blom & Kleinhans, 2006; Blom & Parker, 2004). The formation of a fine layer with nearly uniform grain
size in the upper part of the foreset deposit at laboratory scale has, to our knowledge, not been observed in
previous experimental work. We suspect that it is associated with the fact that our sediment mixture is well
sorted and the fraction content of the fines is relatively large (50%). This contrasts with the sediment mixtures
used in the above-mentioned experimental setups.

In the case of constant base level (Experiment I) a clear pattern of downstream fining or coarsening in the
deposit is not observed (Figure 7a). On the other hand, the lower part of the foreset deposit of Experiment II
(Figure 7b), in which the delta height increases significantly, shows downstream coarsening, which confirms
the findings by Ferrer-Boix et al. (2015). This pattern may be associated with a temporal coarsening of the
brinkpoint load. We will address this in more detail in the next section.

During the phase of base level fall in Experiment III the lower foreset deposit first becomes coarser in the
downstream direction indicating a temporary coarsening of the brinkpoint load (compare the lower part of
the foreset deposit between 3 and 3.5 m with the part between 2 and 2.5 m in Figure 7c). This is because base
level fall leads to an M2 backwater over the topset and so a temporary increase of the flow velocity, and, as
such, the coarser sediment of the topset surface becomes more mobile. The subsequent phase of base level
fall is characterized by a temporal fining of the load, which indicates that, after entrainment of the mobile
armor and the topset deposit, degradation continues into the fine top part of the foreset (compare the lower
part of the foreset deposit between 4 and 4.5 m with the part between 3 and 3.5 m in Figure 7c). The part of
the foreset deposit associated with the second and last cycles of base level rise is relatively short due to the
rapid topset aggradation and so slow advance of the front.

4.5. Reconstruction of the Brinkpoint Load and Its Mean Grain Size
We estimate the bedload transport rate at the brinkpoint (i.e., the brinkpoint load), from the bed elevation
profiles (Simons et al., 1965) assuming that the foreset porosity is equal to 0.4. The estimates are values aver-
aged over 30 min due to our measurement frequency. In addition, the grain size distribution of the foreset and
the time series of the streamwise position of the brinkpoint, respectively presented in Figures 7 and 5g–5i,
allow us to roughly estimate the grain size distribution of the brinkpoint load. The grain size distribution
of the brinkpoint load is computed under the assumption of a constant foreset slope equal to its average
value (27∘).
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Figure 9. Characteristics of the brinkpoint load: base level change (a–c), total brinkpoint load (d–f ), volumetric mean
grain size of the brinkpoint load (g–i), and measured volumetric fraction content of size fraction in the brinkpoint load
(j–l). The dash-dotted lines indicate the sediment feed. The predicted data (green lines) are discussed in section 5.
The measured data (black lines in d–i) are based on 30-min averaged values.

In the early stage of the experiments the bedload transport rate at the brinkpoint decreases in time due to the
development of a mobile armor on the topset (Figures 9d–9f ). It then remains nearly constant in Experiment
I, it adjusts at the moments of sudden base level rise in Experiment II, and it follows the phases of base level
rise and fall in Experiment III. Under the constant base level in Experiment I, the brinkpoint load is slightly
smaller than the feed rate due to the mild aggradation on the topset; under base level rise the brinkpoint load
is significantly smaller than the feed rate due to the intensified topset aggradation; and during base level fall
the brinkpoint load is larger than the feed rate due to degradation of the topset (and top part of the foreset).

Experiment II shows that the brinkpoint load is largely influenced by the type and rate of base level change.
Despite the limited resolution of the results (due to the 30-min interval between the bed elevation measure-
ments) we can see that a sudden base level rise induces a temporal decrease in the sediment transport rate
at the brinkpoint (Figure 9e). Whether the opposite happens in Experiment III after a sudden drop of the base
level is more difficult to see (Figure 9f ) due to the higher frequency of base level change.
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In the initial phase of the experiments the bedload at the brinkpoint coarsens due to the development of
the mobile armor (Figures 9g–9i). The brinkpoint load then shows a slight temporal fining in Experiment
I (Figures 9g and 9j). The fining is too mild to confirm that preferential deposition of the coarse sediment
on the topset together with topset lengthening induces a temporal reduction of the mean grain size of the
sediment supplied to the brinkpoint (see section 2). We note that the inferred load is slightly coarser than
the fed material, which does not agree with our expectations as preferential deposition of coarse sediment
would lead to a brinkpoint load that is finer than the fed sediment. At this point we have no clear explanation
for this disagreement.

In Experiment II we observe how each sudden increase in base level leads to a slight fining and subse-
quent coarsening of the brinkpoint load (Figure 9h). Each sudden increase in flow depth causes a decrease in
sediment mobility and the bedload transport rate, and the reduction of the mobility is strongest for the coarse
sediment fraction. As the bed aggrades and restores the topset slope and surface texture after each sudden
base level change, the mobility of the coarse fraction increases, which results in the subsequent coarsening of
the brinkpoint load. The brinkpoint load coarsens with time (Figures 9h and 9k), which seems to be induced
by the fact that the repeated sudden base level rise extends the time needed to form the mobile armor.

The initial rise in base level of Experiment III produces a coarsening of the load in each constant base level
period, as observed in Experiment II (Figure 9i). The subsequent base level fall is characterized by an overall
coarsening of the brinkpoint load associated with the entrainment of the mobile armor due to the increased
flow velocity. After each sudden base level drop, the brinkpoint load first coarsens and then becomes finer
during the subsequent constant base level phase. After base level fall, the finer topset substrate and the fine
top part of the foreset deposit are eroded and this leads to the subsequent fining of the brinkpoint load.
Finally, the last rapid base level rise is associated with a brinkpoint load that becomes slightly finer with time
due to preferential deposition of coarse material on the delta topset.

5. Modeling the Laboratory Deltas

In this section we reproduce the experiments using the Viparelli et al. (2012, 2014) model of progradation of a
mixed-sediment Gilbert delta under conditions of variable base level. In section 5.1 we introduce the basics of
the model. The model is calibrated using the case of constant base level (section 5.2). In section 5.3 we apply
the calibrated model to the cases with varying base level.

5.1. Model Characteristics
The Viparelli et al. (2012, 2014) model is composed of three submodels: (a) a delta progradation model
(Kostic & Parker, 2003a, 2003b; Wright & Parker, 2005a, 2005b), (b) the Hirano (1971) model for mass conser-
vation of each size fraction at the topset surface, and (c) a lee face sorting model describing sediment sorting
over the foreset (Blom & Kleinhans, 2006; Blom & Parker, 2004).

The flow is described using the backwater equation. The upstream model boundary conditions are the
water and sediment discharge and the downstream boundary condition is the base level. The flow resis-
tance is computed using a Manning-Strickler formulation in which the nondimensional friction coefficient (Cf)
is computed as

C−1∕2
f

= 𝛼r

(
Rh

ks

)1∕6

, (1)

where 𝛼r[−] is a parameter equal to 8.10 (Brownlie, 1983), Rh[m] is the hydraulic radius for the bed region
(Vanoni & Brooks, 1957), and ks[m] is the roughness height over a flat bed defined as

ks = nkDs90 , (2)

where Ds90[m] is the particle diameter of the bed surface such that 90% of the sediment is finer and nk[−]
is a parameter within the range 1–3 (Bathurst, 1985; Ferguson, 2007; Paola, Parker, et al., 1992; Thompson &
Campbell, 1979).
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The active layer thickness (La[m]), which is the thickness of the topmost part of the bed that interacts with
the flow and exchanges sediment with the bedload transport, is assumed proportional to the Ds90 of the
bed surface:

La = naDs90 , (3)

where na[−] is a parameter within the range 1–3 (Hirano, 1971; Hoey & Ferguson, 1994; Parker & Sutherland,
1990; Seminara et al., 1996). We refer to Viparelli et al. (2012, 2014) for a description of the model formulations,
as well as implementation of the governing equations and the procedure for the storage of the grain size
stratification.

In the simulations presented herein the grain size distribution of the parent material is discretized into eights
bins: three bins for the blue fine fraction, three bins for the red medium fraction, and two bins for the yellow
coarse fraction (Figure 4).

Bed degradation leads to a flux of sediment from the substrate to the active layer. The grain size distribution
of the sediment transferred from the substrate to the active layer during channel degradation is equal to the
grain size distribution of the topmost part of the substrate (i.e., the bed deposit below the active layer). During
channel aggradation there is a flux of sediment to the substrate. The grain size distribution of the sediment
transferred to the substrate is a weighted average of the grain size distribution of the active layer and that of
the bedload (Hoey & Ferguson, 1994). Based on the experiments by Toro-Escobar et al. (1996) and Viparelli et al.
(2010), we assume that the sediment transferred to the substrate during channel bed aggradation consists of
25% active layer sediment and 75% bedload.

The streamwise distance between computational nodes and the time step are 0.1 m and 2 s, respectively.
The vertical distance between grid points for the storage of the grain size stratification is 0.01 m.

5.2. Constant Base Level Runs
We first calibrate the friction parameter nk . To this end we compare the measured and computed longitudinal
profiles of the flow depth. The value nk = 3.0 provides good agreement and is in accordance with the
experimental data by Meyer-Peter and Müller (1948), Gilbert (1914), and Viparelli et al. (2010).

The thickness of the active layer is related to the time needed to form the armor layer: a thin active layer
allows for a quick adjustment of the surface texture. Based on the formation time of the armor in Experiment
I (approximately 3 h; Figure 9g) we find that na = 2.5 is a reasonable value (section 5.1).

The sediment transport relation affects the bed surface grain size distribution and bed slope necessary to
transport the sediment coming from upstream. We find that the load relation by Wilcock and Crowe (2003)
provides reasonable estimates of the average slope and average grain size distribution without calibration
(Figure 6), yet the predicted profile concavity and downstream fining are less pronounced than measured.
This result is independent from the sediment load relation, as we found that the load relations of Meyer-Peter
and Müller (1948) and Ashida and Michiue (1972) show the same behavior.

The limited profile concavity and downstream fining imply that the process of transport and deposition is
not well captured by the model. According to Hoey and Ferguson (1994), the relative proportion of bed-
load and active layer sediment transferred to the substrate during aggradation is independent of grain
size. We hypothesize that a grain size selective aggradational model for the depositional flux to the sub-
strate may be able to capture the measured dynamics in a better way. Unfortunately, our data set can-
not be used to independently assess this hypothesis since our data set on aggradational topset deposits
is too small.

The comparison between the numerical and the experimental spatial variability in sediment size in the foreset
deposit reveals that the vertical sorting model is not able to reproduce the two-layer structure of the foreset
(Figure 10). On the other hand, the model well captures the mild decreasing progradation rate with time due
to delta lengthening (Figure 5j).

5.3. Variable Base Level Runs
We have compared the experimental observations of the progradation and size stratification of Experiments II
and III to the numerical predictions of the calibrated model. We find that our delta model is able to reasonably
reproduce the bedload transport rates at the brinkpoint (Figures 9e and 9f), as well as the mean grain size
of the brinkpoint load (Figures 9h and 9i). Predicted results are within plus and minus 10% of the measured
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Figure 10. Measured and predicted vertical sorting profiles in terms of the
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and coarse sizes in the delta deposit in Experiment II at x = 2.50 m.

values for the geometric mean size of the load. In particular, the model
predicts a sudden decrease in the bedload transport rate after a sudden
base level rise. This decrease is followed by a gradual increase in the trans-
port rate until quasi-equilibrium conditions are again established and the
bedload transport rate at the brinkpoint reaches a nearly constant value.
A similar trend can be observed for the mean grain size of the brinkpoint
load, where each sudden increase in base level corresponds to a slight
temporary fining of the brinkpoint load followed by a more gradual coars-
ening. The model predicts changes in bedload transport rate that occur
over timescales that are short compared to the measurements due to the
30-min measurement interval (section 4.5).

Just as in the calibration run, the predicted profile concavity (Figures 6b
and 6c) and topset downstream fining (Figures 6e and 6f) are under-
estimated. However, the overall delta progradation and bed elevation
changes are well captured (Figures 5e, 5f, 5h, and 5i). The sudden increase
(decrease) in mean bed slope after each sudden increase (decrease) in base
level due to the fact that the entire laboratory topset is located within the
backwater zone is captured by the model (Figures 5n and 5o). However,
the predicted change of slope is faster than the measured.

6. A Hypothetical Field-Scale Gilbert Delta Under Base Level Change

We would like to stress that the three laboratory experiments and the previous model runs focus on the mech-
anisms related to the progradation and size stratification of a Gilbert delta and are not an attempt to scale
down a field-scale delta. The results can be used in qualitative terms (fining or coarsening, concave or con-
vex) when analyzing a Gilbert delta in the field (Kleinhans et al., 2014; Paola et al., 2009) when grain flows
are the mechanism responsible for the stratification. We here address the case of a field-scale Gilbert delta
with a topset that is significantly longer than the backwater length to study how base level change affects
a field-scale Gilbert delta and whether base level change is likely to leave a grain size signature in a Gilbert
delta deposit.

We study the effects of a 0.5-m rise in base level using the same numerical model as that of the previous section
applied to a case in which the initial topset is 5 km long. The parent material consists of two size fractions,
sand and gravel (with the mean grain size of sand equal to 1mm and the one of gravel equal to 40 mm). The
upstream water discharge per unit width is 2 m2/s, and the upstream sediment load per unit width is 1×10−4

m2/s. The content of gravel in the upstream sediment load is 75%. The initial bed slope and texture are such
that the bed is in equilibrium with the flow rate and sediment load at the upstream end (Blom et al., 2016),
which results in a slope equal to 1.872 × 10−3 and a percentage of gravel in the bed surface equal to 91.4%.
The backwater length (computed as H∕S) is equal to 840 m.

In a run with constant base level we see how the initial condition is in equilibrium only at the upstream end.
The surface mean grain size at the upstream end of the domain does not change with time (Figure 11d).
The topset lengthening causes a mild downstream fining and the associated profile concavity.

Base level rise leads to a temporal decrease of sediment mobility over the topset, the effect of which (a)
increases in streamwise direction due to the M1 backwater and (b) affects the coarse grains more than the fine
grains. The resulting preferential deposition of coarse grains therefore leads to a coarsening of the bed surface
and the aggradation leads to a decrease of the topset slope. These signals migrate in an upstream direction
but are counteracted by the mixed-size load supplied from upstream that tends to maintain the topset in a
state of quasi-equilibrium in order to transport the supplied sediment downstream.

A sudden rise in base level (Figure 11b) results in a sudden and short fining of the brinkpoint load (Figure 11h),
which results in a narrow fine signature in the foreset deposit. Yet for slower rates of base level change, here
equal to 0.5 m over a period of 5.7 years (Figure 11c), the effect of base level rise on the brinkpoint load grain
size is negligible (0.6%) compared to other natural fluctuations in the brinkpoint load such as ones due to
peak flow events and migrating bars (Figure 11i). This negligible signal is because the load supplied from
upstream tends to maintain the topset in a state of quasi-equilibrium and counteracts the effects of changes
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Figure 11. Predicted data for a field-scale Gilbert delta subject to base level rise: base level scenarios (a, constant; b,
sudden rise; and c, gradual rise), the topset surface mean grain size (d–f ), and the volumetric mean grain size of the
brinkpoint load (g–i).

in base level. We therefore do not expect a clear grain size signature of base level change in the deposit of a
large-scale Gilbert delta when base level changes occur over timescales of several years: The only noticeable
effect of base level change on a Gilbert delta deposit likely is a change in elevation of the topset-foreset break.

The opposite case, base level fall, is illustrated in Figure 12. Sudden base level fall (center plots in Figure 12)
has a number of temporary effects: a temporal increase of the flow velocity over the topset, the effect of
which increases in streamwise direction due to the M2 backwater; an increased mobility of the topset surface
sediment, the effect of which is largest for the coarse topset sediment; degradation of the topset armor, topset
substrate, and top part of the foreset over the downstream part of the topset (the length of which depends
on the backwater length); bed surface coarsening over the degrading downstream topset; an increased
brinkpoint load; and an increased migration speed of the delta front. These effects are again counteracted
by the sediment supply that tends to maintain the topset in a state of quasi-equilibrium and counteracts the
effects of base level change by restoring the topset slope and bed surface texture.

Likewise, a gradual (vs. sudden) base level fall does not likely result in a grain size signal in the deposit of a
Gilbert delta, as base level change is generally so slow that the upstream load can keep pace with the chang-
ing base level. Moreover, for a slow base level fall, the aggradation associated with front progradation may
compensate the degradation due to base level fall. In this case the fine foreset deposit is not entrained.

Tectonic uplift and subsidence have not been considered in this study and they become relevant with increas-
ing timescale. The consequences of a uniform rate of uplift or subsidence can be studied changing the
reference frame and treating it as the effect of sea level fall or rise, respectively. Nonuniform subsidence occurs
in deltaic environments as a result of, for instance, a co-seismic vertical displacement from large earthquakes
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Figure 12. Predicted data for a field-scale Gilbert delta subject to base level fall: base level scenarios (a, constant; b,
sudden fall; and c, gradual fall), the topset surface mean grain size (d–f ), and the volumetric mean grain size of the
brinkpoint load (g–i).

(Atwater, 1987). In these conditions a knickpoint in the basement occurs (e.g., Boyer et al., 2005), the conse-
quences of which cannot be studied as a relative sea level rise. Lai et al. (2017) study delta progradation in
such environments and conclude that downstream subsidence results in a shortening of the fluvial reach and
a slower propagation rate.

7. Conclusions

Three laboratory experiments have been conducted to gain insight on the dynamics and size stratification
of a foreset-dominated or Gilbert delta under different base level scenarios: one governed by a steady base
level, one governed by base level rise, and one governed by base level variation. The sediment is transported
as bedload and all sediment that reaches the brinkpoint is trapped in the delta foreset. Despite our relatively
short laboratory topset we observe a concave upward profile in all experiments, which is associated with the
aggradational conditions over the topset, and it is accompanied by downstream fining.

A sudden increase in base level leads to an M1 backwater over the topset. This results in a temporal decrease
in the mobility of the sediment, the effect of which (a) increases with streamwise position and (b) is strongest
for the coarse fraction. This results in topset aggradation, a decrease in bed slope, and a reduction of the brink-
point load (leading to slower delta progradation) and its temporary fining, the latter creating a fine signature
in the delta deposit. It also induces an aggradational and coarsening wave that migrates upstream.

Sudden base level fall leads to a situation that is almost opposite to base level rise. The resulting M2 backwater
increases the flow velocity over the backwater zone of the topset. This effect increases in the stream-
wise direction. It creates a degradational wave that travels in an upstream direction. The brinkpoint load
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temporarily increases (leading to faster delta progradation) and coarsens due to erosion of the topset mobile
armor and subsequently fines due to erosion of the topset substrate and possibly the top part of the foreset,
creating a coarse and subsequently a fine signature in the delta deposit.

The three laboratory experiments have been reproduced applying the Viparelli et al. (2012, 2014) numerical
mixed-sediment delta model. The model captures the main mechanisms involved in progradation and size
stratification of a Gilbert delta under conditions of base level change. Nevertheless the concavity and down-
stream fining over the topset are underestimated. We hypothesize that this is due to the submodel that sets
the depositional flux of sediment to the substrate under aggradational conditions, which is grain size inde-
pendent. Finally, the foreset sorting submodel, which predicts a linear increase or decrease of the content of
grain size fractions over a lee face, does not capture the almost negligible upward fining in the upper part of
the foreset deposit.

The effects of base level change are counteracted by the sediment supply, which tends to maintain a
quasi-equilibrium topset profile in terms of slope and bed surface texture. A short fluvial reach or a slow
change in base level (as typically occurs in nature) causes a fast recovery to quasi-equilibrium conditions. The
consequence is that the brinkpoint load (and thus the foreset deposit) is dominated by the sediment sup-
ply. Base level change is therefore not expected to leave a clear grain size-related signal within the deposit
of a sand-gravel Gilbert delta unless the vertical change is large and rapid. A change in elevation of the
topset-foreset interface of a Gilbert delta likely is the best indicator of paleo base level change.

Appendix A: Definitions of Grain Size-Related Parameters

The geometric mean grain size of the fine fraction (0.8 to 1.2 mm) is 1.03 mm, that of the medium fraction (1.7
to 2.5 mm) is 2.21 mm, and that of the coarse fraction (3 to 5 mm) is 4.42 mm. The geometric mean grain size
(dm) is defined as

dm = dref 2−𝜙m , (A1)

where the reference grain size dref equals 1 mm and 𝜙m[−] denotes the geometric mean grain size on a 𝜙

scale defined as

𝜙m =
N∑

i=1

𝜙iFi , (A2)

where N denotes the number of size fractions (here N = 3), Fi[−] denotes the volume fraction content of size
fraction i, and 𝜙i[−] denotes the grain size of size fraction i on a 𝜙 scale:

𝜙i = − log2

(
di

dref

)
, (A3)

where di [m] denotes the characteristic grain size of size fraction i. The notation with dref in equation (A3)
makes 𝜙i conveniently nondimensional. The geometric standard deviation, 𝜎[m], is defined as

𝜎 = dref 2𝜎𝜙 (A4)

where 𝜎𝜙[−] is defined as

𝜎𝜙 =

√√√√ N∑
i=1

Fi

(
𝜙i − 𝜙m

)2
. (A5)
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