
1.  Introduction
Lacustrine delta is a most common type of reservoir sedimentation, which forms when a sediment-laden 
river flow enters a lake or reservoir. The flow may be homopycnal, with identical densities of incoming and 
receiving waters, or hyperpycnal, with incoming water denser than receiving water. The deltaic morphology 
associated with homopycnal flows is characterized by a classic Gilbert-type delta, with coarse-grained fore-
set slope prograding at the angle of repose (Gilbert, 1885). This contrasts the hyperpycnal delta shaped by 
plunging underflows, which exhibits an elongated, curved foreset of gradually diminishing slope extending 
toward the dam (Lai & Capart, 2007a, 2009). Examples of Gilbert-type delta in reservoir have been docu-
mented in the side tributary of Wushe Reservoir (central Taiwan), Englebright Lake of northern California, 
and Lake Mills of western Washington State (Ke & Capart, 2015; Snyder et al., 2006; Stratton & Grant, 2019). 
Well-known hyperpycnal deltas in reservoir have been exemplified by the Colorado River delta in Lake 
Mead, Tarbela delta in the upper Indus River (northern Pakistan), and rapid infill of Wushe Reservoir by the 
trunk river delta (Ke et al., 2019; Kostic et al., 2002; Lai & Capart, 2009; Lai, et al., 2019).

Transitions between different types of delta have been reported in reservoirs that experienced shifts in 
sediment regime, flow type, or density contrast. In Taiwan, for instance, a transition from hyperpycnal to 
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Gilbert-type delta has been documented in the small Ronghua Reservoir (Lai & Capart, 2009), where river 
inflow was highly turbid during flood and a hyperpycnal delta was initially developed. This hyperpycnal 
delta then transformed into a Gilbert delta because the small reservoir swiftly became turbid itself, dimin-
ishing the density contrast between inflow and lake. In the laboratory, a transition from Gilbert to hyper-
pycnal delta was observed as the inflow switched from homopycnal (clear water fed with coarse sediment) 
to hyperpycnal (turbid water fed with coarse sediment) (Kostic et al., 2002). A transition from hyperpycnal 
to Gilbert delta has been documented in small-scale hyperpycnal flow experiments (brine fed with coarse 
sediment) where the basin was ultimately ponded with brine, reducing the density contrast between inflow 
and lake (Lai & Capart, 2007a).

Given the highly probable shifts in flow/sediment regimes and in relative density that could be triggered by 
natural or anthropic disturbances (Lai et al., 2019; Stratton & Grant, 2019), we need a better understand-
ing of the corresponding morphological responses to forecast the spatial distribution of deltaic deposits 
in reservoirs. So far, however, no dedicated study has been conducted to investigate how such transitions 
occur and whether these processes can be quantitatively described. In this experimental study, we restrict 
our attention to the deltaic transitions in response to a switch between homopycnal and hyperpycnal flows 
while keeping both the liquid and sediment supply rates constant, and static basins of constant water levels. 
We seek to answer three research questions. (a) What is the fundamental difference between the transition 
from Gilbert delta to hyperpycnal delta and that from hyperpycnal to Gilbert delta? (b) Can the transitional 
processes be described by quantitative models? (c) Can the post-transition delta recover the morphodynam-
ics of the pure (non-transitioned) Gilbert or hyperpycnal delta?

2.  Experiments
2.1.  Experimental Setting

Experiments were conducted in a small flume (270 cm long, 1 cm wide) installed in an external water tank, 
modified from Lai et al. (2019), Lai, Hsiao and Wu (2017) (see Figure S1 for details). Constant inflows per 
unit width (  263.2 9.3Q mm2/s) of clear water and saturated brine (density  in 1,200  kg/m3) were 
used, respectively, as homopycnal and hyperpycnal flows (Lai et al., 2016, 2019, Lai, Hung, et al., 2017), 
fed with constant sand influxes per unit width (  15.4 0.3I mm2/s), with  / 17.2 0.9Q I  that estab-
lished supply limited conditions (Lai et al., 2019). Ottawa standard sand (with median grain size 50 0.17d
mm, density   2670s kg/m3, porosity 0 0.51n , angle of repose   36 ) was used as bedload material for 
deltaic deposits. Effects of capillary and cohesive forces were not significant in our experiments (Text S1). 
Time-lapse photography was used to record morphological evolutions, with images acquired every 5 s. The 
deltaic profiles were then extracted by image digitization and coordinate conversion.

Three series of experiments (Series 13.5, 10, and 6.5) were conducted with the bed slope angle   13.5 , 
10 , and 6.5 , respectively, typical values for bedrock rivers in mountain areas (Lai et al., 2019). Each series 

includes four runs with the run names ending by G, H, PG, and PH (Table S1). For the first two runs (G, H), 
the flow type switched every 900 s to create periodic transitional processes. The name ending by G indicates 
a run starting with Gilbert delta (i.e., homopycnal flow); the name ending by H indicates a run starting with 
hyperpycnal delta (i.e., hyperpycnal flow). In Series 13.5 and 10, each run lasted for 5,400 s (6 cycles); in 
Series 6.5, however, each run lasted only for 3,600 s (4 cycles) since the head of the topset (bedrock-alluvial 
transition) had reached the upstream end of the flume. The last two runs (PG and PH), were performed with 
pure Gilbert and hyperpycnal deltas without switching the flow type. These two serve as the reference runs.

2.2.  Experimental Observations

Transitions from Gilbert to hyperpycnal delta and from hyperpycnal to Gilbert delta exhibited two distinct 
morphodynamic processes (see Movies S1–S6). Under constant inflow of clear water, Gilbert delta prograd-
ed steadily into the basin (Figure 1a). Upon the switch to hyperpycnal flow, a two-stage transition from Gil-
bert to hyperpycnal delta was observed. During Stage 1, the hyperpycnal flow eroded the nearshore upper 
foreset and deposited sediment at the foreset toe (Figure 1b). A wedge-shaped subaqueous platform, termed 
“foundation” herein, quickly developed. Progressive erosion of the upper foreset during Stage 1 led to the 
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retreat of shoreline (topset-foreset slope break). The speed of shoreline retreat declined quickly to zero, then 
the transitional process entered Stage 2. During this stage, a well-defined hyperpycnal delta prograded on 
top of the foundation into the basin (Figure 1c), resuming the advance of shoreline.

By contrast, transition from hyperpycnal to Gilbert delta was purely depositional (Figure 1d). Gilbert delta 
developed directly over the topset and upper foreset face of the existing hyperpycnal delta without involving 
erosional processes. The resulting morphology was hybrid, with Gilbert delta prograding over the elongated 
foreset bed of hyperpycnal delta. The noncovered part of the foreset bed will serve as the basement for foun-
dation development during subsequent transitions. Shown in Figures 1e and 1f are deltaic morphologies 
at the end of Runs 13.5-G and 13.5-H, where the coal ashes highlight the distinct stratigraphic structures 
of Gilbert and hyperpycnal deltas. The foreset of hyperpycnal delta is characterized by elongated, concave, 
and thin layers of deposits, while the foreset of Gilbert delta is characterized by steep, straight, and thick 
layers of deposits held at the angle of repose. The topset layers of hyperpycnal delta are thinner than those 
of Gilbert delta because hyperpycnal underflows transport more sediment further downstream.

The above-stated transitional processes apply to all slope angles used and all experiments either starting 
with Gilbert or hyperpycnal delta (see Figures S2 and S3 for full demonstration of six transitional runs). 
Because transition from hyperpycnal to Gilbert delta is a simple depositional process over the topset and 
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Figure 1.  Transitions between Gilbert and hyperpycnal deltas: (a) Gilbert delta progradation with inflows of clear 
water and sand; (b) Stage 1: erosion of upper foreset by hyperpycnal flow and deposition at the foreset toe of Gilbert 
delta, forming a wedge-shaped foundation; (c) Stage 2: hyperpycnal delta progradation over the foundation; (d) Gilbert 
delta progradation over the hyperpycnal delta after switch to homopycnal flow. Deltaic morphologies and stratigraphic 
structures at the end of (e) Run 13.5-G, and (f) Run 13.5-H.
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foreset of hyperpycnal delta, such transition is not substantially different from Gilbert delta progradation 
over two-slope bedrock presented in earlier studies (Lai et al., 2017a, 2019). Thus, when answering the sec-
ond research question posed in Section 1, we focus on quantitative descriptions of the two-stage transitional 
processes from Gilbert to hyperpycnal delta.

2.3.  Deltaic Long Profiles

To track the morphological evolutions, in each cycle of transition (900 s) we extracted four long profiles (at 
 1t T  to 4T , with equal intervals of 200 s) from the time-lapse images. Besides, within each cycle of founda-

tion development, we extracted four long profiles (at  1t t  to 4t , with selected intervals) by carefully review-
ing the time-lapse images to demarcate the time 4t  when foundation development completed, that is, when 
shoreline retreat changed to shoreline advance (see Table S2 for a summary of these times). Foundation 
development was a quick process, the length of time  4 0t t  taken to complete the process ranged from 55 
to 220 s, increasing with the starting time 0t  of the cycle (Figure S4). As stated in Section 2.1, for experiments 
starting with Gilbert delta, three cycles of foundation development, denoted as G(F1), G(F2), and G(F3), 
were observed in Series 13.5 and 10, and two cycles, G(F1) and G(F2), were observed in Series 6.5; whereas 
for experiments starting with hyperpycnal delta, two cycles of foundation development, H(F1) and H(F2), 
were observed in Series 13.5 and 10, and one cycle H(F1) was observed in Series 6.5.

3.  Results
3.1.  Two-Stage Transition From Gilbert to Hyperpycnal Delta

Shown in Figure 2a, 2b, 2d, 2e, 2g and 2h are deltaic profiles extracted from the first cycles of foundation 
development under different initial settings, G(F1) and H(F1), in Series 13.5, 10, and 6.5. Evolutions of 
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Figure 2.  Series 13.5, 10, and 6.5: (a–b, d–e, g–h) Experimental and theoretical profiles (color symbols and solid lines) during the first cycles of foundation 
development; (c, f, and i) normalized profiles during different cycles of foundation development, where   0Δt t t  is the length of time since starting time 0t .
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deltaic profile  ,z x t  exhibit simultaneous landward erosion and basinward deposition, resembling the 
knickpoint migration process described by a diffusion model (Hanks et al., 1984; Mitchell, 2006):

   
   

 
, · erf

2
xz x t H Sx
Kt

� (1)

where H  knickpoint height (shape factor); erf error function (shape function); K diffusivity; S
far-field slope. The first and second terms on the right-hand side of Equation 1 account for the variations of 
bed profile caused by the geomorphic diffusion and initial bed slope, respectively. These figures also show 
asymmetric profiles of landward erosion and basinward deposition, suggesting that different parameters, 
( 1H , 1K 1S ) and ( 2H , 2K 2S ), be used for the upstream and downstream bed profiles (Table S1). The values of 
these parameters increase with the bed slope angle   (Figure S5), indicating stronger effects of geomorphic 
diffusion and initial bed slope associated with greater  .

To investigate the self-similarity of the evolving profiles in various settings, the first and second terms on 
the right-hand side of Equation 1 are, respectively, normalized by the shape factor H and the time-varying 
length scale Kt . As a result, the normalized profile z  is time-invariant, varying only as a function of the 
dimensionless horizontal coordinate    /x Kt  (Capart et al., 2007):

   
 

   
 2

z erf S� (2)

The normalized profiles during different cycles of foundation development are shown in Figures  2c, 2f 
and 2i for Series 13.5, 10, and 6.5, where the upstream and downstream profiles, 1z  and 2z , are plotted against 
the dimensionless coordinates 1 and 2, respectively. The experimental profiles at different times ( 1t  to 4t ) 
for different cycles (F1, F2, F3) in different settings (G and H) collapse on single theoretical curves depicted 
by Equation 2, indicating that the evolving profiles during Stage 1 (foundation development) share strong, 
inherent self-similarity.

As mentioned earlier, the growth of hyperpycnal delta over a well-developed foundation during Stage 2 is 
purely depositional, which can be described by a two-diffusion model of hyperpycnal delta progradation 
(Lai & Capart, 2009; Lai et al., 2019). This model describes the joint geomorphic actions of subaerial and 
subaqueous flows as two diffusion processes with different strengths and transport thresholds, and treats 
the bedrock-alluvial transition and topset-foreset transition as two moving boundaries. It yields self-similar 
analytical solutions for the co-evolving topset and foreset bed profiles (see Text S2 for details). To validate 
this model, we compared the experimental profiles of hyperpycnal delta at  1t T  to 4T  with the theoret-
ical profiles for different cycles of Stage 2 (H1, H2, and H3) in different initial settings (G and H). Good 
agreement between the experimental and theoretical profiles is evident (Figure S6). We further examined 
the self-similarity of the evolving profiles in various settings by comparing the normalized profiles /z It  
versus /x It  (Figure S7). Collapse of experimental profiles on single theoretical profiles confirmed that 
the morphological evolutions during Stage 2 were governed by the self-similar, two-diffusion process of 
hyperpycnal delta progradation.

3.2.  Completion Time of Foundation Development

So far, we have known that Stage 1 (foundation development) is described by a diffusion model of knick-
point migration, Stage 2 (delta growth) is described by a two-diffusion model of hyperpycnal delta prograda-
tion. This raises a question concerning the completion time of foundation development: when will Stage 1 
be completed and enter Stage 2? Here we hypothesize that foundation development is completed when the 
profile developed during Stage 1 reaches an appearance that is closest to the profile of hyperpycnal delta de-
veloped during Stage 2. Specifically, the completion time ct  can be defined as the time when the morpholog-
ical difference between the foundation and hyperpycnal delta reaches a minimum. To test this hypothesis, 
we used these two models to calculate the profiles of foundation and hyperpycnal delta over a range of time 
and identified the time ct  that corresponded to the minimum absolute difference. An example is given in 
Figures 3a and 3b for the first cycle in Run 13.5-G, where the identified ct 1,060 s, and the foundation and 
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delta profiles at t  940, 1,000, and 1,060 s are shown to demonstrate that the two profiles reach an optimal 
match at 1,060 s. For all 13 cycles of transition observed, the values of ct  so determined are compared with 
those demarcated from the time-lapse images, with excellent agreement shown in Figure 3c (see Figure S8 
for a full demonstration of the results).

3.3.  Recovery of Pure Gilbert and Hyperpycnal Deltas

To explore whether the post-transition delta can recover the morphodynamics of the pure (non-transi-
tioned) delta, we tracked the trajectory of depocenter (centroid) during each cycle of transition, as shown in 
Figure 4, where the cycles of Gilbert and hyperpycnal delta progradation, and foundation development are 
labeled as (G1, G2, G3), (H1, H2, H3), and (F1, F2, F3), respectively. The envelope curves are the trajectories 
of depocenter of the pure Gilbert and hyperpycnal deltas extracted from the six reference runs (PG and PH). 
The depocenter of the pure hyperpycnal delta advanced faster than that of the corresponding pure Gilbert 
delta, primarily attributable to the much longer foreset shaped by hyperpycnal underflows. A unique trait 
of Series 6.5, where the depocenter of the pure Gilbert delta retreated rather than advanced, was attributed 
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Figure 3.  (a–b) An example illustrating determination of completion time ct , and profiles of foundation and hyperpycnal delta at three different times during 
the first cycle of transition in Run 13.5-G; (c) agreement plot between theoretical and experimental ct  for 13 cycles of transition observed in this study.
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to the development of a longer, thicker topset over the mildest bed slope used (see raw images uploaded to 
Zenodo repository).

During each cycle the post-transition delta tend to recover the morphodynamics of the pure delta by mi-
gration of depocenter at higher speeds d / dx t toward the envelope curve (1.1–3.2 times the corresponding 
speeds in the pure deltas). Within the limited duration of each cycle (900 s), however, none of the post-tran-
sition deltas ever recovered the trajectory of the pure delta. The end-of-cycle discrepancy in depocenter be-
tween the pure and post-transition deltas increased with time, due to the opposite migrations of depocenter 
in the post-transition hyperpycnal and Gilbert deltas, the former basinward whereas the latter landward. 
Such opposite migrations arose from the fact that foreset is the major part of growth in the post-transition 
hyperpycnal delta whereas topset is the major part of growth in the post-transition Gilbert delta (Figures 1c 
and  1d). The opposite growth styles rendered the recovery of pure deltas increasingly difficult with the 
progressing cycle of transition.

4.  Discussion
In this section we provide answers to the research questions posed, discuss their implications for interpret-
ing the transitional behaviors of the deltaic deposits, and present a real-world application of the two-stage 
transition model.
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Figure 4.  Trajectory of depocenter during each cycle of transition in (a–b) Series 13.5; (c–d) Series 10; (e–f) Series 6.5. 
Cycles of Gilbert delta and hyperpycnal delta progradation, and foundation development are denoted as (G1, G2, G3), 
(H1, H2, H3), and (F1, F2, F3). Color symbols denote 1T  to 4T  of each cycle.



Geophysical Research Letters

4.1.  Fundamental Difference in Deltaic Transitions

Our results reveal a fundamental difference in the transitions between Gilbert and hyperpycnal deltas. 
Transition from hyperpycnal to Gilbert delta in response to a switch from hyperpycnal to homopycnal flow 
is purely depositional, characterized by direct progradation of Gilbert delta over the upper foreset of existing 
hyperpycnal delta. By contrast, transition from Gilbert to hyperpycnal delta in response to a switch from 
homopycnal to hyperpycnal flow is a two-stage process involving both erosion and deposition. Hyperpycnal 
flows exhibit a strong capability to modify the morphology of preexisting Gilbert delta into a subaqueous 
foundation (Stage 1), over which hyperpycnal delta progrades steadily into the basin (Stage 2). A very sim-
ilar morphological transition involving both erosional and depositional processes has been documented 
by Kostic et al.  (2002). They observed in laboratory erosion of the upper foreset and a slide deposit that 
formed at the lower foreset face of Gilbert delta, following a switch from homopycnal to hyperpycnal inflow. 
The slide deposit was subsequently buried by the prograding hyperpycnal delta. A related, but not exactly 
matched, field case is the initial phase of delta degradation in response to partial drawdown flushing of 
Lake Mills during the removal of Glines Canyon Dam on the Elwha River (Washington, USA) (Randle 
et al., 2015). In this case reservoir drawdown increments of 3–5 m gave rise to 20 m of incision through 
the topset, which resulted in 2–10 m of deposition on top of prodelta and lakebed deposits. This incision of 
topset contrasts the upper-foreset erosion caused by a shift in flow type from homopycnal to hyperpycnal.

The basal shear stresses applied by the hyperpycnal flows act to augment gravity, thus reducing the slope 
needed for sediment transport. The observed erosion of the upper foreset and deposition at the foreset toe 
by hyperpycnal flows is a process of slope readjustment (Ross et al., 1994; Gerber et al., 2008). Such type of 
foreset erosion has been previously hypothesized as a potential mechanism for incision of nearshore sub-
marine canyons during base-level rise, and ravinement of shoreface deposits during transgression (Lai & 
Capart, 2007b; Paola et al., 2009). Our results demonstrate that a shift from homopycnal to hyperpycnal flow 
alone can initiate erosion of the deltaic foresets, without the need of the base-level rise or transgression. If 
the hyperpycnal flows persist, however, the readjusted foreset slope would act as a subaqueous foundation 
favorable for hyperpycnal delta progradation and would be eventually overlaid by the prograding delta. The 
stratigraphic records would exhibit only partial Gilbert deltas with their upper foresets eroded, accompa-
nied by the foundation deposits that extend downstream of the foreset fronts. These are important findings 
with broad applicability to stratigraphic interpretation.

4.2.  Quantitative Descriptions of Two-Stage Transition

The two-stage transition from Gilbert to hyperpycnal delta can be described by two quantitative models. 
Stage 1 (foundation development) is described by a diffusion model of knickpoint migration, with different 
parameter values (diffusivity, shape factor, and far-field slope) used for the landward erosion and basin-
ward deposition. The diffusivity 2K  for the basinward deposition is 7–14 times (  O 10  greater than) the 
corresponding value of 1K  for the landward erosion; the shape factor 2H  and far-field slope 2S  are both twice 
(  1O  greater than) the corresponding values of 1H  and 1S . The stronger basinward deposition than the land-
ward erosion suggests that these deposits source from both the eroded material and the upstream sediment 
supply, transported by the highly competent hyperpycnal underflows. The parameter values depend also 
on the morphological relief of the preexisting Gilbert delta, thus increasing with the bed slope angle. The 
normalized experimental profiles at different times for different cycles in different settings collapse on sin-
gle theoretical curves, confirming that the evolving foundation profiles, despite asymmetric, exhibit strong 
morphological self-similarity.

During Stage 2, the evolution of delta over a well-developed subaqueous foundation is a purely depositional 
process described by a two-diffusion model of hyperpycnal delta progradation. Collapse of the normalized 
experimental profiles on single theoretical profiles also confirms the self-similarity of such process. Using 
the two-stage transition model, the completion time ct  of Stage 1 is defined as the time when the evolving 
foundation profile optimally matches the profile of hyperpycnal delta that develops during Stage 2, or when 
the morphological self-similarity of hyperpycnal delta resumes. Good agreement between the theoretical 
and experimental ct  indicates that foundation development paves the way for the stage of hyperpycnal delta 
progradation. The time taken to complete foundation development increases with the progressing cycle of 
transition due to the associated greater relief of the preexisting Gilbert delta.
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To further examine the morphodynamics of foundation at  ct t , we evaluate sediment flux j  at location s

using the theoretical profile of foundation  , cz x t  (Lai & Capart, 2009; Lai et al., 2019):

     
   



           
0

0

, 1, , d
2

sc
c c

c c

z s t z s s
j s t I z x t z x x

t t
� (3)

where 0z  initial bed profile. Once the sediment flux along the bed is reconstructed, the bed growth rate 
 /z t can be evaluated with the gradient of sediment flux according to the continuity equation of sediment:

    / /z t j x� (4)

The results (see Figures S8–1 to S8–13) reveal that the bed growth rate peaks in the nearshore region where 
the discrepancy between the optimally matched profiles of foundation and hyperpycnal delta is maximum, 
indicating that at  ct t  the fastest growth of bed elevation in the nearshore region works to eliminate such 
discrepancy within a shortest time, moving the transitional process to Stage 2.

4.3.  Recovery of Non-Transitioned Pure Delta

Under identical flow and sediment supply conditions, the advance of depocenter in the non-transitioned 
pure hyperpycnal delta is faster than the migration of depocenter in the pure Gilbert delta, the latter would 
even retreat given a mild enough bed slope. The trajectories of depocenter in the pure hyperpycnal and Gil-
bert deltas constitute the front and rear envelope curves in t-x plane. The trajectories of depocenter in the 
post-transition deltas are bounded by these envelope curves. For a transition from Gilbert to hyperpycnal 
delta, the depocenter migrates downstream to the front envelope curve; for a transition from hyperpycnal 
to Gilbert delta, the depocenter migrates upstream to the rear envelope curve. Within limited durations, 
the depocenters of the post-transition deltas can only approach the envelope curves. Given long enough 
durations, however, the post-transition deltas may be able to recover the morphodynamics of the pure del-
tas because the migration speeds of the depocenters, d / dx t, in the post-transition deltas are on average 2.1 
times the corresponding speeds in the non-transitioned pure deltas (Figure 4).

4.4.  Application of Two-Stage Transition Model to Po Delta (Italy)

To demonstrate the utility of the two-stage transition model in a real-world setting, we evaluate the time 
taken to complete foundation development in the Po delta (Tolle lobe) located at the Adriatic coast of It-
aly. This site was selected because a detailed reconstruction of the evolving deltaic profile during the past 
300 years is available from combined cartographic data with seismic-stratigraphic and core data (Correg-
giari et al., 2005). Tolle prodelta lobe has been the dominant distributary of the Po delta since the end of 
the Little Ice Age. Climatic change, anthropogenic causes (deforestation and artificial levees) or breaching 
of natural dams during this period led to catastrophic increases in water discharge and sediment load that 
generated hyperpycnal flows. As a result, Tolle lobe advanced as a hyperpycnal delta between 1736 and 
1811 (Figure 5a). From 1811 to 1860, in response to a decline in fine-sediment supply caused by human im-
pacts (damming, river excavation, and land reclamation), Tolle lobe underwent a morphological transition, 
then advanced as a Gilbert delta from 1860 to 1880. Since 1886, short-lived episodes of increased discharge 
and sediment load (of natural or artificial origin) again generated hyperpycnal flows, Tolle lobe underwent 
a retreat associated with subaqueous channel formation through a cut-and-fill process, similar to that of 
foundation development. By 2002, the retreat of Tolle lobe has come to a halt, resuming the progradation of 
hyperpycnal delta. Although it is not a lacustrine delta, Tolle lobe exhibited a deltaic evolution resembling 
the two-stage transition process presented in this work, and provides an excellent opportunity for scaling up 
the experimental finding into a real-world setting.

To apply the two-stage transition model to the Tolle lobe, the parameters must first be calibrated with the 
evolving deltaic profiles (Figures 5b and 5c). The foundation profiles of 1886, 1905 and 1932 were used to 
determine the parameters of Stage 1 (foundation development); the hyperpycnal delta profiles of 1736, 
1811 and 2002 were used for those of Stage 2 (hyperpycnal delta progradation). The parameter values are 
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summarized in Table S3, where the mean annual discharge of Tolle lobe during 1918–2003 (when hyperpy-
cnal flows prevailed) and mean width of 154 m (Correggiari et al., 2005; Syvitski et al., 2005) were used to 
estimate the unit-width discharge Q 37 M m2/yr. The calibrated /Q I 66 is reasonable, slightly greater 
than the value /Q I 40 that corresponds to an upper-bound estimate of I 925 K m2/yr required for gen-
erating hyperpycnal flows, based on the mean annual sediment load (1918–1987) (Correggiari et al., 2005). 
The density of inflow used,  in 1,040  kg/m3, corresponds to a suspended-sediment concentration of 
64 g/L, which exceeds the threshold of 40 g/L required for generating hyperpycnal flows in marine envi-
ronments, where the average ambient ocean density is 1,025 kg/m3 (Mulder & Syvitski, 1995; Warrick & 
Milliman, 2003).
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Figure 5.  (a) Reconstructed subaqueous profiles of Po delta (Tolle lobe) during 1736–2002 (redrawn from Correggiari 
et al. (2005)). Parameters calibration with evolving profiles of Po delta: (b) foundation profiles (1886, 1905, 1932), and 
(c) hyperpycnal delta profiles (1736, 1811, 2002). Calculated evolution of Po delta since 1880: (d) profiles of foundation 
and hyperpycnal delta; (e) temporal variation of the profile difference between foundation and hyperpycnal delta. (f) 
Phase diagram of  0ct t , time taken to complete foundation development, as a function of Q and /Q I, for Po delta.
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To evaluate the time taken to complete foundation development in Tolle lobe, the initial time 0t  was set to be 
1880, when the last profile of Gilbert delta prior to the retreat in 1886 is available. The evolving profiles of 
foundation and hyperpycnal delta and temporal variation of their difference (see Figures 5d and 5e) show 
that the completion time ct  corresponding to the minimum difference is 1984. The time taken to complete 
foundation development, c 0t t , is thus 104 years, in concordance with the observation that progradation 
of hyperpycnal delta resumed before 2002, that is,  c 0t t 122 years. The reason for such a long time taken 
to complete Stage 1 in Tolle lobe, which contrasts the quick process observed in our experiments, is that hy-
perpycnal flow events are highly pulsed, commonly occur during brief periods (hours to occasionally days), 
totaling about 0.1%–0.2% of the total time (Warrick and Milliman, 2003). The result thus indicates that, with 
robust parameter calibration, even a simple diffusion-based model can reproduce the two-stage transition 
process of Tolle lobe and scale up the timescale of such process into a real-world setting.

With the parameters of Tolle lobe, a phase diagram of c 0t t  as a function of /Q I  is provided (Figure 5f) for 
a realistic range of Q (20–55 M m2/yr). The phase diagram reveals three traits that deserve mention. First, 
for a specific c 0t t  (>10 years), the corresponding /Q I  values on different curves are proportional to the Q 
value of each curve while the associated I  values remain identical. This indicates that c 0t t  is determined 
by I  rather than Q, which arises from the supply limited condition established when sediment supply rate 
I  is less than the sediment transport capacity of Q. Second, for a given Q, the value of c 0t t  increases with 

/Q I  because of the associated decrease in I  for the reason stated above. Third, for a given Q, the increase in 
c 0t t  per unit decrease of I ,   c 0 /d t t dI , increases with declining I , indicating that c 0t t  varies more 

sensitively with the variation of smaller I  rather than larger I . For example, for those data points on the 
left end of each curve, where I  values are all >615 K m2/yr, the corresponding values of c 0t t  (<10 years) 
differ by very limited amounts. This suggests that, while I  is a dominating control on c 0t t , it no longer has 
significant effects on c 0t t  when sediment supply rate I  exceeds the transport capacity of Q.

The results highlight the effects of hyperpycnal flow discharge Q and sediment supply rate I  on the tran-
sitional timescale. The effect of Q  on such timescale is indirect, mainly through determination of sediment 
transport capacity. When I  is less than the transport capacity of Q (i.e., supply limited conditions), the time 
required for foundation development decreases with the increase of I . When I  is greater than the transport 
capacity of Q (i.e., transport-limited conditions), the time required for foundation development no longer 
decreases with the increase of I  because sediment transport rate is limited by Q . These conditions should 
be distinguished when applying the model and phase diagram.

Data Availability Statement
A full data set is available at: https://zenodo.org/record/4620332#.YFQlt68zaUk.
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