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ABSTRACT

Autostratigraphy is the stratigraphy generated by large-scale autogenesis,
developed based on the full recognition of the non-equilibrium behaviour of
depositional systems in response to steady external forcing. The existing
autostratigraphic concepts were derived mostly from studies of river deltas
growing during a single rise or fall of base level (or relative sea level). The
present study challenges to extend the autostratigraphic framework to the
alluvial-shelf system growing through steady base-level cycles by two-dimen-
sional tank experiments. During each experimental run, the base level was
changed symmetrically, wherein through cycles, the rise and fall had the
same constant rate (|Rbl|) and period (Tbl), and thus the same constant ampli-
tude (Abl), but with no basin tectonism. In total, nine runs with different
combinations of |Rbl| and Abl were performed. The experimental results
brought the following implications. (i) The shelf-transiting active deposi-
tional system takes non-equilibrium responses in earlier base-level cycles,
during each of which the system experiences episodes of degradation with
base-level fall. (ii) After the system has sufficiently grown through cycles,
non-equilibrium responses change into equilibrium responses, whereby the
shelf-transiting alluvial system, whether retrogradational or progradational,
is free from degradation and continues to aggrade but with a gradually
decreasing rate of aggradation. (iii) The alluvial topset river tentatively but
autogenically attains a graded state during the falling limb of an intermediate
cycle, which separates the earlier degradation-inclusive and later aggrada-
tion-sustainable cycles. (iv) The number (or duration) of cycles elapsed prior
to this phase-transition is linearly proportional to the amplitude (or the
square of the period) of base-level cycles, with a coefficient defined by the
rates of base-level change and sediment supply. Such a growth pattern does
not necessarily hold when considering long-term tectonic subsidence or
uplift. These notions help to understand the stratigraphic architectures of
natural alluvial-shelf systems evolved through base level cycles.

Keywords Autostratigraphy, base-level cycle, deltaic shelf growth, grade,
length and time scales, size effect, tank experiment.
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INTRODUCTION

The alluvial-shelf system, having the areal
extent from a downstream alluvial realm (both
deltaic and non-deltaic) to the distal end of a
shelf floor, is a main component of the ‘source
to sink’ profile (Burgess & Allen, 1996; Burgess
et al., 2008; Steel et al., 2008; Helland-Hansen
et al., 2012; Patruno & Helland-Hansen, 2018).
The stratigraphy of alluvial-shelf systems grow-
ing under base-level cycles (or relative sea-level
cycles) has been developed through both physi-
cal experimentation (Paola et al., 2001; Van Hei-
jst & Postma, 2001; Kim et al., 2006; Martin
et al., 2009; Yu et al., 2017; Straub & Foreman,
2018; Straub, 2019) and numerical simulation
(Burgess & Allen, 1996; Hoogendoorn et al.,
2008; Sømme et al., 2009; Csato et al., 2014;
Burgess & Prince, 2015), largely in the context of
sequence stratigraphic schemes (Posamentier
et al., 1988; Posamentier & Vail, 1988; Van Wag-
oner et al., 1988; Galloway, 1989; Catuneanu
et al., 2009). A prevailing idea/assumption in
sequence stratigraphic studies is that a particu-
lar segment of the eustatic curve (or accommo-
dation curve) is reflected in a particular
sediment stacking pattern (Jervey, 1988; Posa-
mentier & Vail, 1988; Van Wagoner et al., 1988;
Galloway, 1989; Embry & Johannessen, 1993),
based implicitly or explicitly on the hypothesis
of equilibrium response (Muto et al., 2016b).
The depositional system growing under base-
level cycles is supposed to have no or insignifi-
cant hysteresis of the preceding cycles through
which the system has been growing.
The recently developed theory of autostratigra-

phy provides a totally different view from these
conventional concepts. It claims that even under
steady forcing, the alluvial-shelf system gener-
ally cannot sustain a particular style of sediment
accumulation but takes non-equilibrium
responses (see below) whereby the system auto-
genically changes its growing pattern through
stages. A basic notion in autostratigraphy is that
the spatial size of the system at a certain point
in time affects how the system evolves there-
after, depending on its own hysteresis (Muto
et al., 2016b).
To date, the autostratigraphy theory has been

examined mostly in the context of a single dis-
tinct rise or fall of the base level (Muto et al.,
2016b). To go a step further in autostratigraphic
consideration, the present study is devoted to
extend it to alluvial-shelf systems growing under
steady base-level cycles including rises and falls

by means of two-dimensional (2D) physical
experimentation. The main research objectives
are to clarify: (i) whether and how the autogenic
non-equilibrium response changes as the base-
level cycles proceed; and (ii) what is the strati-
graphic norm of alluvial-shelf systems after
experiencing a large number of steady base-level
cycles? As documented below, the results of the
experiments indicate that an alluvial-shelf sys-
tem growing through steady base-level cycles of
a symmetrical pattern cannot sustain a particu-
lar invariable pattern of stratigraphic responses
that are manifested in initial/early cycles. The
system eventually evolves into a stable phase
that with an ever-decreasing aggradation rate is
characterized by alternations of non-deltaic
transgression during base-level rise and deltaic
and aggradational regression during base-level
fall.

LARGE-SCALE AUTOGENESIS UNDER A
CONSTANT BASE LEVEL CHANGE

Autogenesis usually refers to ‘processes, pat-
terns, or dynamics that arise solely as a conse-
quence of the interaction of the components
within a system’ (Hajek & Straub, 2017). Two
types of autogenesis have been recognized
(Hajek & Straub, 2017). One is supposed to be
local (small part of the system), cyclic and
stochastic, as typically illustrated with channel
avulsion and lateral shifting of deltaic lobes
(Kim et al., 2014; Li et al., 2016; Paola, 2016).
The other type is global (encompassing the
entire system), deterministic and non-cyclic.
This latter type of autogenesis can account for
basin-scale spatial and temporal changes in
stratigraphic configuration. Autostratigraphy has
been developed to take full consideration of
large-scale deterministic autogenesis of deposi-
tional systems growing under steady external
dynamic forcing (Muto et al., 2007).
Large-scale autogenesis in autostratigraphy

commonly takes a form of non-equilibrium
response. Non-equilibrium response is a type of
response by which steady external forcing
results in unsteady stratigraphic configuration
and unsteady external forcing can result in
steady stratigraphic configuration (Muto et al.,
2007, 2016b). As the depositional system grows,
it tends to increase in sediment storage capacity,
and because of this, fails to sustain a particular
fixed configuration. This is the rationale of non-
equilibrium responses to steady dynamic
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external forcing. Equilibrium response, a type of
stratigraphic response by which steady external
forcing results in a steady stratigraphic configu-
ration characterized by a particular stratal-stack-
ing pattern, is physically possible (Muto &
Swenson, 2006) but does not hold in general
(Muto, 2001; Muto et al., 2007; Muto et al.,
2014; Muto et al., 2016b).
Recognized large-scale autogenic processes

related to a single rise or fall of base level (rela-
tive sea level), most of which are manifested as
non-equilibrium responses, are summarized in
Table 1 and illustrated in Figs 1 and 2. If one
assumes the vertical longitudinal profile of a
delta as a quadrilateral (Figs 1 and 2), it is nota-
ble that even with the same rate of base level
change, autogenic non-equilibrium responses
experienced by the alluvial-shelf system can
vary due to its geometrical conditions (alluvial
slope α, foreset slope β, hinterland basement
slope γ and basin floor slope ϕ) and pre-existing
topographic features (for example, initial allu-
vial length L0). After the realization of the
autoretreat point, for example, continuous base-
level rise may eventually reach the moment of
autodrowning if the hinterland slope is steeper
than the foreset slope (i.e. γ > β; Tomer & Muto,
2010; Table 1; Fig. 1A), or autobreak in the
opposite case (γ < β; Muto, 2001; Table 1; Fig. 1
B).

Autostratigraphic scales

In order to make comparisons between different
systems of different scales, the autostratigraphy
theory defines length and time scales (Λ and τ,
respectively; Muto et al., 2007; Muto et al.,
2016b). In 2D consideration:

Λ2D ¼ qs
Rblj j

(1)

τ2D ¼Λ2
2D

υ
¼ α

qs
jRblj2

(2)

where qs is the sediment supply rate per unit
width, Rbl is the rate of base-level change (Rbl > 0
for rise; Rbl < 0 for fall) and υ is the diffusion
coefficient for alluvial sedimentation (Paola
et al., 1992; Paola, 2000), which can be
expressed as υ = qS/α for linear diffusion (Swen-
son, 2005). Here the alluvial slope (α) is
assumed to be a constant value, which might be
different from many natural alluvial rivers that
tend to decrease in slope in the downstream
direction (Kim et al., 2006; Nittrouer et al.,

2012; Blom et al., 2016). Considering that, dur-
ing base-level cycles, the downstream alluvial
rivers can tentatively be graded and, when the
graded state is attained, are expected to have a
uniform and constant slope (Muto & Swenson,
2005, 2006; Swenson & Muto, 2007; Wang et al.,
2019b). Thus, it is not unreasonable to assume a
particular uniform value for α representing the
whole downstream alluvial river.
The term ‘large-scale’ mentioned above means

that the considered length and/or time quantities
are much larger than Λ2D and τ2D, respectively.
Λ2D frequently appears in autostratigraphic argu-
ments that are related to characteristic lengths of
the depositional system being subject to a base-
level change. τ2D, in comparison with a given
period of particular forcing, controls how promi-
nently the non-equilibrium response appears for
the period. For example, given a period (Tbl)
for a base-level change, the non-equilibrium
response is manifested prominently if τ2D << Tbl;
otherwise, the system may appear to take an
equilibrium response if τ2D >> Tbl (Muto & Steel,
1997).

EXPERIMENTAL DESIGN

The experiments were performed using the
experimental facilities at Nagasaki University,
including the Margi-6, a stainless steel tank
(6.5 m long × 60 cm wide × 1.3 m deep) with a
transparent glass wall that allows observation of
the entire longitudinal profile of the deltaic shelf
system. Inside the tank, a narrow, transparent,
parallelogram-shaped acrylic flume (4.1 m
long × 2.0 cm wide × 0.57 m deep) was placed
(Fig. 3). Sediment and water were supplied at
constant rates from the upstream end of the
flume to build an alluvial-shelf system. The
basement (i.e. the flume floor) was non-erodible
and consisted of a downstream 3 m long hori-
zontal part that represented the initial shelf sur-
face (slope ϕ = 0) and an upstream 1.1 m long,
31° inclined part that served as the hinterland
bedrock river (hinterland slope γ = 0.612 in tan-
gential gradient) (Fig. 3). The flume was open at
the downslope end, to keep the water level
inside the flume the same as that in Margi-6,
playing the role of base level for the experimen-
tal alluvial river. The base level was raised and
lowered by pumping water to and from Margi-6
using a PC-controlled electromagnetic flowmeter
(potential error <1% for base level changing
rate).
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In each experimental run, the base-level cycles
had a constant absolute rate of rise and fall (|Rbl|
= const > 0), a constant period (Tbl = const),
and thus a constant amplitude (Abl = |Rbl| ×
Tbl = const). All runs started with a base-level
rise at the initial basin water depth of 1.0 cm,
and the base level was returned to this initial
height at the end of every cycle. In total, nine
runs with different combinations of |Rbl| and Abl

were conducted (Fig. 4). Three different values
were adopted for |Rbl|, i.e. low (4.25–
4.33 × 10−3 cm s−1), medium (8.54–8.62 ×
10−3 cm s−1) and high (12.8–12.9 × 10−3 cm s−1),
which means that the lower and higher rates
were nearly half and 1.5 times the medium rate,

respectively. Three different values were
adopted for Abl as well, i.e. low (11.4–11.5 cm),
medium (23.1–23.4 cm) and high (46.1–47.9 cm),
so that the lower and higher values were half
and two times the medium value, respectively.
Such a design can help to find out in a system-
atic way how the rate and amplitude of base-
level change affect the construction of alluvial-
shelf deposits. Each run was stopped when the
downstream or upstream end of the depositional
wedge reached the flume edge.
Except for Rbl and Abl, the same experimental

conditions, including sediment material, sedi-
ment supply rate and upstream water discharge
in unit width (qs and qw, respectively), were

Fig. 1. Autogenic non-equilibrium responses of deltas to base-level rise of a constant rate, given a constant rate of
sediment supply. (A) Shoreline autoretreat and autodrowning under the slope condition of γ > β. The growing cli-
noform experiences deltaic recession, deltaic transgression and submerging (autodrowning). After autodrowning,
the system becomes non-deltaic although sediment is still supplied by the bedrock river from the hinterland. (B)
Shoreline autoretreat and autobreak under the slope condition of γ < β. The growing clinoform experiences deltaic
regression, deltaic transgression and non-deltaic transgression. During non-deltaic transgression (after autobreak
when deltaic sedimentation is lost), the feeding alluvial river keeps its length at a critical value (L ~ Lcrt). (C)
Occurrence of allobreak, non-deltaic transgression, deltaic transgression and autodrowning under the slope condi-
tion of γ > β, where the initial alluvial river (or delta) over-extended far beyond Lcrt prior to the onset of the base-
level rise. In this setting, deltaic sedimentation is recovered when the alluvial length has decreased to less than
Lcrt. (D) Sustained non-deltaic transgression under the slope condition of γ < β, where the initial alluvial river (or
delta) over-extended far beyond Lcrt prior to the onset of base-level rise. In this setting, deltaic sedimentation dur-
ing transgression never occurs.

© 2020 The Authors. Sedimentology © 2020 International Association of Sedimentologists, Sedimentology, 68, 135–167

Autostratigraphy of Alluvial-Shelf Systems 139



adopted through all runs (Table 2). The sedi-
ment used was uniform, natural quartz sand
(0.2 mm), to which a small amount of coal pow-
der was added to visualize the internal structure
of the deposit. The bulk density of the mixed
sediment was 1.38 g cm−3. qs (0.134–0.160
cm2 s−1 for all runs, including pore space) and
qw (2.18–2.30 cm2 s−1 for all runs) were con-
trolled by a sediment feeder device and a tubing
pump, respectively. Owing to the narrowness of
the flume, the alluvial sediment-laden flow

seldom channelized, avulsed or migrated in the
transverse direction, and thus the narrow flume,
when viewed from the front side of the tank,
represents a 2D longitudinal dip-oriented profile
of a marginal depositional wedge. The flow
depths were approximately 1 to 2 mm with the
Froude number estimated to range between 0.8
and 2.0.
During each run, the positions of three moving

boundaries of the depositional wedge, i.e. the
delta toe (downlap point), shoreline and the
alluvial-basement transition (ABT, onlap point)
(Fig. 3), were recorded in digital images (taken
every 60 or 30 s). Measurements of the boundary
positions in the images are essential for detect-
ing aggradation or degradation of the alluvial-
shelf system. For example, downstream migra-
tion of the ABT implies degradation or offlap,
upstream migration of the ABT implies aggrada-
tion or onlap, and the ABT at standstill implies
grade (Muto & Swenson, 2005; Kim & Muto,
2007; Muto et al., 2016a).
The conjunction point of the hinterland base-

ment and the initial basin floor of the flume was
set as the origin point (0, 0) of an x–z coordinate
system (x, horizontal basinward distance; z, verti-
cal upward distance) (Fig. 3). The delta set thick-
ness (hset; measured from the shoreline to the
delta toe) was measured when it was expanding
spatially, mostly during periods of base-level fall.
The topset and foreset slopes (α and β, respec-
tively) were also measured for each run (Table 2),
where β (0.6–0.7) reflected the angle of repose of
the grain-avalanched sediment.
To compare the alluvial-shelf systems built in

the nine runs, which were developed in differ-
ent spatial–temporal frameworks, any designed/
measured quantities having units of length x (or
z) and time t were made dimensionless by divid-
ing them with Λ2D and τ2D (Table 2), respec-
tively. For example, the dimensionless
horizontal length x* = x/Λ2D, dimensionless ver-
tical height z* = z/Λ2D and dimensionless time
t* = t/τ2D (the asterisk indicates a dimensionless
quantity in this paper). In dimensionless space
and time, any discussion of the basin-forcing
parameters among experimental runs can be
considered scale independent. Table 3 presents
a list of dimensionless values. These are the
flume size (flume basement length Xflume* and
flume depth Zflume*); period for a full base-level
cycle (Tcycle* = 2Tbl*); amplitude of base-level
change (Abl*); critical alluvial length (Lcrt*),
which defines non-deltaic transgression during
base-level rise and is given by:

Fig. 2. Stratigraphic responses of a river delta to
base-level fall of a constant rate (Rbl = const < 0),
given a constant sediment supply (qs = const). (A)
Degradation (autoincision) of the alluvial river at ϕ >
α (Muto & Swenson, 2005). (B) Sustained alluvial
aggradation at ϕ < α (Petter & Muto, 2008). (C) Auto-
genic attainment of alluvial grade at ϕ = α, where the
longitudinal profile of the deltaic system mimics a
parallelogram with a particular set thickness (hset_crt;
Muto & Swenson, 2006).
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Lcrt ¼
γ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ α2

p

γ $ α
Λ2D (3a)

L∗
crt ¼

Lcrt

Λ2D
¼ γ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ α2

p

γ $ α
(3b)

and critical delta set thickness (hset_crt*), which
distinguishes aggradation and degradation dur-
ing base-level fall and is given by:

hset crt ¼
Λ2Dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ α$ 2

p (4a)

h∗
set crt ¼

hset crt

Λ2D
¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 þ α$ 2
p : (4b)

Among the parameters listed in Table 3, Abl* is
also key to the present study, as will be shown
later; it is given by:

A∗
bl ¼

Abl

Λ2D
¼R2

blTbl

qs
(5a)

By combining Eq. 2 based on the assumption of
linear diffusion, Eq. 5a is equivalent to Eq. 5b:

A∗
bl ¼ α

Tbl

τ2D
¼ αT∗

bl ¼
α
2
T∗

cycle (5b)

Similar to many other geometric models, the
2D experiment presented below does not incor-
porate complex physical processes including
morphodynamics and tectonics, but simplifies
the stratigraphic problems into geometric ques-
tions. With the geometry of sediment surfaces
and basin configurations, stratigraphic stacking
patterns can be predetermined (Paola, 2000).

EXPERIMENTAL RESULTS

Reference run: medium amplitude and
medium rate

Conditions adopted
The medium amplitude and medium rate
(MAMR) run was conducted with a medium
amplitude and medium rate of base-level change
(Fig. 4), serving as a representative example for
outlining all experimental results. With |Rbl| =
8.62 × 10−3 cm s−1 and qs = 0.147 cm2 s−1,
Λ2D was calculated as 17.0 cm (Eq. 1). With a

Fig. 3. Experimental facilities
consisting of a narrow flume
placed in a larger, glass-
walled observational tank
(Margi 6). The built-in flume
is so narrow that the flow
inside cannot avulse or
migrate but only advances for-
ward or retreats backward.

Fig. 4. Matrix of experimental design of the nine runs
which were yielded by three values of Abl and three
values of |Rbl|. In each cell are the run names on the
top and periods for base-level cycles (2Tbl, for a rise
and a subsequent fall) on the bottom.
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measured value of α (= 0.143 on average), τ2D
was estimated as 281.6 s (Eq. 2). Λ2D and α
yielded a value of 22.4 cm for Lcrt (critical allu-
vial length during base-level rise, Eq. 3a) and
2.40 cm for hset_crt (critical set thickness during
base-level fall; Eq. 4a). In this run, nine base-
level cycles were performed with Abl* = 1.37,
Tbl* = 9.59, Lcrt* = 1.32 and hset_crt* = 0.141
(Tables 2 and 3).

Results
Stratigraphical responses of the alluvial-shelf
system to the base-level rise varied significantly
through cycles, as shown in Fig. 5A to I, where
each image was taken at the end of the base-
level rise. During the base-level rise in cycle 1
(Fig. 5A), the alluvial-shelf system first experi-
enced deltaic regression (t* = 0–0.85,
t = 0–240 s), then deltaic transgression (t* =
0.85–5.5, t = 240–1560 s) and finally non-deltaic
transgression (t* ≥ 5.5, t ≥ 1560 s) when the
alluvial length was nearly constant (L* =
1.22 ~ Lcrt*). From cycle 2 onward, non-deltaic
transgression occurred as soon as the rise began.
The resulting flooding surface in each cycle
steepened upstream to develop a concave-up-
ward geometry, that is, the local basin slope just
basinward of the shoreline (ϕlocal) progressively
increased landward (Fig. 5B and C). As the
cycles proceeded, the flooding surface, as a
whole, became gentler and less curved and its
average slope (ϕavg, shelf edge to shoreline)
decreased to approach the alluvial slope (α)

(Fig. 5D to I): ϕavg ~ α at the end of base-level
rise in cycles 8 and 9.
The stratigraphical response of the alluvial-

shelf system to the base-level fall significantly
changed through cycles as well, as shown in
Fig. 5J to R which were taken at the end of each
base-level fall. In cycle 1, the delta prograded
initially onto the subaqueous depositional sur-
face and then onto the horizontal basement sur-
face, accompanied by net downstream migration
of ABT (Fig. 5J). This subaerial degradation was
also recognized in subsequent cycles 2 and 3,
although to less significant extents than the sub-
aerial degradation in cycle 1 (Fig. 5K and L). A
fundamental difference in cycles 2 and 3 from
cycle 1 is that for most of the regression time
(i.e. base-level fall), a delta prograded onto a dis-
tinctively concave-upward surface that was gen-
erated by non-deltaic flooding during the
preceding base-level rise. In cycles 4 and later,
the ABT was subjected to net upstream migra-
tion (Fig. 5M to R), and no clear signals of
degradation were found. As the flooding surface
progressively became gentler as the cycles pro-
ceeded, the local basin floor in front of the delta
became almost linear and the delta set became
thinner.
Figure 6 shows the trajectories of the ABT,

shoreline and delta toe in x*–t* space, the initial
and final river lengths at the onset and end of
each base-level rise (L0* and Lfinal*, respec-
tively), and hset* during each base-level fall
(note that hset* makes sense only for base-level

Table 3. Dimensionless experimental parameters.

Run
name

Dimensionless
length of the
flume
basement
Xflume*

Dimensionless
depth of the
flume
basement
Zflume*

Dimensionless
period for a full
base-level cycle
Tcycle* (= 2Tbl*)

Dimensionless
amplitude of
the base-level
cycle Abl*

Dimensionless
critical alluvial
length during
base-level rise
Lcrt*

Dimensionless
critical set
thickness during
base-level fall
hset_crt*

LALR 9.12 1.72 5.01 0.35 1.31 0.138

MALR 8.98 1.70 10.11 0.70 1.31 0.137

HALR 9.06 1.71 19.94 1.45 1.32 0.144

LAMR 16.30 3.08 9.34 0.62 1.30 0.134

MAMR 17.65 3.34 19.18 1.37 1.32 0.141

HAMR 19.11 3.61 37.05 2.94 1.37 0.156

LAHR 24.79 4.69 14.20 0.95 1.29 0.133

MAHR 24.00 4.54 25.10 1.85 1.33 0.146

HAHR 24.39 4.61 48.13 3.78 1.36 0.156
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fall); all are in phase with the base-level
changes. In Fig. 6B (for cycles 1 to 3, see the
close-up shot), the shoreline trajectory of the
cycle 1 base-level rise was initially directed bas-
inward (t* < 0.85); then it retreated landward in
a curved pattern and then in a linear pattern,
the latter of which happened after the delta toe
became inactive (at t* ~ 5.5). During the base-
level rise in cycles 2 and 3, the shoreline trajec-
tory exhibited a curved transgressive profile.

During the base-level rise in cycles 4 and later,
the shoreline trajectory was almost linear, docu-
menting that the flooding surfaces became
flatter, i.e. the same pattern as shown in Fig. 5B
to I.
For the base-level falling limbs, the following

phenomena are notable (Fig. 6B and D). (i) In
cycles 1 to 3, the ABT migrated downstream
after a short period of upstream migration. This
upstream to downstream transition of the ABT

A

B

C

D

E

F

G

H

I

J

K

L

M

N

O

P

Q

R

Fig. 5. Sequential photographic images of the alluvial-shelf system built in the reference run MAMR (medium
amplitude and medium rate), taken right after periods of base-level rise (A) to (I) and fall (J) to (R), along with the
base-level scenario. Dotted white lines in (A) to (I) highlight maximum flooding surface in the cycle. Solid lines
in (J) to (R) highlight alluvial surfaces at maximum regression in the cycle. White inverted triangle indicates cur-
rent base level. Paired yellow triangles indicate positions of the onlap point or the alluvial-basement transition
(ABT): inverted yellow triangle indicates the current one (at maximum regression), while upright yellow triangle
indicates ABT position at the previous maximum transgression. Note that as base-level cycles proceeded: (i) the
alluvial river at maximum regression became longer; (ii) the maximum flooding surface became longer and flatter;
and (iii) in late cycles the maximum flooding surface almost coincided with the alluvial profile that was built dur-
ing the preceding base-level fall.
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occurred when the delta set thickness (hset) ten-
tatively became close to the theoretical critical
value (hset_crt). From cycles 1 to 3, the condition
of hset ~ hset_crt was realized for a successively
longer time after the onset of each base-level fall
(see the close-up shot for autoincision in Fig. 6B
and D). The hset values then significantly
exceeded hset_crt to reach a maximum value
(hset_max), after which hset decreased. (ii) From
cycle 4 onward, the ABT no longer migrated
downstream, while hset_max progressively
decreased and finally became smaller than
hset_crt. (iii) Specifically, hset (or hset_max) in
cycles 4 and 5 reached and sustained the magni-
tude of hset_crt (hset* ~ hset_crt*), during which
the ABT remained stationary.
The growing processes of deltaic shelves

through base-level cycles can be outlined by the
variations in several measured parameters
(Table 4), including the successive increase in
L0 (as well as Lfinal) and successive decreases in
hagg_blr (aggradational thickness during base-
level rise), ϕavg and hset_max. Table 4, along with
Figs 5 and 6, documents that: (i) through cycles
of base-level rise and fall, the alluvial-shelf sys-
tem as a whole experienced net elongation
(progradation) and net aggradation, although
both progressively decreased in rate; (ii) the
flooding surface became gentler and less curved;
and (iii) transgressive–regressive units became
thinner.

Interpretation
During base-level rise. The non-equilibrium
response of the alluvial-shelf system to the base-
level rise changed as the base-level cycles pro-
ceeded. The first cycle showed the full process
from shoreline autoretreat (regression to trans-
gression) to autobreak (deltaic to non-deltaic
environments), owing to the sufficiently long per-
iod of base-level rise (Tbl ~ 10τ2D) (Muto, 2001).
From cycle 2 onward, the alluvial-shelf system
was subjected to non-deltaic transgression with-
out being preceded by deltaic regression and del-
taic transgression, reflecting over-extension of
the alluvial river (L0 = 125.9 cm > Lcrt, at the
beginning of cycle 2) and thus an allobreak event
(Tomer et al., 2011).
During the non-deltaic (especially post-allo-

break; Tomer et al., 2011) transgression recog-
nized in cycles 2 to 9, the entire supplied
sediment was consumed only for building the
alluvial reaches. Therefore, the aggradation rate
(Ragg) and length (L) of the alluvial river are in a
reciprocal relationship: T

a
b
le

4
.

M
ea
su

re
m
en

ts
o
f
le
n
gt
h
an

d
sl
o
p
e
p
ar
am

et
er
s
in

th
e
re
fe
re
n
ce

ru
n
M

A
M

R
(m

ed
iu
m

am
p
li
tu
d
e
an

d
m
ed

iu
m

ra
te
).

B
as
e-
le
v
el

ch
an

ge
K
ey

p
ar
am

et
er
s

C
y
cl
e
1

C
y
cl
e
2

C
y
cl
e
3

C
y
cl
e
4

C
y
cl
e
5

C
y
cl
e
6

C
y
cl
e
7

C
y
cl
e
8

C
y
cl
e
9

R
is
e

A
ll
u
v
ia
l
le
n
gt
h
b
ef
o
re

ri
se
:
L
0
(c
m
)

0
.0

1
2
5
.9

1
7
7
.2

2
1
6
.6

2
4
9
.6

2
8
1
.7

3
0
8
.4

3
3
7
.4

3
6
1
.2

A
ll
u
v
ia
l
le
n
gt
h
af
te
r
ri
se
:
L
fi
n
a
l
(c
m
)

2
0
.6

2
1
.7

4
0
.6

6
7
.3

9
2
.6

1
1
3
.9

1
3
9
.5

1
6
2
.3

1
7
9
.0

A
gg
ra
d
at
io
n
th
ic
k
n
es
s
b
y
ri
se
:
h
a
g
g
_
b
lr
(c
m
)

2
0
.0

7
.1
6

3
.0
9

2
.0
8

2
.0
0

1
.5
4

1
.4
5

1
.1
7

1
.3
6

A
v
er
ag
e
sh

el
f
sl
o
p
e
af
te
r
ri
se
:
ϕ
a
v
g

0
.6
7
8

0
.2
0
3

0
.1
7
0

0
.1
5
8

0
.1
5
0

0
.1
4
2

0
.1
4
2

0
.1
3
5

0
.1
3
0

F
al
l

M
ax

im
u
m

se
t
th
ic
k
n
es
s
b
y
fa
ll
:
h
se
t_
m
a
x
(c
m
)

1
6
.3

4
.5
6

3
.0

2
.2
1

2
.2
1

2
.0
5

1
.7
0

1
.5
8

1
.5
6

© 2020 The Authors. Sedimentology © 2020 International Association of Sedimentologists, Sedimentology, 68, 135–167

146 J. Wang and T. Muto



qs ∼ LRagg qs ¼ const> 0
" #

(6)

Thus, Ragg tends to increase as the over-ex-
tended alluvial river shortens (but is still longer
than Lcrt). Equation 6 explains the continual
changes in the flooding surface geometry. In a
single event of base-level rise, the flooding sur-
face tended to steepen landward, reflecting the
decrease in alluvial length (L), whereby the
flooding surface as a whole developed a con-
cave-upward geometry. As the cycles proceeded,
the entire flooding surface became gentler and
less curved, gradually approaching the pre-exist-
ing alluvial profile (ϕavg ~ α) and corresponding
to an overall increase in alluvial length (L),
because the increase in L0 was always greater
than the increase in Lfinal (Table 4; Fig. 6C).

During base-level fall. In Fig. 6B, the degrada-
tional, aggradational and graded stages of the
feeder alluvial river can be distinguished from
the behaviour of the ABT and the measured val-
ues of hset* relative to hset_crt*.
The ABT’s basinward turnabout, which took

place in each of the first three cycles, documents
autoincision (Muto & Steel, 2004; Swenson &
Muto, 2007). Autoincision was reached after an
initial aggradation phase, which became longer
through cycles 1 to 3 (Fig. 6B). This successively
longer delay in the attainment of autoincision is
due to the average shelf slope becoming gentler
through cycles (but still ϕavg > α). After reaching
a maximum value, hset decreased, reflecting
the basinward decrease in shelf slope (i.e. ϕ)
(Fig. 5B and C). The degradation sustained in
cycles 1 to 3 after the realization of autoincision
is due to the set thickness of the prograding
delta always being larger than the theoretical
value (hset > hset_max). It should be noted that at
the end of each base-level fall, hset suddenly
increased and then decreased. This occurred
when the delta toe prograded beyond the exist-
ing shelf edge and then onto the horizontal base-
ment (ϕ = 0).
The stationary ABT, along with the set thick-

ness (hset*) values being equal or very close to
the critical value (hset_crt*) observed in cycles 4
and 5, suggests that the basinward-extending
alluvial river attained autogenic grade. This was
realized because of: (i) the delta prograding onto
the sufficiently long, subaqueous surface having
a slope (ϕavg) equal/close to the alluvial slope
(α); and (ii) the period of base-level fall (Tbl),
which was sufficiently long to allow the

alluvial-shelf system to adjust its set thickness
to reach the critical value (hset ~ hset_crt).
In cycles 6 to 9, the alluvial river feeding the

delta aggraded during the entire periods of base-
level fall, as documented by the ABT steadily
migrating upstream and all hset* values being
lower than the hset_crt* value. The progressive
decrease in delta set thickness through cycles
was due to the progressive extension of the
alluvial-shelf system, whereby the delta was
able to prograde steadily over a longer distance
with a lower aggradation rate. As an inevitable
result, the period of base-level fall (Tbl = const)
became increasingly insufficient to realize hset ~
hset_crt.

Comparative runs

For the comparative eight runs, Figs 7 to 10
show the base-level scenarios adopted, the
resultant trajectories of the three moving bound-
aries (i.e. ABT, shoreline, and delta toe) in
x*–t* space, the initial and final alluvial lengths
(L0* and Lfinal*, respectively) for each base-level
rise, and temporal changes in delta set thick-
ness values (hset*) during each base-level fall.
The runs are described here in groups of three
runs, which include the reference run (MAMR).

Group 1 with variations in amplitude:
HAMR–MAMR–LAMR

Conditions. This run group includes the high-
amplitude medium-rate run HAMR, the medium-
amplitude medium-rate reference run MAMR and
the low-amplitude medium-rate run LAMR. This
group served as a reference for modulations of
the base-level changing amplitude (Abl) (Fig. 4).
The runs were conducted with similar |Rbl| condi-
tions that yielded Λ2D and τ2D values being nearly
the same between runs (Table 2). The HAMR and
LAMR runs were performed with amplitudes (and
periods) of base-level changes that were doubled
and halved from those in the reference MAMR

run, respectively (Tables 2 and 3).

Results. The HAMR run realized five cycles
(Fig. 7A), during which the alluvial-shelf system
evolved into a pattern similar to that in earlier
cycles of the reference run (MAMR). In the first
base-level rise, landward retreat of shoreline
occurred at t* = 0.82 (t = 240 s). Subsequently,
until t* ~ 5.6 (t ~ 1620 s), the system started to
evolve as a non-deltaic alluvial river, when the
alluvial river reached a length (L* = 1.35,
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L = 21.2 cm) close to the theoretical value (Lcrt =
21.4 cm). During the following base-level rises,
transgression caused a significant inundation,
leaving the maximum flooding surface in a sig-
nificantly curved profile (see the curved shore-
line trajectory particularly in cycles 2 and 3).
During base-level falls, the ABT migrated

downstream and the delta set thickness reached
a value significantly exceeding the critical value
(hset_crt = 2.46 cm). In subsequent cycles, the
maximum flooding surface of each cycle was
gradually flattened, the downstream transition of
the ABT became less prominent, and hset_max

tended to decrease. Until cycle 5, ϕavg ~ α, the

Fig. 7. Time correlations of data measured in comparable runs. (A) The high-amplitude medium-rate run HAMR.
(B) The low-amplitude medium-rate run LAMR. Legends as in Fig. 6. Note that the x-axis scales are different in
(A) and (B).
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ABT was stabilized, and hset ~ hset_crt. These
phenomena occurred during much later cycles
in the higher-amplitude run (HAMR), compared
to their occurrence in the reference run.
The LAMR run realized 17 cycles (Fig. 7B). In

the first base-level rise, the shoreline started to
retreat landward at t* = 1.0 (t = 300 s). Different
from the other two runs, the alluvial-shelf

system in this low-amplitude run maintained
deltaic sedimentation during the entire first
base-level rise. Meanwhile, the alluvial river
kept increasing in length to reach a value of
19.6 cm (L* = 1.07, L = 19.6 cm), which was
less than the estimated Lcrt value (23.8 cm), i.e.
non-deltaic transgression was not realized. From
cycle 2 onward, the alluvial-shelf system

Fig. 8. Time correlations of data measured in comparable runs. (A) The medium-amplitude low-rate run MALR.
(B) The medium-amplitude high-rate run MAHR. Legends as in Fig. 6. Note that the x-axis scales are different in
(A) and (B).
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evolved into a pattern analogous to what
occurred in later cycles of the reference MAMR

run, that is: (i) during periods of base-level rise,
transgression inundated only a smaller portion
of the existing depositional wedge and the flood-
ing surface was nearly flat; and (ii) during peri-
ods of base-level fall, the delta extended
basinward without downstream transition of the
ABT, and the delta set thickness kept increasing
during the progradation but was always smaller

than hset_crt. Specifically, during cycle 2, the
relationship hset ~ hset_crt and the stabilization of
ABT were attained much earlier than those
attained in runs with high and medium ampli-
tudes (i.e. HAMR and MAMR).

Interpretation. Because the amplitude (or per-
iod) of base-level change is the only variable
among the three runs (Table 2), the different
amplitudes account for the observed differences

Fig. 9. Time correlations of data measured in comparable runs. (A) The high-amplitude low-rate run HALR. (B) The
low-amplitude high-rate run LAHR. Legends as in Fig. 6. Note that the x-axis scales are different in (A) and (B).
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in stratigraphy. In the first rise of the HAMR run,
the duration of base-level rise (Tbl) was long
enough to manifest both autoretreat and auto-
break. In the succeeding cycles, the base-level
rise always caused non-deltaic transgression
because of the over-extension of the alluvial
river. Owing to the higher amplitude, the base-
level rise was more capable of shortening the
alluvial reaches. According to Eq. 6, the flooding
surfaces were generally steeper (ϕavg >> α at

maximum flooding) than those produced in con-
temporary cycles in the reference run (MAMR).
With the steeper shelf (i.e. large ϕavg), in turn,
the base level falling more easily forced the
delta to grow with a delta set thickness larger
than the critical value. Therefore, the alluvial-
shelf system more quickly attaining autoincision
and degradation was pervasive during base-level
fall. In other words, a higher amplitude has a
greater impact on the modification of the

Fig. 10. Time correlations of data measured in comparable runs. (A) The low-amplitude low-rate run LALR. (B) The
high-amplitude high-rate run HAHR. Legends as in Fig. 6. Note that the x-axis scales are different in (A) and (B).
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alluvial-shelf system. As a consequence, more
cycles were required to create a gentler shelf
(ϕavg ~ α) with which autogenic grade was real-
ized, as compared to the reference run (MAMR).
In the LAMR run, the low amplitude had a low

impact on deforming the alluvial-shelf system.
For the first cycle, the base-level rise was suffi-
cient to manifest autoretreat, but insufficient for
autobreak to occur. Non-deltaic transgression
started from cycle 2. Owing to the reduced
amplitude, transgression was less capable of
shortening the alluvial reaches, and thus the
flooding surface was less curved than that of the
reference run (Eq. 6). Therefore, the slope condi-
tion of ϕavg ~ α was achieved earlier, and auto-
genic grade was reached earlier as well.
Following this grade cycle, degradation never
occurred because the slope condition of ϕavg ~ α
was sustained during the rest of the base-level
falls. The alluvial-shelf system sustained an
aggradational regime during the rest of the peri-
ods of base-level rise and fall because Tbl

became insufficient to realize alluvial grade after
the second grade cycle.

Group 2 with variations in rate:
MALR–MAMR–MAHR

Conditions. This run group includes the med-
ium-amplitude low-rate run MALR, the medium-
amplitude medium-rate reference run MAMR and
the medium-amplitude high-rate run MAHR.
This group with the same intermediate ampli-
tude (Abl) served as a reference for modulations
of base-level change rate (|Rbl|) (Fig. 4). Runs
with lower and higher rates (i.e. |Rbl|) of base-
level change were performed 0.5 times and 1.5
times as fast as the MAMR run, respectively.
Therefore, the alluvial-shelf systems of this
group were controlled by different values of Λ2D

and τ2D: for the low-rate run (MALR),
Λ2D = 33.4 cm and τ2D = 1068.3 s (the Λ2D and
τ2D were approximately twice and four-times as
high as the values of the reference MAMR run),
while for the high-rate run (MAHR),
Λ2D = 12.5 cm and τ2D = 143.4 s (the Λ2D and
τ2D were approximately 2/3 and 4/9 of the val-
ues of the reference MAMR run) (Table 2). Nor-
malized with larger and smaller Λ2D (or τ2D), Abl

and Tbl were scaled down in the low-rate run
(MALR) and scaled up in the high-rate run
(MAHR), respectively (for example, Abl* = 0.70
for MALR and 1.85 for MAHR, see Table 3).

Results. Despite the different Λ2D and τ2D
values, the alluvial-shelf growth patterns

documented in these three runs bear significant
similarities to one another (Fig. 8). First, in ear-
lier cycles, the base-level rise created more
curved flooding surfaces, and the base-level fall
led to the downstream transition of the ABT and
higher values of delta set thickness (for example,
hset_max). Second, as the cycles proceeded, the
entire flooding surface became gentler and flat-
ter, hset_max became smaller, and the ABT never
migrated downstream irrespective of whether
the base level was falling or rising. Third, there
existed a base-level cycle during which the ABT
was stabilized and the condition hset* ~ hset_crt*
was maintained.
The results of this run group also show signifi-

cant differences. In the low-rate run (MALR), the
alluvial-shelf system was subjected to six cycles
(i.e. 2/3 of the reference MAMR run) (Fig. 8A). In
the first cycle, the shoreline landward retreat
was manifested at t = 780 s (i.e. more than dou-
ble the time at which autoretreat was manifested
in the reference MAMR run). In dimensionless
timescales, they were almost equivalent (t* =
0.73 for the MALR run, t* = 0.85 for the MAMR

run) (Figs 6 and 8A). On the other hand, non-
deltaic transgression was not attained during the
first base-level rise, and the critical alluvial
length (Lcrt*) was not reached (Fig. 8A). Stabi-
lization of the ABT and the condition hset* ~
hset_crt* were realized during the base-level fall
of cycle 3 (t* = 28.3–29.5), earlier than those in
the reference MAMR run. Before this critical
cycle, the landward inundation during base-
level rise, the downstream transition of the
ABT, and the discrepancy between hset_max* and
hset_crt* (during base-level falls) were less dis-
tinct compared to those of the reference MAMR

run.
In the MAHR run, the alluvial-shelf system

was subjected to 14 base-level cycles, reflecting
smaller length and time scales than that in the
reference MAMR run (Fig. 8B). For the base-level
rise in cycle 1, both events of landward retreat
of shoreline (t* = 0.84, t = 120 s) and non-del-
taic transgression (t* = 4.18, t = 600 s) were
manifested. In the real scale, these occurred ear-
lier than those in the reference MAMR run (in
which autoretreat and autobreak occurred at
t = 240 s and 1560 s, respectively). Again, in
dimensionless scales, the three runs were almost
equivalent, i.e. the autoretreat point occurred at
t* = 0.73–0.85 and autobreak occurred at t* =
4.2–5.5 (Figs 6 and 8B). During cycle 4, stabiliza-
tion of the ABT and the condition hset* ~
hset_crt* were realized during t* = 94.0–98.3, a
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bit later than in the reference MAMR run (t* =
74.1). Meanwhile, before the critical cycle, the
landward inundation during base-level rise, the
downstream transition of the ABT, and the dis-
crepancy between hset_max* and hset_crt* (during
base-level falls) were much greater in the MAHR

run than in the other two runs.

Interpretation. In these three runs, the base-
level changes were at different rates while the
amplitude remained constant. The different Rbl

values imply that the alluvial-shelf systems grew
with different intrinsic scales (Λ2D and τ2D in
Eqs 1 and 2). Comparing these three runs makes
sense only when the dimensionless length and
time quantities (for example, Abl* and Tbl*) are
considered. For example, in the real time space,
the moment of shoreline autoretreat took place
later and earlier in runs with lower and higher
rates, respectively. In the dimensionless time
space, the autoretreat point was reached at
almost the same time.
In the MALR run, the dimensionless amplitude

and period of the base-level cycle were reduced
with larger length and time scales (Abl* = 0.70,
Tbl* = 5.06) than in the reference run (MAMR,
where Abl* = 1.37 and Tbl* = 9.59; Table 3),
whereby the effect of base-level change on the
alluvial-shelf system was less. In the first cycle,
for example, the amplitude of base-level rise was
sufficient to realize shoreline autoretreat but
insufficient to realize an autobreak event. In addi-
tion, because of the reduced Tbl* and Abl* values,
the base-level rise was less capable of shortening
the alluvial reaches, and the produced shelf was
much gentler than that created during contempo-
rary cycles in the reference run (MAMR). Conse-
quently, the degradation during base-level fall
tended to be less prominent. Because a shelf
slope approximately equal to the alluvial slope
(ϕavg ~ α) was realized after a smaller number of
cycles, autogenic grade was attained in earlier
cycles than it was in the reference run.
In the MAHR run, the dimensionless amplitude

and period of the base-level cycle were ampli-
fied (Abl* = 1.85, Tbl* = 12.55). In the first cycle,
the base-level rise was sufficient to manifest
both autoretreat and autobreak. In addition, the
base-level rise was more capable of shortening
the alluvial reaches, which resulted in steeper
shelves. Consequently: (i) the slope condition of
ϕavg ~ α was realized later, the attainment of
autogenic grade was delayed; and (ii) degrada-
tion during the cycles preceding the graded
cycle/stage was more prominent.

Group 3 with opposite variations in amplitude
and rate: HALR–MAMR–LAHR

Conditions. The high-amplitude low-rate
(HALR) and low-amplitude high-rate (LAHR) runs
were also performed with |Rbl| values that were
ca 0.5 times and ca 1.5 times higher than that in
the reference run (MAMR), respectively. As a
result, the Λ2D value for the HALR and LAHR runs
was approximately twice and two-thirds as high
as that for the MAMR run, respectively; and the
τ2D value was approximately four-times and 4/9
as compared to that in the MAMR run, respec-
tively (Table 2). Meanwhile, the base-level
amplitudes (Abl) adopted for the HALR and LAHR

runs were approximately doubled and halved,
respectively, as compared to those in the MAMR

run, i.e. a higher value of Abl was adopted for
the larger Λ2D run. After normalization with Λ2D

(or τ2D), the Abl* (and Tbl*) values for the three
runs were similar (for example, Abl* = 1.45 for
the HALR run, 1.37 for the MAMR run, and 0.95
for the LAHR run). Thus, this group represents
alluvial-shelf growing styles under various Λ2D

but with similar Abl* (Tbl* as well; Table 3).

Results. In the HALR run, only three cycles were
completed (Fig. 9A), where the shoreline trajec-
tory for each base-level rise tended to be curved
(ϕ > α), and the ABT during base-level fall
tended to migrate downstream accompanied by
the inequality hset* > hset_crt*. In the base-level
rise of cycle 1, both events of landward retreat
of shoreline (t* = 0.70) and non-deltaic trans-
gression (t* = 5.42) were manifested at nearly
the same t* values as in the reference MAMR

run. No grade was attained through all cycles, as
documented by the ABT migrating downstream
even in the last cycle of base-level fall.
In the LAHR run, 25 cycles were performed

(Fig. 9B). Similar to HALR, both events of land-
ward retreat of shoreline and non-deltaic trans-
gression were manifested in the first base-level
rise (at t* = 0.71 and 4.97, respectively). From
cycle 3 onward, the alluvial-shelf system
evolved into an aggradational phase, similar to
that in the reference MAMR run, during which
landward inundation was less significant, the
maximum flooding surface was nearly flat, the
ABT never migrated downstream irrespective of
the continuing base-level changes, and the delta
set thickness (hset*) was always smaller than the
critical value (hset_crt*).
The growing pattern of the alluvial-shelf sys-

tems produced by these three runs shared simi-
larities (Figs 6 and 9). The three-cycle HALR run
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is analogous with the first three cycles of the
other two runs. The nine-cycle reference run
(MAMR) is closely equivalent to the first nine
cycles of the LAHR run. The 25-cycle LAHR run
simply represents the continuous evolution of
the alluvial-shelf system for a longer spectrum
of t* with a higher number of cycles.

Interpretation. As interpreted for group 2, allu-
vial-shelf systems growing with larger intrinsic
scales (for example, the HALR run) are less sensi-
tive to base-level changes. In these group runs, a
higher amplitude of the base level is adopted for
runs with larger intrinsic scales and when the
dimensionless amplitude (Abl*) and period of
base-level changes (Tbl*) are close. Therefore,
the base-level change had a similar impact on
the growth of the system in these three runs.
During cycle 1, the base-level rise was suffi-

cient to cause both autoretreat and autobreak. In
the succeeding cycles, because the Abl* (or Tbl*)
values were similar for the three runs, the extent
of the shortening of alluvial rivers and the
curved profiles of non-deltaic transgressive sur-
faces with base-level rise were similar in the
runs, and the base-level fall allowed the allu-
vial-shelf system to extend basinward to a simi-
lar extent as well (in dimensionless space). This
means that in the dimensionless space–time
framework, these three runs are nearly equiva-
lent. As a consequence, the alluvial-shelf system
evolved from the degradation-inclusive phase
into the aggradation-sustainable phase at a com-
parative time (t*).

Group 4 with in-phase variations in amplitude
and rate: LALR–MAMR–HAHR

Conditions. The low-amplitude low-rate (LALR)
run and high-amplitude high-rate (HAHR) run
were conducted with the rates of base-level
change (|Rbl|) being ca 0.5 times and ca 1.5 times
as fast as that in the reference MAMR run,
respectively. Thus, the Λ2D value for the former
and latter was also approximately twice and
two-thirds as high as that in the reference run
(MAMR), respectively; and the τ2D value was also
approximately four-times and 4/9 as high as that
in the MAMR run, respectively (Table 2). Mean-
while, the amplitudes of base-level change (Abl)
adopted for runs with lower-amplitude (LALR)
and higher-amplitude (HAHR) were approxi-
mately half and twice, respectively, as high as
that adopted in the MAMR run, i.e. a higher
value of Abl was adopted for the smaller Λ2D

run. Contrary to group 3, the normalized Abl*

values for the LALR and HAHR runs were further
reduced and amplified as compared to the val-
ues for the MAMR run (for example, Abl* = 0.35
for the LALR run, 1.37 for the MAMR run, and
3.78 for the HAHR run). The three runs of this
group thus represent alluvial-shelf growing
styles under extremely low, medium and extre-
mely high values of Abl* (Tbl* as well; Table 3);
the LALR and HAHR are ‘end-member’ runs in
terms of Abl* (and Tbl*) values among the nine
runs.

Results. In the LALR run, eight cycles were per-
formed (Fig. 10A). During the first cycle, the
base-level rise caused a landward retreat of
shoreline at t* = 0.84, close to that in the refer-
ence MAMR run. Non-deltaic transgression was
not realized. From cycle 2 onward, the system
grew in a pattern that resembled the aggrada-
tion-sustainable phase of the reference MAMR

run in that the following occurred: (i) during the
base-level rise, the transgression inundated a
smaller part of the entire system and the shore-
line trajectory exhibited a linear pattern reflect-
ing the flatness of the flooding surface; and (ii)
during each base-level fall, the ABT kept migrat-
ing upstream, and the delta set thickness, which
was always smaller than the critical value (hset*
< hset_crt* always), kept decreasing.
The HAHR run comprised seven cycles (Fig.

10B), during most of which the alluvial-shelf
system grew with a similar pattern to that dur-
ing the earlier cycles in the reference MAMR run.
In the base-level rise of cycle 1, both events of
landward retreat of shoreline (which occurred at
t* = 0.80) and non-deltaic transgression (which
occurred at t* = 5.21) were manifested at nearly
the same t* values in the reference MAMR run.
In the rest of the cycles, during base-level rise,
the transgression resulted in flooding of a large
part of the alluvial realm, which left steeper
flooding surfaces (ϕavg > α); during base-level
fall, the ABT migrated downstream and the
delta set thickness reached a value that signifi-
cantly exceeded the critical value. Compared
with phenomena observed in the reference
MAMR run, the base-level rise caused inundation
to a greater landward extent, and the base-level
fall resulted in a longer downstream transition
of the ABT and a larger delta set thickness. In
addition, the grade cycle (cycle 7) was realized
much later.

Interpretation. The dimensionless amplitude
(Abl*) and period (Tbl*) of the base-level change
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again account for the differences among the
three runs. The values of Abl* and Tbl* in the
LALR run were the lowest among the values of
the nine runs. Thus, the base-level cycle had the
least effect on the evolution of the alluvial-shelf
system. For example, in the first base-level rise,
the amplitude was sufficient to realize shoreline
autoretreat but insufficient to realize an auto-
break event; thus, non-deltaic transgression was
not realized. In the succeeding cycles, the base-
level rise caused least landward inundation and
the alluvial river was not shortened as much as
in the other runs. The shelves were least curved
and most flattened, with which the base-level
fall caused least degradation. As a result, the
shelf slope became gentler and approached the
alluvial slope (ϕavg ~ α) just after the first cycle,
and the system evolved into an aggradation-sus-
tainable phase almost immediately. Autogenic
grade was not attained during any base-level
falls because the period of base-level fall and/or
the length of shelf were very limited to let the
delta grow until reaching a thickness value close
to the theoretical value (i.e. hset* was always
smaller than hset_crt*; Fig. 10).
The Abl* and Tbl* values in the HAHR run

were the highest, whereby the base-level
changes had the greatest impact during the
growth of the alluvial-shelf system. In the first
cycle, the base-level rise caused both autoretreat
and autobreak. During the succeeding cycles,
the base-level rise caused more prominent inun-
dation and was more effective in shortening the
river and creating steeper shelves, by which
autoincision was easily realized and degradation
was intense during the base-level fall. It was not
until the later cycles that the system grew to a
size that was sufficient to resist the influence of
base-level changes. In the latest cycles, the shelf
surface became sufficiently gentler (ϕavg ~ α) and
autogenic grade was attained eventually.

Flooding surfaces produced by base-level rise

In all nine runs, the configuration of the flood-
ing surface varied as the base-level cycles pro-
ceeded. The first base-level rise in every run
created a subaqueous depositional slope. In runs
with low Abl* values (LAMR, MALR and LALR),
autobreak of deltaic sedimentation was not
attained, and thus the entire subaqueous slope
was of delta foreset with a gradient of β. In the
runs where autobreak was attained (MAMR,
HAMR, HALR, HAHR, MAHR and LAHR), the sub-
aqueous slope was characterized by β for the

lower part (before autobreak) and by γ for the
upper part (after autobreak; parallel to the hin-
terland slope). It is not clear in the experiment
because of the closeness between β and γ. Start-
ing from cycle 2, the flooding surfaces were
starved of sediment and steepened landward.
The steepness of the flooding surfaces was
reduced as the cycles proceeded. Clearly, the
influence of the base-level cycles decreased, as
the entire system expanded.
Four characteristic parameters were used to

analyse the evolution of the configuration of
maximum flooding surfaces, namely the dimen-
sionless horizontal length of the entire deposi-
tional system (Lsystem*) (Fig. 3), the
dimensionless horizontal length of the maxi-
mum flooding surfaces (Lts*) (Fig. 3), the trans-
gressive ratio (Its) given by Lts*/Lsystem* and the
average shelf slope (ϕavg). Figure 11 illustrates
how Lsystem*, Lts*, Its and ϕavg varied with the
base-level cycles in each run, showing that as
the base-level cycles proceeded; (i) Lsystem* grad-
ually increased; (ii) Lts* increased but showed a
tendency to approach a constant value; (iii) Its
decreased; and (iv) ϕavg gradually decreased to
approach a constant value equal to the alluvial
slope (i.e. α).
These experimental results can be explained

as follows. (i) With steady base-level cycles of a
symmetrical pattern and constant sediment sup-
ply, the entire alluvial-shelf system tended to
expand, particularly with basinward extension.
(ii) As a consequence, the maximum flooding (at
the end of base-level rise) overlaid a smaller por-
tion of the entire system (Its decreasing). (iii) As
the base-level cycles proceeded further, the
flooding surface became flatter and approached
a gradient of the alluvial river (α), and thus Lts*
progressively increased to approach a constant
length specified by Abl*α

−1. From Fig. 11 one
can interpret that runs with a higher Abl* show
more significant inundation (larger Lts* and lar-
ger Its), supporting the aforementioned interpre-
tations.

DISCUSSION

Effects of growth of the alluvial-shelf system

The experimental results suggest that the spatial
growth of the alluvial-shelf system does not
allow its particular stratigraphic responses in
the initial/early stages to be sustained through
steady base-level cycles of a symmetrical
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pattern. A consequence of repeated base-level
changes is that at the onset of each base-level
rise (except for the first cycle), there is a pre-ex-
isting deposit characterized by an alluvial river
profile that has extended basinward during the
preceding base-level fall. After a larger number
of base-level cycles have proceeded, the pre-ex-
isting deposit will have a larger volume of accu-
mulated sediment and a longer alluvial profile.
Because of this, progressive growth of the allu-
vial-shelf system, the aggradation rate of the
entire system tends to decrease with the base-
level cycles. As a result: (i) the average shelf
slope created during base-level rise tends to be
gentler (Eq. 6); and (ii) the set thickness of the
delta prograding during base-level fall tends to
decrease and, after a number of base-level
cycles, can be much smaller than hset_crt. This
latter concept suggests that a shelf-transiting
alluvial system will eventually become free from
degradation and retain an aggradational regime
as long as the base-level cycles continue.
The deterministic changes, in general, may

include the following scenario. During earlier
cycles, the base-level rise creates a curved flood-
ing surface (ϕavg > α). As a consequence, the
subsequent base-level fall causes degradation. In
a mid-cycle, when the system has sufficiently
extended basinward (L* >> 1), transgression

with the base-level rise realizes the slope condi-
tion of ϕavg ~ α, and autogenic grade is attained
during the subsequent base-level fall (for exam-
ple, groups 1 and 2) (Muto & Swenson, 2006).
After this grade phase, continuing base-level
cycles further make the alluvial-shelf system
extend basinward (L* increases). Although the
slope condition of ϕavg ~ α can be sustained dur-
ing transgressions of the following cycles, auto-
genic grade is no longer realized because the
response time of the prograding delta to reach
the critical set thickness (hset_crt) exceeds the
period for the base-level fall (Tbl) (Nijhuis et al.,
2015). As a result, the shelf system starts an
aggradation-sustainable phase.
To summarize, distinct non-equilibrium

responses in the initial/early cycles, such as
shoreline autoretreat and autobreak with base-
level rise and autoincision with base-level fall,
tend not to occur in later cycles, and instead
converge to monotonous equilibrium responses
that are characterized by non-deltaic transgres-
sion during base-level rise and by deltaic and
aggradational regression during base-level fall
(Fig. 12). During this transition from the early
degradation-inclusive cycles to the late aggrada-
tion-sustainable cycles, there can be transient
cycle(s) when the alluvial river attains autogenic
grade with base-level fall. Such an unsteady but

Fig. 11. Cycle-lapsed data measured from experimental runs, related to maximum flooding in each cycle. (A)
Dimensionless horizontal length of the whole depositional system (Lsystem*) (Fig. 3). (B) Dimensionless horizontal
length of the maximum flooding surface (Lts*) (Fig. 3). (C) Transgressive ratio (Its) set by Lts*/Lsystem*. (D) Averaged
flooding surface slope (ϕavg) measured from the shelf edge to the shoreline. Note that as base-level cycles pro-
ceeded, the gradient of the flooding surface closely approached that of the alluvial river (i.e. α) at the end of the
preceding base-level fall.
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deterministic growth pattern of the system may
be regarded as an ‘overall’ autogenic non-equi-
librium response to ‘overall’ steady dynamic
external forcing. Such an evolution pattern can
also be interpreted in terms of the spatial expan-
sion of the alluvial-shelf system and thus the
progressive reduction of the effect of the base-
level changes upon the system.

The effect of base level amplitude and
changing rate

The deterministic changes in the autogenic non-
equilibrium response can differ in detail owing
to the base-level conditions (Abl, Tbl and |Rbl|),
which are embodied in the dimensionless base-
level changing amplitude (i.e. Abl*, Eqs 5a and
5b). According to the experiment, larger Abl*

tends to be more effective in shortening the allu-
vial part and producing a steeper flooding sur-
face and thus might delay the shelf system from
entering the aggradation-sustainable phase. The
number (Nbl) of base-level cycles that is required
before the shelf system enters the aggradation-
sustainable phase can be roughly expressed as
(Fig. 13):

Nbl ∼2A∗
bl (7)

This relation is rather empirical and indepen-
dent of the geometrical model. It is based largely
on mass balance and does not include the influ-
ence of grain-size variation. Its significance is to
document that alluvial-shelf systems growing
with a higher Abl* need to have a larger L* to
attain the slope condition of ϕ ~ α, which is
required for the attainment of autogenic grade,

Fig. 12. Phase diagram show-
ing changes of primary strati-
graphic responses of shelf-
transiting alluvial systems in
response to steady base-level
cycles of a symmetrical pat-
tern. The darkness of the col-
our band indicates the
likelihood of the correspond-
ing stratigraphic response. (A)
Stratigraphic responses dur-
ing rising limbs. (B) Strati-
graphic responses during
falling limbs.
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and thus need to experience a larger number of
base-level cycles (Fig. 11D; also see comparable
results from groups 1 and 4). The relationship
between Nbl and Abl* presented in Eq. 7 is
applicable to the scenario where an alluvial-
shelf system grows from the very initial stage
with no pre-existing strata. With the pre-existing
deposit having a significantly large volume, the
earlier stages of degradation-inclusive cycles
might be supressed and even not occur.
By combining Eqs 5b and 7, the following

relationship can be derived:

Nbl ∼ αT∗
cycle (8)

The number of base-level cycles (Nbl) is also
given by dividing the required time with the
period of cycle:

Nbl ¼
t∗trans
T∗

cycle

(9)

where ttrans* is the dimensionless time required to
elapse before the transition from the earlier degra-
dation-inclusive to later aggradation-sustainable
phase. Equation 8 is thus equivalent to Eq. 10:

t∗trans ∼ αT∗2
cycle (10)

Both Eqs 8 and 10 are supported by the experi-
mental results (Fig. 14; α = 0.144 as averaged

Fig. 13. Transition of the alluvial-shelf system from
the degradation-inclusive phase to the aggradation-
sustainable phase observed through the nine runs,
showing a roughly linear relationship between dimen-
sionless amplitude of base-level change (Abl*) and the
number of cycles elapsed (Nbl). Recognition of the
two phases is based on whether or not global degrada-
tion happened during base-level fall. An implication
here is that, given that a sufficient number of cycles
elapsed (for example, Nbl >> 2Abl*), the alluvial-shelf
system can eventually attain an aggradation-sustain-
able state irrespective of how long and how many
times base-level fall has been experienced. Note that
the alluvial-shelf systems started to grow from the set-
ting where no pre-existing deposit was in the basin.
Degradation and aggradation mentioned in this figure
are limited to the period during which the river-delta
extended on top of the shelf. Degradation might take
place when the delta has prograded beyond a higher
relief shelf edge. See text for discussion.

Fig. 14. Transition of the alluvial-shelf system from
the degradation-inclusive phase to the aggradation-
sustainable phase, in terms of dimensionless time. (A)
The results clearly show that the number of cycles
elapsed (Nbl) prior to the graded cycle is linearly pro-
portional to the dimensionless period for base-level
cycle (Tcycle*). (B) The results show that the time
elapsed prior to the graded cycle (in dimensionless
form ttrans*) is linearly proportional to the square of
Tcycle*.
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from all nine runs). Equations 8 and 10 are
equivalent to Eq. 7, but can give interpretations
in terms of time (Fig. 14). As noted above, a
given period of base-level change (i.e. Tcycle) rel-
ative to the timescale (i.e. τ2D), i.e. Tcycle*, con-
trols how prominently the large-scale non-
equilibrium response is manifested during the
period. For the non-equilibrium responses (as
typically seen in early stages) to vanish, the
alluvial-shelf system is required to have a speci-
fic, large size that is obtained only after a partic-
ular number of cycles (Nbl) and thus a particular
time interval elapsed (i.e. ttrans*).
Equations 7, 8 and 10, derived from a 2D

consideration in dip directions, may be extend-
able to 3D alluvial-shelf systems as well. In 3D
sedimentary systems, sedimentological and tec-
tonic processes can vary significantly in 3D
directions (Posamentier & Allen, 1993; Wehr,
1993; Gawthorpe et al., 1994; Ritchie et al.,
2004). For example, river flow does not usu-
ally cover all areas of a landscape at once,
and channel networks may cause sediment
deposition/erosion at high rates at particular
places while some other places are starved of
sediment. Stratigraphic information may not be
equally stored along different dip-oriented sec-
tions of a 3D system, and elements of the
stratigraphy may be recorded in some profiles
while missed in others. Nevertheless, if sedi-
ment accumulation in a specific 2D profile of
the 3D system can be approximated to be con-
stant, the present 2D model will be applicable
to this specific profile (Paola, 2000). In fact, a
3D system can be approximated as a succes-
sion of 2D slices (Paola, 2000), and 2D models
can account for local 3D effects.
Suppose that a 3D system is divided into a

number of slices of 2D sections and each 2D sec-
tion represents 1/n of the 3D system. For simpli-
fication, considering that the sediment supply
rate along a 2D section (qs, per unit width) is 1/
n of the rate supplied to the entire (full width)
system, then Eqs 7, 8 and 10 may be modified
as:

Nbl ∼ 2nA∗
bl (11)

Nbl ∼nαT∗
cycle (12)

t∗trans ∼nαT∗2
cycle (13)

respectively.
Although the value of n would greatly vary

depending on individual natural systems, the
relationships expressed by Eqs 11 to 13 might

be retained. An implication from Eqs 7, 8 and
10 to 13 is that as long as the steady base-level
cycles proceed, the alluvial-shelf system can
eventually reach the aggradation-sustainable
phase even though the base-level changes (falls,
in particular) are of a very high rate and/or a
very high amplitude.

Application to natural systems

Natural alluvial-shelf systems growing under
sea-level cycles
Figures 13 and 14 provide an autostratigraphic
implication for processes of real-world alluvial-
shelf systems, which were constructed under
nearly symmetrical cycles of relative sea-level
changes but without the effect of subsidence
(e.g. Sahagian et al., 1996) or 3D morphody-
namics (e.g. Straub & Foreman, 2018). During
the icehouse periods, the sea level changed
with a high |Rbl| and a high Abl, whereas dur-
ing the greenhouse periods, both |Rbl| and Abl

were much lower (Miller et al., 2005; Sømme
et al., 2009). As a result, Abl* during the ice-
house periods (for example, Pleistocene) could
be dozens of times higher than that during the
greenhouse periods (for example, late Creta-
ceous to early Palaeocene) according to Sømme
et al. (2009). Thus, assuming symmetrical
cycles with no subsidence or uplift, alluvial-
shelf systems during greenhouse periods,
rather than those during icehouse periods,
were much more likely to transition into the
aggradation-sustainable phase (Steel et al.,
2008).
The Pliocene–Quaternary succession of the

shelf system off Rio de Janeiro State, northern
Santos Basin (Fig. 15), might serve as a natural
example to illustrate the autostratigraphic
concepts presented above. Although there
were no distinct feeder rivers during the
Pliocene–Quaternary, small river networks on
top of the strand plain might have provided an
effective sediment supply to contribute to the
shelf development during eustatic cycles (Reis
et al., 2013). The shelf system was constructed
through stacking of transgressive–regressive
stratigraphic units (possibly strand plain units),
geometrically similar to the experimental allu-
vial-shelf system. In total, eight individual units
were documented in the given stratigraphic pro-
file, which were grouped into two distinctive
stratigraphic sets: Sets I and II (Maia et al.,
2010; Reis et al., 2013; Fig. 15A and B). Set I,
which was stacked mostly during the Pliocene,
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consists of three stratigraphic units (SqA, SqB
and SqC). Set II, made up of the other five strati-
graphic units (Sq1, Sq2, Sq3, Sq4 and Sq5), was
developed during the Pleistocene–Holocene
(Maia et al., 2010; Reis et al., 2013; Fig. 15A and
B). The coeval sea-level rising and lowering
were almost symmetrical (Miller et al., 2005;
Sømme et al., 2009; Fig. 15C).
Seismic stratigraphic analysis of the shelf sys-

tem documents that Set I units possess aggrada-
tional-prone topsets having a smooth transition
from the foreset, and Set II units (particularly
Sq2 and Sq3), in contrast, lack topset compo-
nents and are topped by seaward-dipping ‘trun-
cation’ surfaces (Maia et al., 2010). An existing
interpretation attributes the aggradational com-
ponent of Set I units to an increase in sediment
supply rate and/or accommodation that allowed

the preservation of the aggradational topset,
while the lack of a topset component in the Set
II units was due to a decrease in accommodation
(Maia et al., 2010).
The experimental results presented above can

provide an alternative explanation in terms of
intrinsic stratigraphic responses. A comparison
of the stratigraphic column with the coeval
sea-level curve (Fig. 15C) reveals that Set I
appears to have developed with a lower ampli-
tude (Abl ~ 30 m) and a lower rate (|Rbl| ~
1.83 m kyr−1) of relative sea-level changes, while
during the formation of Set II, Abl (ca 120 m)
and |Rbl| (ca 3.94 m kyr−1) were much higher. By
approximating a constant value of qs ~ 1.2 × 104

m2 kyr−1 along this particular section (by divid-
ing the depositional area of Set II ca 6.0 × 106

m2 with 500 kyr; Fig. 15A), Abl* is calculated to

Fig. 15. Pliocene–Quaternary succession of the continental shelf off Rio de Janeiro State, northern Santos Basin,
Brazil. (A) Line-drawing illustrating the internal seismic stratigraphical architecture. (B) Stratigraphic column
showing subdivision of stratigraphic units. (C) Coeval approximated sea-level curve. (A) and (B) are modified from
Reis et al. (2013); (C) is modified from Sømme et al. (2009).
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be ca 5 × 10−3 for Set I and ca 4 × 10−2 for Set II
(Eqs 3a and 3b).
Equation 7 is here chosen to represent the

application of the proportional relationships
expressed in Eqs 7 to 10. Through Eq. 7, Nbl val-
ues for Set I and Set II can be estimated sepa-
rately. Before utilizing Eq. 7, Abl* values for
field scale (AblF*) should be calibrated to the
experimental scale (AblE*). To achieve this, Eq. 7
is assumed to hold in natural systems by consid-
ering geometric similarities. As suggested from
the discussion above, the effect of base-level
amplitude on the stratigraphy of alluvial-shelf
systems is dependent partly on the height of the
system relative to the magnitude of amplitude.
This, at least in part, affects the spatial extent of
transgression (Lts), initial alluvial length (L0),
and local and average slopes of the flooding sur-
face (ϕlocal and ϕavg, respectively). The subaerial
height of the system is expressed as αΛ2D. Thus,
the ratio of the base-level amplitude (Abl) to
αΛ2D can affect the alluvial-shelf stratigraphy
and be valid for both experimental and natural
systems, i.e:

AblF

αFΛ2DF
¼ AblE

αEΛ2DE
(14a)

where the subscripts ‘F’ and ‘E’ indicate values
on the field and experimental scales, respec-
tively. Equation 14a is reduced to:

A∗
blF

A∗
blE

¼ αF
αE

(14b)

By adopting αF ~ 0.002, as measured from
Fig. 15A, and αE ~ 0.14, as averaged from the
experimental results (Table 2), αF/αE in Eq. 14b
is calculated as 1/70. As a result, AblE* values
for Set I and Set II are 0.35 and 2.66, respec-
tively (Eqs 14a and 14b). According to Eq. 7, the
Nbl values for Set I and Set II are computed as
0.7 and 5.2, respectively. A lower Abl* during
the formation of Set I and a higher Abl* during
the formation of Set II would have favoured
enhancing and suppressing the topset aggrada-
tion, respectively, although the effects brought
about by the regional subsidence, 3D morphody-
namics and grain-size effects are not considered
in the Nbl values.

Effect of shelf edge relief

In the experiment, the base level always
returned to the same position at the end of

each cycle, i.e. 1 cm above the flume basement
(Fig. 5J to R). This means that after each base-
level rise (i.e. after the onset of non-deltaic
transgression), a shelf edge just 1 cm above the
basin basement (except for the first rise) was
formed. An important point here is that this
height was smaller than any of the hset_crt val-
ues of the nine runs (Table 2). Modulated with
the foreset slope (β = 0.6 to 0.7), the shelf mar-
gin slope is only approximately 1.43 to
1.67 cm in basinward width. During the latest
stage of each base-level fall (except for the first
base-level fall), the delta easily prograded
beyond the low-relief shelf edge and then onto
the horizontal basin floor. During this late-
stage base-level fall, the basin floor slope
(ϕ = 0) was definitely gentler than the overly-
ing alluvial slope. As a result, a sharp
decrease in delta set thickness at the latest
stage of each base-level fall existed (Figs 6 to
10). Therefore, in a strict sense, the system
was aggradational at the end of each base-level
fall when hset < hset_crt was inevitably realized.
Suppose that, owing to tectonic subsidence,

the base level returns to a higher level at the
end of each cycle so that the delta may be
thicker than the critical value after it prograded
beyond the shelf edge. In this case, regardless of
whether a regressive delta prior to reaching the
shelf edge is aggradational or degradational,
degradation or global erosion would easily be
triggered after the sea level drops to a level
below the shelf edge. This fact is well acknowl-
edged in existing stratigraphic models (Posa-
mentier et al., 1988, 1992; Posamentier & Vail,
1988; Blum & Törnqvist, 2000; Porębski & Steel,
2006; Burgess et al., 2008; Bijkerk et al., 2016).
The validity of Figs 13 and 14 is limited to the
setting where regressive deltas do not prograde
beyond the shelf edge.
Additionally, even if the base-level cycles are

in a symmetrical pattern (i.e. without tectonic
effects), a higher shelf-edge relief might con-
tribute to a delay in the transition of the shelf-
transiting alluvial system from the earlier degra-
dation-inclusive phase to the later aggradation-
sustainable phase. This is because a higher
shelf-edge relief or deeper basin floor tends to
decline the expansion rate of the entire alluvial-
shelf system (Gawthorpe et al., 1994; Uličný
et al., 2002; Wang et al., 2019a), whereby the
slope condition of ϕavg ~ α would be realized
later than it would in the case where the shelf-
edge relief is lower.
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Effect of long-term subsidence and uplift

Possible effects of long-term tectonic subsi-
dence and uplift are further considered. If tec-
tonic subsidence or uplift is added to the
aforementioned base-level scenario, it would
function equivalently to a longer-term rising or
falling component, respectively, whereby the
relative sea-level cycles will be in an asymmet-
rical pattern. Assumptions adopted below are
that: (i) the rates of tectonic subsidence and
uplift are spatially uniform and much lower
than those of base-level changes (i.e. Rbl); and,
thus, (ii) the base-level rise and fall are not
significantly accelerated or decelerated by tec-
tonic activities such as the case where glacio-
eustatic cycles superimpose on thermal subsid-
ing passive margins. For simplification, non-
uniform tectonism along the ‘source to sink
profile’, which would result in both spatial
and temporal variations in hinterland slope
(i.e. γ) and basin slope (i.e. ϕ) (e.g. Posamen-
tier et al., 1988; Kim et al., 2006; Hoogendoorn
et al., 2008), is not considered.

Effects of subsidence
Tectonic subsidence can be relevant to
autostratigraphic events, suggesting the pos-
sibility that the convergence of non-equilib-
rium responses to equilibrium responses is
suppressed. Subsidence tends to raise the
height of the shelf edge built by the delta at
the end of each base-level fall (Porębski &
Steel, 2006; Burgess et al., 2008) and never
attains the delta set thickness condition that
hset ≤ hset_crt. Thus, with cycles proceeding
under continuing subsidence, degradation
would inevitably occur during base-level
fall, at least in later cycles, only if the delta
reaches the shelf-edge position. Such a sce-
nario of base-level change has been adopted
in recent experimental works performed by
Li et al. (2016) and Yu et al. (2017). In their
three-dimensional (3D) experiments, topset
erosion was obvious and sustained during
early, mid and late stages of 20 cycles,
although this might be attributed partly to
the 3D morphodynamic effect.
In the subsidence background, the alluvial

length (L) may tend not to increase over cycles,
because the large-scale rise (or subsidence) will
inevitably force the system to undergo an overall
process of shoreline autoretreat (Muto & Steel,
1992, 1997, 2002). In this sense, both allobreak
and subsequent non-deltaic transgression will

be less likely to occur than with symmetrical
base-level cycles. Thus, the non-equilibrium
responses are not likely to converge to the alter-
nation of non-deltaic transgression for base-level
rise and aggradational-deltaic regression for
base-level fall. Degradation-free phases, as well
as graded phases, are less likely attained as long
as the subsidence continues. Although the allu-
vial-shelf system continues to grow, it tends to
expand upward rather than basinward over a
long horizontal distance, reflecting the enhanced
effect of the rising trend of relative sea level.

Effects of uplift
Uplift also affects the non-equilibrium
responses and their convergence. With long-
term uplift of the basin (horizontal basement,
initially), the shelf-edge position would be low-
ered with cycles, so that hset << hset_crt, in gen-
eral. As a result, the likelihood of alluvial
degradation is supposed to decrease or may
finally be nil with cycles continuing. Three-di-
mensional experimental works performed inde-
pendently by Bijkerk et al. (2016) and Petter &
Muto (2008) support this view. Bijkerk et al.
(2016) found that when the delta prograded
into a deeper water environment (i.e. a higher
shelf edge), base-level fall was accompanied by
significant alluvial degradation, whereas when
the water depth was shallower (i.e. a lower
shelf edge), alluvial degradation became less
significant. When the water depth was suffi-
ciently shallow (i.e. a sufficiently low shelf
edge), base-level fall no longer caused alluvial
degradation (Petter & Muto, 2008; Bijkerk et al.,
2016). Because a long-term fall (or uplift) con-
tributes to lengthen the overall alluvial-shelf
system, earlier episodes of erosion during the
shelfal transition will never re-occur once they
have disappeared.
Continuing uplift will eventually bring about

autodetachment (Petter & Muto, 2008), after
which the entire depositional system becomes
purely alluvial and sustains aggradation that is
independent of the base-level cycles. Definitely,
the effects of base level and its changes can be
much less significant with an uplifting trend than
in the case of symmetrical base-level cycles. The
convergence of the non-equilibrium responses to
equilibrium responses can be realized, which is
not in the form of alternation of non-deltaic trans-
gression for base-level rise and aggradational-
deltaic regression for base-level fall, but in a
pattern that non-deltaic alluvial aggradation pro-
ceeds through the base-level cycles.
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CONCLUSIONS

An autostratigraphic model of an alluvial-shelf
system growing with steady base-level cycles is
suggested from a series of 2D experiments. In
the experiments, base-level cycles adopted were
of a symmetrical pattern that was characterized
by constant amplitude (Abl), constant rates of
rise and fall (|Rbl|), and constant periods of rise
and fall (Tcycle). The main points of the model
are as follows:

1 The alluvial-shelf system cannot retain non-
equilibrium responses in the initial/early cycles,
which, through continuing base-level cycles,
eventually converge to equilibrium responses.
This ‘overall’ non-equilibrium response towards
the equilibrium responses is accompanied by
the transition of regimes from a degradation-
inclusive phase (early cycles) to an aggradation-
sustainable phase (later cycles), reflecting the
progressive growth of the alluvial-shelf system,
which is accompanied by progressive reduction
in the influence of the base-level changes. In the
intermediate phase, the topset alluvial reaches
can attain autogenic grade, which is transient
and cannot be sustained over a large number of
base-level cycles.
2 The stratigraphic responses of the alluvial-

shelf system and their changes through steady
base-level cycles are closely related to the pro-
gressive increase in the alluvial length and the
progressive decrease in the delta set thickness.
Both reflect the progressive spatial expansion of
the system. For the system growing into the
transitional grade phase with an initial condi-
tion of zero sediment accumulation, the prelim-
inary number (Nbl) or duration (ttrans*; in
dimensionless form) of base-level cycles is lin-
early proportional to the dimensionless ampli-
tude (Abl* = Abl/Λ2D; Λ2D is the 2D
autostratigraphic length scale) or the square of
the dimensionless cycle period (Tcycle*

2, Tcycle*
= Tcycle/τ2D; τ2D is the 2D autostratigraphic time
scale), respectively. Thus, as long as the steady
base-level cycles proceed, the alluvial-shelf sys-
tem eventually reaches the aggradation-sustain-
able phase, regardless of how fast the base-level
changes with any high amplitude.
3 Long-term subsidence or uplift, while

steady base-level cycles in a symmetrical pattern
proceed, can affect the non-equilibrium

responses and their convergence to the equilib-
rium responses. Subsidence will function to
enhance the effect of base-level changes and
thus sustain the non-equilibrium response. In
contrast, uplift will function to reduce and even-
tually cancel the effect of base-level changes and
cause an earlier attainment of equilibrium
responses that are characterized by sustained
non-deltaic alluvial aggradation. Paradoxically
enough, subsidence and uplift during base-level
fall will tend to make the feeder alluvial river
degrade and aggrade, respectively.
4 In light of the present experimental verifica-

tion, the recognition of the autostratigraphic
responses and their changes through base-level (or
relative sea level) cycles might be useful to make
further refinements to existing sequence strati-
graphic models, which have been developed with-
out a sufficient appreciation of the effect of the
progressive growth and hysteresis of the system.
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NOMENCLATURE

Symbol Meaning

Dimensions
(L, length;
T, time;
1, dimensionless)

Abl Amplitude of base-level change L

Abl* Dimensionless amplitude of base-level change 1

AblE Abl value in experimental scale L

AblE* Abl* value in experimental scale 1

AblF Abl value in field scale L

AblF* Abl* value in field scale 1

hagg_blr Aggradational thickness of topset during base-level rise L

hset Set thickness of deltaic system L

hset* Dimensionless set thickness of deltaic system 1

hset_crt Critical set thickness of deltaic system at autogenic grade L

hset_crt* Dimensionless critical set thickness of deltaic system at autogenic grade 1

hset_max Maximum set thickness of deltaic system L

hset_max* Dimensionless maximum set thickness of deltaic system 1

Its Transgressive ratio 1
L Alluvial length of river L

L* Dimensionless alluvial length of river 1

L0 Initial alluvial length of river prior to base-level rise L

L0* Dimensionless initial alluvial length of river prior to base-level rise 1

Lcrt Critical alluvial length of river L

Lcrt* Dimensionless critical alluvial length of river 1

Lfinal Final alluvial length of river after base-level rise L

Lfinal* Dimensionless final alluvial length of river after base-level rise 1

Lsystem Horizontal length of entire depositional system L

Lsystem* Dimensionless horizontal length of entire depositional system 1

Lts Horizontal length of maximum flooding surfaces L

Lts* Dimensionless horizontal length of maximum flooding surfaces 1

n Divisor that slices a 3D system into a number of 2D sections 1

Nbl Number of base-level cycles 1

qs Sediment supply rate per unit width L2&T−1

qw Water supply rate per unit width L2&T−1

Rbl Rate of base-level change; Rbl > 0 for base-level rise; Rbl < 0 for base-level fall L&T−1

T Time elapsed T

t* Dimensionless time elapsed 1

ttrans* Dimensionless time needed to elapse before the transition from the early
degradation-inclusive to later aggradation-sustainable phase

1
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*. (continued)

Symbol Meaning

Dimensions
(L, length;
T, time;
1, dimensionless)

Tbl Period of base-level change T

Tbl* Dimensionless period of base-level change 1

Tcycle Period of base-level cycle including a rise and a following fall T

Tcycle* Dimensionless period of base-level cycle including a rise and a following fall 1

x Horizontal distance along the direction of mean sediment flux L

x* Dimensionless horizontal distance along the direction of mean sediment flux 1

Xflume* Dimensionless flume basement length 1

z Vertical upward distance L

z* Dimensionless vertical upward distance 1

Zflume* Dimensionless flume depth 1

α Alluvial slope in tangent 1

αE Alluvial slope in tangent for experimental scale 1

αF Alluvial slope in tangent for field scale 1

β Foreset slope in tangent 1
γ Hinterland slope in tangent 1

ϕ General basin floor slope in tangent 1

ϕavg Average basin floor or shelf slope from shelf edge to shoreline, in tangent 1

ϕlocal Local slope of the shelf just basinward of the shoreline 1

Λ2D Autostratigraphic length scale in two dimensions L

Λ2DE Λ2D value in experimental scale L

Λ2DF Λ2D value in field scale L

τ2D Autostratigraphic timescale in two dimensions T
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