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Abstract River-dominated lacustrine deltas typically consist ofmultiple lobes due to autogenic lobe switching
that occurs over short time scales. However, the switching patterns ofmultiple lobes in these deltas remain poorly
understood, and the architectural features attributed to lobe switching are also lacking. By integrating Delft3D
simulations,flumeexperiments, andmoderndeposit analysis,weproposed that autogenic lobe switching followsa
cyclic pattern.Autocyclicity beginswith the formationof anoffshore lobeand concludes after a series of longshore
lobe growth events, marked by longshore avulsions occurring along the sides of offshore distributary channels.
Longshore avulsions follow a sequence that usually occurs earlier distally than proximally and subsequently occurs
on one longshore side and then on the other side. Each lobe begins with rapid growth, which gradually slows and
then stops once a channel avulsion is influenced by the backwater effect that triggers lobe switching. Three signals
indicate lobe switching: a decrease in progradation rate, foreset slope steepening coupled with topset slope
gentling, and the deposition ofmud-dominated sediments. The number of autocyclic events never exceeds seven.
The first two autocyclicities contribute to more than 55% of delta length and 70% of delta area. The lobes are
separated by 1e6 stages ofmud-dominated accretion beds that exhibit a downstream-inclined shape and convex-
up or lateral overlapping pattern. This study conducts a coupled growth-geometric assessment to establish an
architectural pattern for river-dominated lacustrine deltas. This architectural pattern offers valuable insights into
predicting sandy lobe distribution in river-dominated lacustrine delta reservoirs, and the architecture of muddy
accretion beds aids in predicting the rule of oilewater movement and distribution of remaining oil.
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1. Introduction
The development of river-dominated lacustrine
deltas over timescales of decades to millennia is
characterized by a sequence of lobe switching. This
process involves a primary distributary channel pro-
grading basinward and building a lobe until an avulsion
occurs, causing the channel to realign and a new lobe
to form (Frazier, 1967). These deltaic sands, which
often appear sheet-like and thick, typically have
numerous stacked lobes (Yin et al., 2014). The
sequence of lobe switching is crucial in determining
the delta's stacking pattern and architecture, which
are significant for predicting the distribution of hy-
drocarbon reservoirs.

Two types of processes govern lobe switching:
autogenic and allogenic processes (Beerbower, 1964;
Holbrook et al., 2003). Allogenic processes control
long-term (more than thousands of years) lobe growth
and stacking and are influenced by varying supplies,
subsidence, and lake level; in contrast, autogenic
processes affect lobe switching on short time scales
(tens to thousands of years) and over short distances
(several to tens of kilometers), because external
environmental changes are commonly (although not
always) weak and gradual (Holbrook et al., 2003;
Olariu, 2014; Straub et al., 2015). Prior studies have
linked lobe switching to autogenic factors such as
channel incision, avulsion, and lobe abandonment
(Muto and Steel, 2004; Martin et al., 2009; Nijhuis
et al., 2015; Liang et al., 2016; Hajek and Straub,
2017). However, the switching patterns of multiple
lobes in these deltas remain poorly understood, and
the architecture attributed to the lobe switching is
also missing.

We find that autogenic lobe switching is cyclic
(recurrent, though nonperiodic) in river-dominated
lacustrine deltas with stable lake levels and ignor-
able waves/tides. This autocyclic lobe switching can
significantly affect the architectural patterns of lobes.
Based on observations from modern, experimental,
and numerical deltas, our study concentrates on three
key aspects of autocyclic switching processes: 1) the
patterns of autocyclic lobe switching; 2) the mecha-
nisms underlying autocyclic lobe switching; 3) the
architectural patterns of lobes influenced by these
switching processes.
2. Datasets and measurements
Flume experiments and Delft3D simulations pro-
vide detailed records of delta growth processes and
morphological changes (e.g., Edmonds and
Slingerland, 2007; Burpee et al., 2015). This paper
integrates data from experimental deltas and numer-
ical deltas to analyze autocyclic lobe growth and
switching in river-dominated deltas combined with
observations from modern river-dominated lacustrine
deltas.

2.1. Datasets

2.1.1. Modern river-dominated lacustrine deltas

Historical high-definition satellite images from
recent decades document the changes in the southern
Mamawi Lake Delta and the southern Aral Sea Delta. In
recent decades, these deltas have been river-
dominated, experiencing relatively stable lake
levels, without influence from tidal or wave processes
or human interference. They consist of multiple lobes
as illustrated in Fig. 1. Our analysis suggests that lobe
switching in these deltas was primarily controlled by
autogenic processes, although weak allogenic pro-
cesses such as fluctuations in lake level and water
discharge also played a role.

2.1.2. Experimental deltas

We chose two experimental deltas in this study
(Fig. 2). The first experimental delta (EXP1) was built
by the SAFL Delta Basin facility (data are from Martin
et al. (2009) and Wolinsky et al. (2010)). The water
discharge was set at 0.1 l/s, and the sediment
discharge at 1.7 × 10-4 l/s. The bottom slope was
~3 cm/m, and the water depth of the standing body
was 30 cm. The detailed experimental setup and pro-
cedure were described by Martin et al. (2009). The
delta formed over 100 h, resulting in the formation of a
river-dominated delta (Fig. 2A).
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Fig. 1 Satellite maps of modern river-dominated lacustrine deltas. A) Location of the southern Mamawi Lake Delta; B) Lobe growth history of
the southern Mamawi Lake Delta; C) Location of the southern Aral Sea Delta; D) Lobe growth history in the southern Aral Sea Delta. The
southern Mamawi Lake Delta and the southern Aral Sea Delta consist of multiple offshore and longshore lobes.

Fig. 2 Map views of lobes in two experimental river-dominated deltas. A) EXP1, created by the SAFL Delta Basin facility (Martin et al., 2009;
Wolinsky et al., 2010); B) EXP2, conducted in the Flume Experiment Laboratory of Yangtze University in China. Both deltas consist of multiple
offshore and longshore lobes.
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The second experiment (EXP2) was conducted in
the Flume Experiment Laboratory of Yangtze Univer-
sity in China (Fig. 2B). The setup consisted of a rect-
angular region measuring 2.5 m in length and width,
and 0.5 m in height, with a uniformly gentle slope of
0.5 cm/m. To maintain a constant water depth of 3 cm
in the river mouth, the water level was kept steady.
The initial river bed, measuring 0.3 m in length and
0.05 m in width, was positioned in the southern region.
The river had a depth of 3 cm with a flat bottom. A
water pump supplied water into the river, maintaining
a discharge of 0.3 l/s. A sediment supplying mecha-
nism carried sediments into the river, keeping the
sediment discharge at 1.0 × 10-4 l/s. The sediments
mixed with the water in the river, resulting in a sedi-
ment concentration of ~0.8 kg/m3. The sediments
used in the experiment were artificial silica sands and
bentonite clays. The grain size ranged from 10 mm to
500 mm and followed a normal distribution, with a
median size (D50) of approximately 100 mm and a
sand/mud ratio of 0.4. To enhance the mixture's
cohesiveness and promote the development and
maintenance of stable channels, a small amount (0.2%)
of a commercially available polymer was added
(Martin et al., 2009). The flume experiment, which ran
for 53 h, resulted in the formation of a river-dominated
delta. We documented the depositional process
through video recordings and conducted hourly scans
of the landform using a laser scanner, as shown in
Fig. 2B.

The above two flume experiments maintained a
constant water level, stable topography, and a rela-
tivity steady supply of water and sediment. The sedi-
ment mixtures remained consistent in composition
throughout the experiments. Consequently, the
development of these two deltas was driven by auto-
genic processes, unaffected by external changes.

2.1.3. Numerical deltas

Delft3D (version 4.01.01) is an effective tool for
simulating river-dominated deltas, as evidenced by
prior studies (Edmonds and Slingerland, 2007; Burpee
et al., 2015). A physics-based morphodynamic model
was constructed using a numerical fluid-flow and
sediment transport model. The model treats flow as
incompressible and with a free surface, computed by
solving the depth-integrated, Reynolds-averaged
NaviereStokes equations (Caldwell and Edmonds,
2014). Morphological changes were updated using the
Exner equation for sediment mass conservation (Wang
et al., 2016). We selected the transport formula from
Van Rijn (1993) to differentiate between suspended
and bedload transport. Fine sediments (diameter
≤64 mm) were considered cohesive sediments that
were transported in suspension, and their settling ve-
locities were transformed by Stokes’ law, neglecting
flocculation. Coarse sediments (diameter >64 mm)
were considered noncohesive sediments that were
transported as suspended load and bedload, and their
settling velocities were calculated by the method from
Van Rijn (1993). Bedload transport direction was
adjusted according to local flow conditions and bed-
slope effects. We chose the predictor from Van Rijn
(1993) and parameterizations of transverse slopes
from Ikeda (1982) to calculate the bed-slope effects to
counteract high incisions (Baar et al., 2019).

The simulation domains mirrored the scales of
modern river-dominated deltas, measuring 10 km by
8 km with a 40 m by 40 m cell size. Five simulations
(SIM0eSIM4) were carried out with a moderate cohe-
sive sediment mixture and negligible wave and tidal
processes. SIM0 was used as a reference simulation.
Compared to SIM0, the other four simulations were
carried out with different initial water depths at the
river mouth (SIM1), initial basin slopes (SIM2), dis-
charges (SIM3), and lake levels (SIM4). The morpho-
logical scale factor of 175 was employed to accelerate
the rate of morphological changes (Burpee et al.,
2015). Numerical deltas evolved over thousands of
simulated hours, corresponding to hundreds of years of
natural changes. The specific simulation parameters
are detailed in Table 1. Plan views and successive lobe
growth are depicted in Fig. 3.

SIM0eSIM2 were subject to autogenic processes, as
the depositional conditions remained constant. In
contrast, SIM3 and SIM4 not only experienced auto-
genic processes but also encountered short-term
allogenic processes, such as fluctuations in water
discharge and lake levels.

2.2. Metric measurements

To quantify the lobe-switching processes, we
identified lobes in the deltas. To assess the architec-
ture, we focused on metrics concerning the dimension
and stratigraphic architecture of the deltas. The def-
initions and methods for measuring these metrics are
outlined as follows:

1) Lobes. Lobe switching was identified from the
avulsions of distributary channels (Beerbower,
1964; Cecil, 2003). River-dominated lacustrine
deltas in Figs. 1e3 consist of multiple lobes,
recognized by distributary channel avulsions. The
lobes can be divided into offshore and longshore
types based on the progradation directions of dis-
tributary channels (Figs. 1e3). For offshore lobes,



Table 1 Simulated parameters of the Delft3D simulations.

Simulated parameters SIM0 SIM1 SIM2 SIM3 SIM4

Initial water depth of the river mouth (m) 2 4 2 2 2
Initial basin slope (�) 0.046 0.046 0.099 0.046 0.046
Discharge (m3/s) 1200 1200 1200 1000e1400 1200
Lake level (m) 0 0 0 0 −0.25e0.25
Initial channel dimensions (length × width × depth) (m3) 480 × 280 × 2.5
Highland dimensions (length × width × elevation) (m3) 10000 × 500 × (−1)
Grain size of sediment factions (mm) 300, 150, 80, 32, 13, 7.5
Corresponding proportions of sediment fractions (%) 10, 10, 20, 30, 20, 10
Initial sediment layer thickness at the bed (m) 10
Total sedimentary concentration within the river (kg/m3) 0.1
Cohesive sediment critical shear stress for erosion (N/m2) 0.5
Time step (min) 0.2
Morphological scale factor 175
Ch�ezy value for hydrodynamic roughness (m2/s) 45
Spin-up interval before morphological updating begins (min) 1440
Factor for the erosion of adjacent dry cells 0.25
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the distributary channels mainly prograde lake-
ward, and the lobes primarily contribute to the
delta length. In contrast, for longshore lobes, the
distributary channels prograde both lakeward and
along the shore, and commonly mainly along the
shore at the sides of offshore lobes. The longshore
lobes mainly contributed to the delta width, and
could not increase delta length.

2) Dimension. We considered the length, width, and
area to characterize the delta dimension. The delta
length and width were quantified by the maximum
offshore and longshore progradation distances. The
delta area was measured according to the distri-
bution of the subaerial area (excluding the dis-
tributary channel). The wetted areaeland area
maps that partition each image into subaqueous vs.
subaerial pixels were created to help calculate the
delta area (subaerial area). In addition, we
measured the rate of delta area increase, which
was defined as the difference in the delta area
between two defined time periods (every four
simulated hours).

3) Stratigraphic architecture. To quantify the strati-
graphic architecture, we used the stratigraphic
progradation rate, slope, and sediment grain size.
The stratigraphic progradation rate was defined as
the difference in the foreset progradation distance
across two defined time periods (every four simu-
lated hours) in the progradation direction. We
measured the foreset and topset slopes by calcu-
lating the average slope at each end of the foreset
and topset, respectively. The foreset thickness was
determined by the height difference at the two
ends of the foreset. Sediment grain size was quan-
tified using the median diameter, D50.
Some of the above metrics were normalized to
adjust values at different scales to a notionally com-
mon scale, where the maximum normalized value was
equal to 1.
3. Results
3.1. Autocyclic lobe switching processes

3.1.1. Autocyclic lobe switching processes without
any allogenic process

River-dominated lacustrine deltas depicted in
Fig. 1BeD, 2A, B, and 3AeC, typically consisted of
multiple lobes. A few of these (23% in average) were
offshore lobes, which occupied the central axis of the
delta, while the majority (78% in average) were long-
shore lobes that covered most of the delta area
(mostly >60%) and encircled the offshore lobes.

The formation of these lobes followed a similar
cycle: An offshore lobe initially formed at the center,
followed by the sequential formation of longshore
lobes. We defined the autocyclicity of lobe switching
to include the initial switching of an offshore lobe and
subsequent switching among longshore lobes. Each
cycle, therefore, started with the growth of an
offshore lobe and concluded just before the last
longshore lobe switched. Longshore lobe switching
typically alternates from distal to proximal positions
and from one side of the delta to the other until the
accommodation space is filled. For instance, in SIM0
(Fig. 3A), after the formation of the offshore lobe (lobe
1) in the central area, three longshore lobes (lobes



Fig. 3 Map views of five simulated river-dominated deltas: SIM0 (A), SIM1 (B), SIM2 (C), SIM3 (D), and SIM4 (E). The depositional environ-
mental differences encompass variations in basinal water depth and slope. The numbers indicate the order of lobe formation.
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2e4) were deposited on the left side of the offshore
lobe, from distal to proximal positions. The accom-
modation space on the left side was filled. Subse-
quently, four longshore lobes (lobes 5e8) were
deposited on the right side of the offshore lobe, also
from distal to proximal positions. And the accommo-
dation space on the right side was also filled. A new
offshore lobe (lobe 9) then formed at the terminus of
lobe 1, and finally, a longshore lobe (lobe 10) was
deposited on the left side of the offshore lobe 9.



132 Z.-H. Xu et al.
Fig. 4 shows the changes in progradation rates of
lobes in SIM0. It illustrated that each lobe started with
rapid progradation (exceeding the average lobe pro-
gradation rate) and that progradation gradually slowed
and stopped after a new lobe formed, due to the
occurrence of channel avulsion. The rapid pro-
gradation period was short, but most of the lobe was
built during this time. In contrast, the slow pro-
gradation period was much longer but contributed less
to lobe building. As soon as the slow progradation
period started, lobe switching was triggered, and a
new lobe began to form through rapid progradation.
Thus, slow progradation served as a signal for lobe
switching and the rapid progradation of a new lobe.

River-dominated lacustrine deltas could undergo
several autocyclicities, as evidenced by the growth of
new offshore lobes (Fig. 1BeD, 2A, B, and 3AeC). In
each new autocyclicity, lobes were deposited at a far-
shore location compared to those in the previous
autocyclicity. As a result, river-dominated lacustrine
deltas gradually prograded basinwards.

3.1.2. Autocyclic lobe switching processes with
short-term allogenic process

Modern river-dominated lacustrine deltas (the
southern Mamawi Lake Delta and southern Aral Sea
Delta) and numerical deltas (SIM3 and SIM4) primarily
experienced autogenic processes, but they were also
influenced by weak short-term allogenic processes
(such as fluctuations in river discharge and lake level)
Fig. 4 Changes in the progradation rate of the lobes in SIM0. Lobe
growth started with rapid progradation (> average lobe pro-
gradation rate), and the progradation gradually slowed and
stopped.
(Fig. 1BeD, 3D, E). These deltas continued to exhibit
autocyclic lobe switching processes, wherein an
offshore lobe initially forms, followed by the formation
of a series of longshore lobes at the sides of the
offshore lobe. Fluctuations in river discharge and lake
level, however, disrupted the sequences of autocyclic
lobe growth and switching. Although longshore lobe
switching did not strictly follow previous patterns, it
tended to alternate from distal to proximal positions
and from one side to another (Fig. 1BeD, 3D, E). In
each new autocyclicity, lobe switching and growth
mostly occurred at far-shore locations compared to
those in the previous cycles. Nevertheless, some lobes,
such as lobe 10 in SIM3 and lobes 9e11 in SIM4, were
still deposited at nearshore locations (Fig. 3D and E).

3.2. Time-varying delta architecture with
autocyclic lobe switching

3.2.1. Dimensions

1) Delta length and width

Delta length and width increased with delta
growth, but they exhibited alternating rates of in-
crease. Initially, both dimensions increased, driven by
the growth of the first offshore lobe. Subsequently,
the delta width increased more rapidly than the
length due to a series of longshore lobe growths.
Following this, the delta length increased rapidly
while the delta width barely changed, influenced by
the growth of a new offshore lobe in the next auto-
cyclicity. Therefore, these alternating rates of in-
crease were closely linked to autocyclic lobe
switching. Multiple autocyclicities had led to inter-
mittent increases in delta length and width as the
delta growth progressed (Fig. 5A).

Delta width was mainly controlled by lobe growth
during the first autocyclic period, accounting for 70%e
90% of the total width (Figs. 1e3). The offshore lobe
contributed to a 20%e40% increase in total delta
width, while the subsequent sequence of longshore
lobe growth substantially increased the delta width by
40%e60%. The proximal longshore lobes made greater
contributions to delta width due to their extensive
longshore progradation compared to the distal long-
shore lobes (Figs. 1e3). In subsequent autocyclicities,
increases in delta width were limited to only 10%e30%
of the total width (Fig. 5A).

The increase in delta length during an autocyclicity
decreased with the number of autocyclicities (Fig. 5A).
Ln was defined as the ratio of the delta length increase
in an autocyclicity to the total delta length, and it
exhibited a negative logarithmic relationship with the



Fig. 5 A) Relationships between normalized delta length and width during delta growth; B) Normalized delta length increment in an
autocyclic process; C) Time-varied normalized delta areas; D) The rate of delta area increases through time.
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number of autocyclicities (Fig. 5B). This relationship
can be expressed as follows:

Ln ¼ � a ln ðNÞ+b (Equation 1)

where N was the number of autocyclicity; a was the
decrease rate; b was the ratio of the delta length in-
crease in the first autocyclicity to the total delta
length.

Based on the nine river-dominated lacustrine
deltas in this paper, we calculated b/a values, which
were 1e3. Ln was negligible after the 7th autocyclicity.
The first two autocyclicities made primary contribu-
tions to the delta length, which were more than 55% of
the total delta length and reached 95% of the total
delta length in EXP2.

2) Delta area
Time-series analysis revealed that the delta area
increased with increasing delta growth, as illustrated
in Fig. 5C. However, the rate of increase in delta area
(DA) decreased over time for the river-dominated
lacustrine deltas as depicted in Fig. 5D. DA was char-
acterized as a stepwise decrease within each consec-
utive autocyclic cycle. During the autocyclic process,
DA initially decreased over time, corresponding to the
offshore lobe growth period. It then fluctuated and
exhibited slightly increasing trends during the long-
shore lobe growth period (Fig. 5D). The first growth
cycle mostly accounted for 40% of the final delta area,
and the first two growth cycles together accounted for
70% of the final area in the simulated and experimental
deltas (Fig. 5AeC). Longshore lobe growth played a
significant role in the delta-building process, contrib-
uting to more than 60% of the total delta area.
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3.2.2. Stratigraphic architecture

The stratigraphy of river-dominated lacustrine
deltas was comprised of topset, foreset, and bottom-
set layers, as demonstrated by the stratigraphic sec-
tions of SIM0 and EXP2 (Figs. 6 and 7). The slopes of the
topset and foreset, as well as the foreset thickness,
experienced complex changes during delta growth.
Regardless of whether it was offshore or longshore
progradation, rapid progradation tended to increase
the foreset slope and thickness while decreasing the
topset slope in the progradation direction. Conversely,
slow longshore progradation resulted in an increase in
the topset slope, and a decrease in the foreset slope
and depth. Quantified measurements from EXP2
further revealed these opposite stratigraphic changes
between rapid and slow progradation directions, as
well as between the topset and foreset slopes within
the same progradation direction (Fig. 8). These con-
trasting changes were associated with the alternating
rapid progradation of offshore and longshore lobes.

The topset and bottomset consisted of mud-
dominated sediments, while the grain size in the
foreset varied with delta growth (Fig. 6). In the fore-
set, rapid progradation induced the deposition of sand-
dominated sediments due to high water-flow velocity,
Fig. 6 Stratigraphic sections of SIM0. The locations of the sections are s
slope, foreset thickness, and the deposition of sand sediments in the pro
topset slope were not documented. The topset and bottomset sedimen
dominated foresets, whereas slow progradation led to mud-dominated f
whereas slow progradation led to the deposition of
mud-dominated sediments as a result of low water-
flow velocity. Consequently, rapid offshore pro-
gradation resulted in sand-dominated foresets on the
offshore direction and mud-dominated foresets on the
longshore direction, and vice versa (Fig. 6).

Lobe growth began with rapid progradation, char-
acterized by sand-dominated deposits with a relatively
steep slope, and then transitioned to slow pro-
gradation, resulting in mud-dominated deposits with a
gentle slope. This transition from steep to gentle
slopes in the foreset, which prominently featured
mud-dominated sediments, effectively revealed the
boundaries of lobes within river-dominated lacustrine
deltas, as observed in SIM0 (Fig. 6).
4. Discussion
4.1. Mechanism of autocyclic lobe switching
in river-dominated lacustrine deltas

Autocyclic lobe switching of river-dominated
lacustrine delta is influenced by autogenic channel
avulsions, which induce new lobe formation and old
lobe abandonment. Hoyal and Sheets (2009) proposed
hown in Fig. 3A. Rapid progradation led to an increase in the foreset
gradation direction, in contrast to slow progradation. Changes in the
ts were predominantly mud. Rapid progradation resulted in sand-
oresets.



Fig. 7 Stratigraphic sections of EXP2. The locations of the sections are shown in Fig. 2B. Rapid progradation increased the foreset slope and
thickness, and deposition of sandy sediments and decreased the topset slope on the progradation direction, opposite to slow progradation.
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the ‘morphodynamic backwater effect’ to explain
channel avulsion near the shoreline. According to this
theory, bar deposition near the shoreline leads to an
upstream migrating flow disturbance. This disturbance
causes sedimentation to propagate up the channel and
results in channel superelevation, which ultimately
leads to overbank flooding and channel avulsion. This
theory provides a basis for explaining the autocyclic
lobe switching in river-dominated lacustrine deltas.
We find that the backwater effect occurs and that
the distributary channel avulses when slow pro-
gradation begins (Fig. 4), which can be explained by
the change in the stratigraphic architecture. Rapid
progradation increases the foreset slope and thickness
in the progradation direction. The distributary channel
then requires additional time to fill the basinal space in
front of the channel outlet, reaching the elevation of
the fluvial surface before it can propagate efficiently



Fig. 8 Changes in the stratigraphic slope and foreset thickness in EXP2. During rapid offshore progradation period, the foreset slope and
thickness increased, and the topset slope decreased on the offshore direction; while the foreset slope and thickness decreased, and the
topset slope increased on the longshore direction. In contrast, the foreset and topset exhibited opposite changes during rapid longshore
progradation period.
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(Hoyal and Sheets, 2009). Subsequently, the topset
slope becomes gentler, channel flow decelerates, and
lobe progradation slows, leading to channel bed
aggradation and superelevation (known as the back-
water effect). Moodie et al. (2019) also proposed that
the lobe growth drives upstream channel bed aggra-
dation as lobe progradation extends channel length.
Consequently, channel avulsion and lobe switching
typically occur on the other side, where the foreset
slope and thickness are smaller and the topset slope is
higher, facilitated by slow lobe progradation. The di-
rection of avulsion often aligns with the lobe pro-
gradation direction, as these represent the shortest
paths to the shoreline (Ganti et al., 2016). Thus, a new
lobe begins to grow rapidly, while the old lobe grows
more slowly and is gradually abandoned. As a result,
river-dominated lacustrine deltas exhibit autocyclic
lobe switching, characterized by alternating growth
between offshore and longshore lobes.

After rapid offshore progradation, the sides of
offshore lobe create favorable conditions for channel
avulsion, leading to the switching and growth of a
series of longshore lobes until the suitable spaces are
largely filled (Figs. 1e3). Both numerical and exper-
imental deltas have demonstrated that longshore lobe
switching tends to alternate between distal to prox-
imal positions and from one side to the other. This
sequence can also be explained by the backwater
effect. The cross-levee flow, generated by channel
bed aggradation during the backwater period, is a
necessary condition for avulsion (Edmonds et al.,
2009). Channel bed aggradation, caused by the
backwater, migrates upstream from the channel
outlet (Hoyal and Sheets, 2009). Consequently, avul-
sion locations are more likely to shift upstream
(Moodie et al., 2019). Moreover, rapid progradation of
a longshore lobe on one side of an offshore lobe
causes the foreset on this side to become gentler and
thinner. Consequently, the new longshore lobe prefers
to form on this side.

Short-term allogenic processes triggered by
climate changes, human intervention (Ma et al., 2010;
Hamilton and Stampone, 2013; Wei et al., 2020), large
volcanic eruptions, or the 11-year sunspot cycle
(Mishra et al., 2014; Stenchikov, 2021), can cause
fluctuations in discharge and lake levels. These



Fig. 9 Architectural pattern of river-dominated deltas attributed to autocyclic lobe switching.
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fluctuations may affect avulsion location and fre-
quency (Martin et al., 2009; Ganti et al., 2014), by
disturbing processes of channel bed aggradation and
superelevation, although do not impact the avulsion
timescale (Moodie et al., 2019; Chadwick et al., 2022).
Despite the presence of short-term allogenic pro-
cesses, river-dominated lacustrine deltas continue to
undergo autocyclic lobe switching. However, longshore
lobe switching does not strictly adhere to the pattern
of alternating from distal to proximal positions and
from one side to another.
4.2. Autocyclic lobe switching pattern in
river-dominated lacustrine deltas

The lobe never grows beyond a certain size or ex-
tends beyond a certain length (Donaldson, 1966; Gao,
2007). As a result, river-dominated lacustrine deltas
commonly consist of multiple lobes, such as southern
Mamawi Lake Delta and southern Aral Sea Delta. Given
the minimal or weak external environmental changes,
lobe switching in these deltas is predominantly auto-
cyclic, driven by the autogenic backwater effect.
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In an autocyclicity, an offshore lobe initially forms,
followed by the formation of a series of longshore
lobes, driven by switching from the offshore lobe to
multiple longshore lobes. Longshore lobe switching
tends to alternate between distal to proximal positions
and from one side to the other. In a subsequent auto-
cyclic process, lobes switched are deposited at loca-
tions farther shorewards compared to those in the
previous autocyclicity.

There are three aspects of lobe switching signals:

1) Lobe progradation slowing. All lobe growth begins
with rapid progradation, which gradually slows and
stops after a new lobe forms. This slowing of lobe
progradation suggests that an avulsion is imminent,
marking the end of one lobe's growth and the
initiation of another.

2) Foreset slope steepening and topset slope gentling.
Rapid progradation results in the steepening of the
foreset slope and the gentling of the topset slope in
the progradation direction, triggering the back-
water effect and channel superelevation, which
suggest an impending avulsion.

3) Deposition of mud-dominated sediments. Rapid
progradation carries sand-dominated sediments on
the foreset, whereas slow progradation carries
mud-dominated sediments. The deposition of mud-
dominated sediments signals slow progradation and
subsequent channel avulsion.
4.3. Lobe architectural pattern attributed to
autocyclic lobe switching

The depositional architecture of river-dominated
lacustrine deltas has been studied further, especially
for distributary channels (e.g., Edmonds and
Slingerland, 2007; Fu et al., 2015) and mouth bars
(e.g., Yin et al., 2015; Feng et al., 2018; Xu et al.,
2023). Research by Yin et al. (2015), Feng et al.
(2018), and Xu et al. (2023) suggested that mouth
bars develop multiple-stage, mud-dominated accre-
tion beds that take on a downstream-inclined shape in
downstream sections and display convex-up (upwarp-
ing) or lateral overlapping patterns in longshore sec-
tions. The convex-up accretion beds are interpreted as
the vertical stacking of mouth bars during periods of
base-level fall, while the lateral overlapping patterns
indicate the stacking of laterally migrated mouth bars
during base-level rise (Yin et al., 2015). Typically, a
single-stage delta forms over tens to hundreds of years
and is primarily influenced by autogenic processes,
though it can be disturbed by allogenic processes.
This paper proposes an architectural pattern for
river-dominated lacustrine delta, attributed to auto-
cyclic lobe switching (Fig. 9). The delta is composed of
1e6 autocyclic lobe complexes, each consisting of an
offshore lobe and a series of longshore lobes. As the
number of autocyclic events increases, the length and
area of each lobe decrease. Notably, the first two
autocyclic lobe complexes, especially the longshore
lobes, contribute to more than 70% of the final delta
area. Within a lobe, sandy sediments predominate due
to rapid growth, while mud-dominated accretion beds
separate the lobes, reflecting slower growth period.
The 1e6 stages of accretion beds formed by offshore
lobes exhibit a downstream-inclined shape, whereas
those formed by longshore lobes display convex-up or
lateral overlapping patterns (Fig. 9). With an increase
in autocyclicites, the spacing between adjacent
downstream-inclined accretion beds diminishes. Typi-
cally, a delta comprises fewer than five accretion beds,
correlating with the common occurrence of fewer than
five autocyclicites. Short-term allogenic processes may
disrupt the shape and continuity of these accretion
beds. This architectural pattern offers valuable insights
into the detailed development of delta reservoirs.
5. Conclusions
This study proposes that lobe switching in river-
dominated lacustrine deltas on short time scales fol-
lows an autocyclic pattern, triggered by the backwater
effect. This autocyclic pattern and resulting lobe ar-
chitecture are summarized below:

1) Autocyclicity begins with an offshore lobe and
concludes after a series of longshore lobe growth
events. Longshore lobe switching tends to alternate
between distal and proximal positions and from one
side to another. Each lobe begins with rapid growth,
which gradually slows and then stops after a chan-
nel avulsion triggers lobe switching.

2) Three signals indicate lobe switching: a decrease in
progradation rate, foreset slope steepening
coupled with topset slope gentling, and the depo-
sition of mud-dominated sediments.

3) The number of autocyclic events never exceeds
seven. The length and area of lobes decrease as the
number of autocyclicities increases. The first two
autocyclicities contribute to more than 55% of delta
length and 70% of delta area. The lobes are sepa-
rated by 1e6 stages of mud-dominated accretion
beds that exhibit a downstream-inclined shape and
convex-up or lateral overlapping pattern.
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