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ABSTRACT
The process of river avulsion builds floodplains and fills alluvial basins. We report on a 

new style of river avulsion identified in the Landsat satellite record. We found 69 examples 
of retrogradational avulsions on rivers of densely forested fluvial fans in the Andean 
and New Guinean alluvial basins. Retrogradational avulsions are initiated by a channel 
blockage, e.g., a logjam, that fills the channel with sediment and forces water overbank 
(dechannelization), which creates a chevron-shaped flooding pattern. Dechannelization 
waves travel upstream at a median rate of 387 m/yr and last on average for 13 yr; many 
rivers show multiple dechannelizing events on the same reach. Dechannelization ends 
and the avulsion is complete when the river finds a new flow path. We simulate upstream-
migrating dechannelization with a one-dimensional morphodynamic model for open 
channel flow. Observations are consistent with model results and show that channel 
blockages can cause dechannelization on steep (10−2 to 10−3), low-discharge (∼101 m3 s−1) 
rivers. This illustrates a new style of floodplain sedimentation that is unaccounted for in 
ecologic and stratigraphic models.

INTRODUCTION
The repeated avulsion of rivers to new loca-

tions influences the formation and topographic 
evolution of floodplains. River avulsion style 
impacts floodplain filling because, during 
relocation, some avulsions deposit sediment 
and prograde across their floodplains (Smith 
et al., 1989; Mohrig et al., 2000; Stouthamer 
and Berendsen, 2000), whereas others reoc-
cupy a preexisting channel or incise new chan-
nels (Mohrig et al., 2000; Hajek and Edmonds, 
2014). These different styles impact forest bio-
diversity on floodplains (Collins et al., 2012; 
Wohl, 2020) and the stratigraphic architecture of 
fluvial deposits (Kraus, 1996; Jones and Hajek, 
2007). Despite these important impacts, our 

understanding of avulsion style is limited to a 
few well-documented cases because avulsions 
occur infrequently. However, recent work has 
shown that avulsions are common enough on 
fluvial fans in sedimentary basins to be captured 
in the Landsat satellite record (Buehler et al., 
2011; Weissmann et al., 2015; Edmonds et al., 
2016; Lombardo, 2016; Valenza et al., 2020).

On fluvial fans in the Andean and New Guin-
ean sedimentary basins, we recognize a new style 
of river avulsion initiated by an upstream-migrat-
ing wave of overbank flooding (dechanneliza-
tion). Unlike successive, upstream-migrating 
avulsion nodes (Mackey and Bridge, 1995) or 
upstream-propagating effects that change fluxes 
in a channel network (Kleinhans et al., 2012), 

the upstream migration observed here occurs 
on a single channel during a single avulsion 
and is the mechanism that forces flow from 
the channel onto the floodplain. We present 
a data set of 69 “retrogradational” avulsions 
observed in Landsat data (1984–2020 CE), 
so-called because the overbank flooding and 
sedimentation moves upstream. We describe 
a conceptual model for this process based on 
high-resolution serial imagery and test it with 
a numerical model that solves the one-dimen-
sional (1-D) St. Venant equations and sediment 
mass conservation along a river centerline. Our 
modeling is consistent with field data and shows 
that channel blockages can induce upstream-
migrating dechannelization on steep (10−2 to 
10−3), low-discharge (∼101 m3 s−1) rivers.

A CONCEPTUAL MODEL FOR 
RETROGRADATIONAL AVULSIONS

The process of retrogradational avulsion 
involves two phases: upstream-migrating 
dechannelization, and flow-path selection. 
Exactly what initiates the first phase is unknown 
because it is not captured in available imagery. 
But once the overbank flow and dechanneliza-
tion start, all avulsions follow a progression like 
avulsion R3.2 from Papua New Guinea (Fig. 1; 
see Table S1 in the  Supplemental  Material1). 
In  2003, the already sediment-filled chan-
nel forced flow overbank and created a 
 chevron-shaped zone of dead vegetation and 

1Supplemental Material. Dataset describing the retrogradational avulsions in this study, including beginning and ending locations and dates, and geomorphic, 
hydrological, and topographic measurements. Please visit https://doi .org/10.1130/GEOL.S.15832101 to access the supplemental material, and contact editing@
geosociety.org with any questions.
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trees, and the chevron opened downstream 
(Fig. 1A). This chevron was observed on every 
avulsion and is a diagnostic feature of retrogra-
dational avulsions. Dead vegetation indicates 
that the chevron tip, and hence the zone of over-
bank flow, started upstream of the sediment-
filled channel (Figs. 1B and 1E). From 2003 to 
2006, continued sedimentation in the channel 
caused the chevron-shaped zone of overbank 
flow to migrate upstream 640 m (Figs. 1A and 
1B), leaving the downstream parent channel 
filled with sediment.

During the second phase, the channel 
selects a new flow path and completes the ret-
rogradational avulsion. Once dechanneliza-
tion begins, avulsion is inevitable because the 
original channel downstream of the chevron is 
sediment-filled. The overbank flow may annex 
a preexisting channel or construct one through 
progradation. The new flow path commonly 
forms downstream of the chevron by channeliza-
tion around trees, which occurred in 2009 when 
the chevron of R3.2 enlarged, probably due to a 
levee crevasse (Figs. 1C and 1F inset). A chan-

nel pathway amongst the trees enlarged, and 
by 2015 a new channel had formed (Figs. 1D 
and 1G). The terminus of the new channel has a 
splay-like zone that propagates downstream, and 
it will eventually link up with an existing chan-
nel, not necessarily the original parent channel, 
to complete the avulsion.

STATISTICS OF RETROGRADATIONAL 
AVULSIONS

Retrogradational avulsions in the Andean and 
New Guinean basins mostly occur on narrow, 
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Figure 1. Temporal evolution of retrogradational avulsion R3.2 in Papua New Guinea (see text for details). Tip of the chevron in (A) is at 9.435°S, 
149.095°E. Curved traces (inset in F) are scours around the trees. (H) Schematic representation. Satellite images in A, B, and E are from Quick-
Bird2 satellite; images in C and F are from GeoEye-1 satellite, and images in D and G are from WorldView3. Imagery Copyright 2021 Maxar, Inc.
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steep rivers with small discharges (Figs. 2A–2D) 
These rivers are mostly on small fans or inter-
fans between megafans. The channels are rela-
tively narrow (7–85 m range, average 23 m), but 
three occur on larger fluvial fans (R46; chevron 
begins at 14.4708°S, 66.3524°W) or as part of 
crevasse splays (R34.1 [16.2666°S, 65.8723°W] 
and R34.2 [16.2996°S, 65.875°W]). Many of 
the rivers experience multiple retrogradational 
avulsions. The 69 examples occur on 44 unique 
rivers, 41% of which experienced multiple avul-
sions that initiated on the same river reach. Three 
rivers experienced four different retrograda-
tional avulsions from 1984 to 2020. Measure-
ments, locations, and data are included in the 
Supplemental Material.

Averaged across all events, the waves of 
dechannelization lasted for 13 yr and travelled 
at 387 m/yr (Figs. 2E and 2F; Table S1), and 
faster avulsions dechannelized longer distances. 
In one exceptional event (R28), the dechannel-
ization wave moved upstream for ∼35 km, and 
through a tributary junction at 1500 m/yr, and in 
another event, multiple channels on a fan (sam-
ples R3–R7) seemed to dechannelize simulta-
neously (see Supplemental Movies S1 and S2). 
Estimates of the dechannelization length and 
duration are minimum values since some avul-
sions were ongoing at the start or end of the 
Landsat data period.

INITIATION OF DECHANNELIZATION
In the remote sensing data, we do not observe 

what initiates dechannelization, but two expla-
nations are explored here. Upstream-migrating 
dechannelization has been documented on the 
Okavango fan (McCarthy et al., 1992), terminal 
splay fans in Bolivia (Donselaar et al., 2013), 
floodout zones in Australia (Tooth, 2000), and 
in lab experiments (e.g., Hamilton et al., 2013). 
In these examples, reduced stream capacity from 
flow expansion, evaporation, or water infiltration 
into the subsurface caused the channel to fill 
with sediment and initiated dechannelization. 

For instance, in lab experiments dechanneliza-
tion occurs through flow expansion at the fan 
margin or at an abrupt transition from steep to 
gentle slopes (Reitz and Jerolmack, 2012; Van 
Dijk et al., 2012; Hamilton et al., 2013). While 
more conclusive tests are needed, it seems that 
the observed retrogradations are not associ-
ated with slope breaks or reduced capacity; for 
example, avulsions R3.1 and R3.2 occur in steep 
and gentle portions of the same river (Fig. S1).

Alternatively, dechannelization could be ini-
tiated by a channel blockage that forces water 
overbank. Observations of avulsion R19.3 (Fig. 
S2) and at other rivers in Bolivia (Lombardo, 
2017) show that woody debris helps propagate 
dechannelization. In steep and narrow rivers, 
woody debris will not travel far and may create 
channel-spanning jams (Abbe and Montgomery, 
2003; Wohl, 2011; Ruiz-Villanueva et al., 2016) 
that could cause dechannelization. Once logjams 
form, they create a local backwater (Geertsema 
et al., 2020) and enough bed aggradation to 
cause an avulsion (Wohl, 2011, 2020; Phillips, 
2012). Because wood is abundant on these for-
ested fans, we developed a conceptual numerical 
model to test whether a channel blockage can 
initiate dechannelization (Fig. 1H).

NUMERICAL MODELING OF 
DECHANNELIZATION

Our model explores a river reach using the 
1-D St. Venant equations with overbank flow 
loss and conservation of bed sediment (details 
are provided in the Supplemental Material). 
Our experiments started at a river reach with 
steady, uniform flow. Then we placed a Gauss-
ian-shaped sediment blockage in the middle of 
the channel (Fig. 3). In the field examples, the 
blockage would be made of logs, but the mobil-
ity of jammed wood is unknown, and logjams 
are hydrodynamically similar to sediment block-
ages (Geertsema et al., 2020). Overbank flow 
caused by the blockage was computed with a 
side weir formulation (Ranga Raju et al., 1979; 

Hager, 1987), and when the channel depth was 
less than 5 cm, we forced it to be dry (Medeiros 
and Hagen, 2013). We computed 648 runs to 
explore the conditions that lead to dechan-
nelization across the slopes, widths, and dis-
charges observed for retrogradational avulsions 
(Figs. 2A–2C). For each unique combination, we 
simulated five different nondimensional block-

age heights (b*) from 0.5 to 1, where b
b

h
h

o

* .=  

bh is the height of the blockage and ho is the 
normal flow depth without a blockage present.

Our model reproduces upstream-migrating 
dechannelization through a positive feedback 
(Fig. 3A). The blockage decelerates flow and 
creates a local backwater that raises the water 
surface upstream, which leads to overbank flow 
(Fig. 3B). In the field example, this backwater 
effect may be why the chevron tip is upstream 
of the sediment-filled channel (Figs. 1B and 
1E). The overbank flow reduces discharge and 
sediment transport capacity in the channel, caus-
ing deposition and upstream accretion of the 
blockage, forcing the overbank flow to migrate 
upstream (Fig. 3B). This dechannelization con-
tinues indefinitely in the model but stops in the 
field examples when overbank flow finds a new 
flow path. The model predicts that dechannel-
ization can happen on rivers with small dis-
charges and steep slopes (Fig. 4) because these 
 conditions maximize backwater height relative 
to the flow depth, and therefore maximize the 
proportion of incoming discharge lost overbank.

Not all conditions lead to dechannelization 
(Figs. 3C and 4). Given sufficient discharge and 
gentle enough slopes for a given b*, basal shear 
stress can erode the blockage and heal the chan-
nel. Holding all else constant but considering 
a channel with twice the discharge, the block-
age is spread downstream and overbank flow 
stops (Figs. 3C and 3D). This occurs because, 
with a higher discharge, the backwater height 
decreases relative to the flow depth and a smaller 

FEDCA B

Figure 2. Statistics for retrogradational avulsions. (A) Channel width from high-resolution imagery upstream of the avulsion. (B) Channel 
slope from a linear regression of elevation from the beginning to ending location using either Shuttle Radar Topography Mission data or 
Google Earth™. (C,D) Discharge and drainage basin area from RiverATLAS (Linke et al., 2019) measured at the starting location of each avul-
sion. (E,F) Dechannelization distance measured along the river centerline from the beginning to ending location; dechannelization rate is 
that distance divided by duration. Blue areas are double-sided probability distribution functions (pdf). See the Supplemental Material and 
Table S1 for more detail (see footnote 1).
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 proportion of the incoming discharge is lost 
overbank. Increasing b* moves the threshold for 
dechannelization to the lower right in Figure 4 
because a higher blockage increases overbank 
flow. Channel width has a minimal effect on the 
threshold discharge-slope line across the widths 
tested (see the Supplemental Material).

The field data are generally consistent with 
the model predictions (Fig. 4). We do not know 
the blockage height for the field rivers, but 
assuming b* ≈ 1, then 91% (40 of 44 rivers 
with retrogradational avulsions) plot on the line 
or within the dechannelizing part of parameter 
space. Fifty-nine percent (59%) of the field data 
(26 of 44) plot above b* = 0.5, where the model 

always predicts dechannelization for runs in this 
space. Although we assumed that the blockage 
is sediment, an immobile blockage, such as 
jammed wood, produces similar results, except 
channels do not heal because the jam cannot 
be dispersed. Instead, discharge loss overbank 
causes alluviation upstream and downstream of 
the jam. Not all field observations fall within the 
space defined by the model runs in Figure 4. 
Model runs were limited to this domain because 
of numerical instabilities. 

IMPLICATIONS FOR AVULSION AND 
FLOODPLAIN DYNAMICS

Nearly all models assume that avulsions 
occur when the river bed aggrades by some 
proportion of its bankfull channel depth (Jerol-
mack and Mohrig, 2007; Hajek and Wolinsky, 
2012). In the case of retrogradational avulsions, 
the entire channel bed need not aggrade. Instead, 
retrogradational avulsions should take place on 
rivers where blockages are prevalent and where 
the topography slopes away from the channel, 
preventing water from re-entering immediately 
downstream of the blockage. Because most 
aggrading channels have alluvial ridges with 
transverse slopes, the recurrence of blockages 
would set the frequency of retrogradational 
avulsions.

The dechannelization process during retro-
gradation impacts floodplain ecology and could 
create distinctive stratigraphic facies. Large-scale 
forest die-off (Fig. 1H) would allow pioneer spe-
cies such as mahogany to regenerate (Gullison 
et al., 1996), which would affect forest biodiver-
sity and succession. Overbank sediment deposi-
tion during dechannelization in Bolivia was up to 
2 m thick (Lombardo, 2017). Stratigraphically, 
a channel similar to those of the study areas that 
filled during retrogradational avulsion would 
be narrow and show a coarse-grained fill with 

dimensions that approximate the instantaneous 
channel form, have vertically aggraded or per-
haps upstream-dipping sediment packages, abun-
dant large woody debris, and evidence for rapid 
deposition (possibly climbing ripples and graded 
beds). Shallow-flow sheets of sediment would 
slope gently away from the channel fill, and dead 
tree trunks would be buried upright. The rapid 
channel filling during a retrogradational avulsion 
could generate the suites of small, coarse-grained 
channel bodies that are often present in alluvial 
successions. If retrogradational avulsions are 
caused by logjams, then we would expect this 
stratigraphic signature to emerge after the evo-
lution of trees in the Middle to Late Devonian.

CONCLUSIONS
We present evidence and a model for a 

new style of avulsion. Retrogradational avul-
sions occur when a channel blockage triggers 
an upstream-migrating wave of dechanneliza-
tion that forces water overbank and fills the 
preexisting channel with sediment. The over-
bank flooding creates a characteristic chevron 
of dead vegetation and trees adjacent to the 
channel that is observable in Landsat data. The 
avulsion completes when overbank flow estab-
lishes a new pathway, which is usually through 
incision into preexisting floodplain or annexa-
tion. Retrogradational avulsions tend to form on 
rivers with small discharges and steep slopes. 
Model results show that under these conditions 
a channel blockage maximizes overbank flow 
loss relative to channelized discharge. This new 
style of river avulsion is currently unaccounted 
for in facies models of fluvial fans and may be 
an important contributor to floodplain aggrada-
tion and the architecture of small rivers prone to 
blockage by sediment and wood. Field studies 
are needed to evaluate the sedimentary deposits 
related to this new avulsion style.

Figure 4. Modeled parameter space. Dechan-
nelizing and healing model runs behave as in 
Figures 3A and 3B, respectively. Solid lines, 
which are thresholds between dechanneliz-
ing and healing space, change for different 
nondimensional blockage heights (b*). Model 
results shown are for b* = 1 and 25 m channel 
width. The field data points consist of the 44 
unique rivers in our data set; some experi-
enced multiple avulsions.

Figure 3. Examples of 
model output. The ini-
tial blockage can lead 
to (A) upstream-migrat-
ing dechannelization or 
(C) healing as sediment 
spreads downstream. 
(B,D) Magnitude and 
location of overbank 
flow during the simula-
tions in A and C. Plot 
extent is marked on the 
x-axis by a dotted line 
in A and C. Flux-per-unit 
levee length is the total 
going over both levees. 
Figure 4 shows locations 
in parameter space.

A B

C D
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