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Article history: An advection-diffusion model of fluvial processes was used to analyze the stratigraphic expression of avulsions in
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tions of the model runs (i.e., catchment area, smoothed initial topographic surface, grain-size distribution and
sediment supply rates) were extracted from the modern Rio Colorado dryland terminal river system in the Alti-
plano Basin (Bolivia). Water-discharge and sediment-load values were derived from global regression curves and
the BQART equation, respectively. To evaluate the robustness of the simulations, the model was tested under
increasing sediment-load scenarios ranging from 0.003 m?/s to 0.095 m>/s. Data-model comparison provided
insights into the role of avulsions in the geomorphological evolution of terminal river systems. The observed stack-
ing of sediments, as captured by geospatial and geochronological data from the Rio Colorado, is consistent with the
high sediment-load scenarios, which start with a single-thread fluvial channel that in time radially expands over the
floodplain by successive river avulsions on account of alluvial-ridge aggradation and channel-floor elevation above
the surrounding floodplain. The model output shows a laterally extensive, convex-upwards lobate topography
which is in agreement with the lateral and longitudinal geomorphology in the upper and lower coastal plain of
the Rio Colorado. The simulated inter-avulsion period, which is the time period between two successive full (or sta-
bilized) avulsions in the model, varies from 0.18 to 1.2 kyr and is consistent with the OSL-age determination in the

Rio Colorado with inter-avulsion periods up to 1.28 + 0.34 kyr.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction
1.1. Introduction

Channel-network evolution in dryland river systems is largely regu-
lated by avulsion dynamics (Kelly and Olsen, 1993; Nichols and Fisher,
2007; Donselaar et al., 2013). Avulsion is a multiscale threshold process
that may divert river flow outside the main (or parent) channel toward
adjacent low-lying floodplain topography, and thus alter the downstream
distribution of fluvial sediments (Leeder, 1978; Bridge and Leeder, 1979;
Mackey and Bridge, 1995; Heller and Paola, 1996; Jones and Schumm,
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1999; Mohrig et al., 2000; Slingerland and Smith, 2004; Hajek and
Edmonds, 2014). Thus, studies of modern and ancient dryland sediments
deposited between the gravel-sand transition in the vicinity of orogenic
belts and the terminal part of the sediment dispersal system rely heavily
on quantitative analysis of the mechanisms and frequency of avulsions
(Bryant et al., 1995; Jerolmack and Mohrig, 2007; Donselaar et al., 2022).

Field studies of modern and ancient fluvial systems provide a valuable,
yet fragmented record of avulsion recurrences spanning a wide range of
spatial and temporal scales (Makaske et al., 2002; Slingerland and
Smith, 2004; Aslan et al., 2005; Jones and Hajek, 2007; Stouthamer
etal, 2011; Hajek and Wolinsky, 2012; Edmonds et al,, 2016). The length
of inter-avulsion periods documented in the literature spans up to seven
orders of magnitude (10~ to 10° yr). Edmonds et al. (2016) suggested
that around 60% of recent avulsion events in Andean and Himalayan
basins were partial, and that successful (or stabilized) local avulsions
take around 11 yrs from initiation to completion. Experimental and field
evidence demonstrates that avulsion frequency correlates positively
with aggradation rate. The normalized super-elevation (defined as the
ratio of alluvial ridge height to channel depth) is a dimensionless measure
of a fluvial system's susceptibility to avulsion. The time interval needed to

0037-0738/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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form a deposit of unit thickness, i.e., equal to channel depth, may thus be
regarded as a fundamental control on the time evolution of fluvial archi-
tecture (Bryant et al., 1995; Heller and Paola, 1996; Jerolmack and Mohrig,
2007). Phillips (2011), Mordn et al. (2017), and Nicholas et al. (2018) sug-
gested that the normalized super-elevation at which avulsion is likely to
occur decreases in the presence of episodic peak discharges as occurring
in dryland fluvial systems.

Dryland fluvial systems are characterized by sparse vegetation,
which impacts on the sediment transport process, fluvial morphody-
namics and resultant sedimentary architecture (lelpi and Lapdtre,
2019; lelpi et al., 2022). The rivers are inactive during prolonged dry
periods, which may last from months up to yrs (Garreaud et al., 2003;
Li, 2014; Li et al., 2014). Their deposits form during short periods
(days) of extremely high precipitation leading to high liquid and solid
river discharge. Such peak-discharge events are highly variable in
semi-arid regions. In addition, the climate conditions in dryland-river
settings imply that the ephemeral channelized flow is subject to
transmission losses, owing to large-scale flood-outs out of the channel
confinement and onto the floodplain, infiltration and rapid evapotrans-
piration of excess surface water (Knighton and Nanson, 1994; Lange,
2005; Powell, 2009; Thornes, 2009; Costa et al., 2012; Costa et al.,
2013; Donselaar et al., 2013, 2022; Jarihani et al., 2015; Fielding et al.,
2018; Henares et al., 2020). Channel-network evolution in dryland
river systems is largely regulated by river-avulsion dynamics (Kelly
and Olsen, 1993; Nichols and Fisher, 2007; Donselaar et al., 2022). Avul-
sion diverts river flow from the main (parent) channel toward adjacent
sectors of the floodplain, and thus strongly affects the spatial distribu-
tion of fluvial sediments deposited downstream of the avulsion point
(Leeder, 1978; Bridge and Leeder, 1979; Mackey and Bridge, 1995;
Heller and Paola, 1996; Jones and Schumm, 1999; Mohrig et al., 2000;
Slingerland and Smith, 2004; Hajek and Edmonds, 2014). In reservoir-
geological terms, the thin-bedded fluvial deposits associated with
avulsions that are present at the fringes of channel belts and in topo-
graphically low sectors of the floodplain are volumetrically important
lithofacies units. Their lateral dimensions, internal geometries, and con-
nectivity are poorly resolved by conventional seismic and well-log data,
and therefore remain underexplored topics (Nichols and Fisher, 2007;
Van Toorenenburg et al., 2016; Colombera et al., 2017; De Jong et al.,
2020; Donselaar et al., 2022).

Quantitative analysis of the mechanisms, locations, and frequency of
avulsions in dryland-river systems is a prerequisite for capturing the
morphodynamic processes and understanding the spatial distribution
of channel-belt deposits over time (Bryant et al., 1995; Jerolmack and
Mohrig, 2007; Donselaar et al., 2022). Thus, there is a genuine need to
investigate the following: (a) the role of river avulsions in geomorpho-
logical evolution, (b) the architectural arrangement of channel-belt
sediment bodies, and (c) the preservation potential of terminal river
systems.

In this study, we present a data-model comparison of the Holocene
deposits of the Rio Colorado river system (Altiplano Basin, Bolivia). Satel-
lite imagery, sedimentological and geochronological data were used to set
the initial and boundary conditions for a basin-scale advection-diffusion
model of fluvial processes (SimClast: Dalman and Weltje, 2008, 2012),
and compare its output with the observed deposit geometries. The
model was used to simulate the evolution of the medial and distal parts
of the dryland fluvial system under different sediment-load scenarios.
We used channel-network evolution, fluvial-fan dimensions and esti-
mated inter-avulsion periods as benchmarks for data-model comparison.

1.2. Terminology: avulsion type, style, setup and threshold

In this section we provide a brief history of avulsion-related termi-
nology to clarify the different avulsion terms in this study. Based on nu-
merical experiments with a two-dimensional alluvial stratigraphic
model, Leeder (1978) subdivided avulsion behavior (or type) into
nodal and random. The former originates from a relatively fixed area
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on the floodplain, whereas the latter may occur anywhere along the
active channel. Heller and Paola (1996) characterized avulsions as
local or regional based on the downstream distance over which the
newly-formed channel remains outside its former course. Slingerland
and Smith (2004) recognized full (also termed successful or stabilized)
and partial avulsions based on whether the entire flow, or only a portion
of it, is transferred out of the main channel, respectively. They also sum-
marized three avulsion style end-members based on distinct floodplain
responses: (1) avulsion by annexation, in which a channel is captured or
reoccupied, (2) avulsion by incision, and (3) avulsion by progradation.
Hajek and Edmonds (2014) quantified the intermediate states between
incisional and progradational avulsion styles while also underscoring
the significance of floodplain morphodynamics to condition sedimenta-
tion patterns in avulsive systems. Mohrig et al. (2000) summarized
avulsion setup in terms of two different measures: (a) levee growth,
which increases the ratio of cross-floodplain to along-river gradients,
and (b) superelevation, which ‘calculates the relief between the water-
surface elevation in a channel at bankfull discharge (i.e., levee height) to
the minimum elevation of the adjacent flood plain (Heller and Paola,
1996). It is possible that these two measures are correlated if levee slope be-
comes steeper as the total amount of superelevation increases, such as in
the model of Slingerland and Smith (1998)’. Avulsion thresholds control
avulsion initiation and may either refer to short term (annual to
decadal) conditions under which a bifurcation or crevasse channel
becomes stable or to long-term conditions that cause a full regional
avulsion at landscape/architecture scale (Hajek and Wolinsky, 2012).
After avulsion initiation, the distributed flow adjacent to the parent
channel will seek for gradient advantage on the floodplain (Hoyal and
Sheets, 2009; Reitz et al., 2010). Ultimately, the stabilization of a
newly-formed crevasse channel is achieved by the appropriate combi-
nation of local conditions (i.e. cross-channel flow potential exceeding
a certain threshold level, bed geometry at bifurcation sites, factors favor-
ing floodplain incision) and an optimal downstream path at landscape-
scale (Slingerland and Smith, 2004; Kleinhans et al., 2013; Hajek and
Edmonds, 2014; Edmonds et al., 2016; Nienhuis et al., 2018). Finally,
Jones and Schumm (1999) subdivided the conditions necessary for an
avulsion into two main groups (or setups): (a) a long-term setup in
which the channel gradually increases its susceptibility to avulsion
and (b) a short-term trigger that initiates the avulsion (i.e. episodic
peak discharges).

2. Data and methods
2.1. Field area and avulsion history

The Altiplano Basin is a high-altitude (3650-4200 m), internally
drained (endorheic) semi-arid basin, filled by Cretaceous to Holocene
fluvio-lacustrine and eolian sediments (Donselaar et al., 2013; Li et al.,
2014). The basin is in a tectonically quiescent phase since the onset of
the Holocene, with only minor vertical uplift at a rate of 0.2 to 0.3
mm/yr (Gregory-Wodzicki, 2000). The Holocene history of the modern
Rio Colorado dryland river system in the Altiplano Basin (Bolivia) has
been reconstructed in detail (Donselaar et al., 2013, 2022; Li, 2014, Li
et al,, 2015; Van Toorenenburg, 2018; Van Toorenenburg et al., 2018).
The system provides a suitable analog for our study as it has undergone
limited anthropogenic modifications. Analysis of satellite imagery, sed-
imentology, and geochronology of the Rio Colorado enabled the sequen-
tial reconstruction of the sediment routing system between the west
flank of the Andean Cordillera Oriental and the terminal part of the sed-
iment dispersal system, where the river ends on the salt flat bordering
the Salar de Uyuni salt lake (Fig. 1).

The total drainage area of the Rio Colorado is ca. 15,000 km?
(Donselaar et al.,, 2013), and the river is subdivided into five sections
from source to sink: (1) upstream section with small tributary channels,
(2) confined river in a narrow gorge, (3) steeply-dipping alluvial-fan
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Fig. 1. (A) Landsat-7 ETM+ image (band combination 5, 3, 1) of the divergent terminal part of the Rio Colorado river system; image date is 16 Nov. 2002. Flow is toward the NW. White-
blue-brownish colors: edge of the Salar de Uyuni (modified after Donselaar et al., 2013 and Donselaar et al., 2022). (B) Reconstruction of channel-belt evolution in space and time, based on
satellite imagery analysis and OSL dating of sediment samples (labeled white dots 1 to 12, Lac) in the different channel-belt deposits. Relative geochronological order indicated by different

colors. Labeled red dots: avulsion points A to H. From: Donselaar et al. (2022).

(bajada), (4) upper coastal plain with straight midstream river section,
and (5) meandering-river section in the lower coastal plain (Fig. 2A).
Discharge events in the study area typically last 24-48 h, with peak
discharges exceeding 100 m>/s (Donselaar et al., 2013; Li, 2014). The
volume of floodwater in periods of peak discharge by far exceeds the ca-
pacity of the river to maintain the flow within its channel banks. Hence,
large-scale flood-outs occur, with formation of levees, crevasse-channel,
crevasse-splay and terminal-splay deposits along the trunk river. Aggra-
dation of these deposits to an alluvial ridge leads to the decrease of the

along-river gradient and simultaneous increase of the cross-floodplain
gradient, which favors the initiation and stabilization of river avulsions
(Mohrig et al., 2000; Donselaar et al., 2013, 2022; Li, 2014; Van
Toorenenburg et al., 2018). The in-channel gradient of the lower lacus-
trine coastal plain is extremely low (1:12,000), fluvial incision is mini-
mal to absent, and channel width and depth decrease downstream
(Donselaar et al,, 2013).

Successive Rio Colorado river paths all started with a low to moder-
ately sinuous (SI 1.25 to 1.58) trajectory bordered by small lateral bars,
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Fig. 2. (A) Block diagram of the Rio Colorado river system (top) and along-river profile with five river path segments (bottom) (modified after Donselaar et al., 2013). (B) Global regression
curve of estimated water discharge as a function of drainage area (modified after Blum et al,, 2013). Yellow point indicates environmental parameters for Altiplano Basin. (C) Basin-averaged
discharge and its power-law relationship with drainage area (after Syvitski and Milliman, 2007).
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and gradually evolved into highly sinuous (SI 1.70 to 2.56) streams by
point-bar lateral accretion (Donselaar et al., 2022). The geochronology
of the river avulsions, and the mean inter-avulsion period were estab-
lished with optically stimulated luminescence (OSL) dating of 18 sedi-
ment samples, collected in shallow pits at the interface of the last
point-bar lateral-accretion deposits with the abandoned-channel fill,
thus capturing the time of abandonment of the river path. Intra-
avulsion periods are up to 1.28 & 0.34 kyr. The present-day path of
the Rio Colorado river system initiated by avulsion at 0.62 + 0.13 kyr
BP (Donselaar et al., 2022). The resultant landform of the lower coastal
plain has a convex-upward lobate shape, formed by a network of
compensationally-stacked alluvial ridges (Friend et al., 1979; North
and Warwick, 2007; Li et al., 2015; Van Toorenenburg, 2018;
Donselaar et al., 2022). The fluvial deposits in the lower coastal plain
attain a maximum thickness of 3 m and an areal extent of ca. 500 km?
(Fig. 1A). They overlay diatom-rich lacustrine clays that formed during
the last lake-level highstand, which ended 11.5 kyr BP (Baker et al.,
2001; Blard et al., 2011).

2.2. Model description

The synthetic stratigraphy in this study was acquired using SimClast,
a model developed by Dalman and Weltje (2008). The model is capable
of simulating channel network dynamics, floodplain interactions and
coastal processes. The fluvial module of SimClast simulates channel-
network development through the routing of dispersive flow on
the floodplain (Freeman, 1991; Meijer, 2002), and advective transport
in channels. River avulsions are simulated by using a simplified
bifurcation-stability routine (Slingerland and Smith, 1998). A central
assumption in the model is that channel-belt aggradation locally
increases the ratio of cross-floodplain to in-channel gradients and thus
creates favorable conditions for avulsions to occur (Slingerland and
Smith, 1998; Jones and Schumm, 1999; Mohrig et al., 2000; Aslan
et al,, 2005; Hajek and Wolinsky, 2012; Hajek and Edmonds, 2014;
Edmonds et al., 2016; Ganti et al., 2016; Nicholas et al.,, 2018; van
Toorenenburg et al., 2018). Crevassing (or levee breaching) is regarded
as a spatially random triggering mechanism conditioned by local
topography that initiates channelized flow outside the parent channel.
The stability of a newly-formed channel is determined by estimating
the equilibrium water discharge (which is redistributed over the old
channel and the crevasse channel) and corresponding sediment trans-
port capacity of the crevasse channel, based on the vertical sediment
concentration gradient in the parent channel. If sediment load exceeds
transport capacity, the river bank of the parent channel will heal.
Conversely, the crevasse channel will evolve by incision until its
transport capacity balances the sediment load (Fig. 3). This approach
permits simulation of a variety of phenomena characteristic of
drainage network evolution: failed avulsions, stable bifurcations, full
avulsions, and channel-belt re-occupation (Dalman and Weltje, 2008;
Karamitopoulos et al., 2014).

2.3. Model boundary conditions for numerical simulation

Mass balance and scale analysis enabled the approximation of the
boundary conditions for the simulations, which comprise base (lake)
level and rate of sediment supply. The water-discharge (Q,,) and
sediment-load (Qs) values were derived from global regression curves
(Blum et al., 2013) and the BQART equations (Syvitski and Milliman,
2007), respectively (Fig. 3). Based on the regression of Q,, on catchment
area (A.), a water discharge of 500 m>/s was derived. This estimate lies
in the same order of magnitude with the peak discharge obtained by
model-based ratings (https://floodobservatory.colorado.edu/) and the
input water discharges used in a previous modeling study of an analogous
river system in Lake Eyre Basin, Australia (Morén and Amos, 2018).

Sediment load (or yield) was estimated using a variation of the
BQART model (Syvitski et al., 2003; Syvitski and Milliman, 2007;
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Kettner et al., 2010; Cohen et al., 2013; Weight et al., 2011; Allen et al.,
2013; Semme et al., 2013; Zhang et al., 2018; Brewer et al., 2020):

Qs = ®BQY*' ART 1)

where Qs is sediment load, w is equal to 0.0006, Q,y is the estimated
water discharge, B is the anthropogenic-geological influence factor
(set equal to 1 since human influence, glacial influence and water trap-
ping are negligible), R is the catchment maximum relief (ca. 0.45 km)
and T is basin-averaged temperature (22 ° C). By using these values,
Qs was found equal to 0.23 km>/yr (7.29 m>/s). We assumed that only
a small fraction of the estimated sediment load (<1%) reaches the
upstream apex of the system owing to high rates of water loss and
great variability in water discharge from the drainage basin to the
sediment entry point of the system. This assumption is consistent
with a rudimentary volumetric approximation using a fan area of ~500
km? and an average thickness (~1 m). The product of area and
thickness is equal to 0.5 km>. Assuming that the Rio Colorado river
system has been active for at least 3.69 + 0.34 kyr (age of oldest
abandonment), the ratio of volume over this minimum age yields an
averaged Qs on the order of 10° m3/yr (or 10~* km?/yr).

Fluvial system evolution was simulated under time-invariant exter-
nal forcing for a period of 4000 yr, which approximates the age of the
oldest abandoned river path (Channel belt 1) in the study area
(Donselaar et al., 2022). The grid cell size was set equal to 1 x 1 km
and the time step to one yr, which represents the finest spatio-
temporal resolution at which the model can operate (Dalman and
Weltje, 2008). For all experiments, we assumed that Q,, and Qs are
averaged over the course of each time step. Bifurcation and avulsion
dynamics were tested under a wide range of sediment load scenarios
(0.003 to 0.095 m®/s) in order to evaluate the robustness of the model
results and fine-tune the model input.

The different scenarios were named in terms of increasing sediment
load (SL): SL1, SL2, SL3, SL4 and SL5 correspond to solid river discharge
of 0.003, 0.015, 0.03, 0.06 and 0.095 m?>/s respectively. In each SL
scenario, water and sediment were supplied at a constant rate to the
upper coastal plain of the basin through a single entry point represent-
ing the boundary between the steeply-dipping alluvial fan segment and
the upper coastal plain. The initial topographic surface of model was set
equal to 0.0015 in order to account for the higher gradient of the upper
coastal plain of the Rio Colorado river system. Sandy and muddy sedi-
ments (with a fixed grain-size distribution of 20% and 80% of each by
volume) were represented by two grain-size end-members (0.5 mm
and 0.0001 mm, respectively) in accordance with grain-size distribu-
tions of samples in the study area (Li et al., 2015). The grain-size distri-
bution of the subsurface was set to be identical to the sediment feed.

2.4. Quantification of system response

Bifurcation events and avulsion occurrences were extracted from
the model output. For every time step, dynamic parameters representa-
tive of water flow and sediment transport were estimated. One of the
parameters is the cross-sectional area a, which is the wet area of chan-
nel cross section at mean volumetric flow rate (Q), derived from an
expression of the mass (and volume) conservation equation:

Q = uay = uay, (2)

where u is decomposed, and represented by mean flow velocity. This is
an empirical equation (also known as Darcy-Weisbach equation) which
relates pressure loss due to friction along a given length of a pipe to
the average velocity of the fluid flow for an incompressible fluid. The
equation is useful in the transition region between laminar flow and
fully-developed turbulent flow. It contains a dimensionless friction
factor (fp) which was assumed to be equal to 0.05, representative of
sand-bed rivers. Another parameter which was estimated during the
model runs is the aggradation to progradation (A/P) ratio which is
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Fig. 3. SimClast avulsion rules: (A) initiation by crevasse triggering, (B) conditions for crevasse termination (sediment load exceeds transport capacity) or stabilization (transport capacity
exceeds sediment load). (C) Oblique view of stabilized channel network after successful crevassing.

(Modified after Dalman and Weltje (2008).)

indicative of alluvial aggradation and equals the thickness ratio of net
sediment deposited above base level to net sediment deposited below
base level across the entire grid (Fig. 4).

The geomorphic end-products of the numerical experiments consist
of multiple topographic maps and visualizations of sedimentation pat-
tern and water discharge. Post-processing of the stratigraphic and
water discharge output of the model enabled: (1) the clustering of
channel deposits into avulsion-based river pathways (or tracts),
(2) the quantification of flow occupancy defined by the percentage of
simulation time a grid cell was occupied by an active channel
(Ashworth et al., 2007; Van Dijk et al., 2009), and (3) calculation of
the cumulative volume of total aggradation. Finally, the normalized
inter-avulsion period was defined as the inter-avulsion period divided
by the total period of the record (Mackey and Bridge, 1995).

3. Results and discussion

The low sediment load scenarios (Qs < 0.03 m>/s) are characterized
by straight channels and fixed drainage to the terminal part of the

sediment dispersal system where symmetrical lacustrine deltas grow
by means of mouth bar-induced bifurcation events at the terminus
(Fig. 5A). The geomorphic pattern changes over time in the high sedi-
ment load scenarios (Qs > 0.03 m>/s) as a consequence of higher rates
of alluvial-ridge aggradation, deposition of higher-sinuosity channel-
belt sediments and increase of cross-floodplain gradients. Such condi-
tions favor the initiation and stabilization of avulsions (Fig. 5B).

In the early stage of the high-load scenario (SL5), channels remained
in place for long periods of time acting mostly as conduits for sediments
to reach the coastline (Fig. 6A). The emergent avulsive behavior during
later stages led to dispersion and offset stacking of sediments across the
floodplain forming a laterally extensive convex-upwards lobate topog-
raphy with abandoned channel deposits arranged on either side of the
main paleoflow axis (Fig. 6B).

The second part of the work focused on the comparative analysis of
the modeled and observed avulsion behaviors. Avulsions extracted
from SL5 are organized in three sequences (Fig. 7). Each sequence
groups a series of avulsion sites that shift progressively upstream with
a concomitant decrease in avulsion periodicity (Mackey and Bridge,
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Fig. 4. Definition diagram of A/P ratio. Each depositional episode starts with progradation of lower coastal-plain facies and/or delta lobes and concomitant aggradation of upper coastal-
plain and fluvial facies. Note upstream migration of avulsion sites (red dots) forming the apex of the delta.

1995; Stouthamer et al., 2011). The avulsions extracted during SL5
allowed the subdivision of the simulated stratigraphy into 22 river
tracts (or flow paths) and their associated deposits (Fig. 8A). Avulsions
that fell below the temporal resolution limit of the morphodynamic
output (40 yr) were grouped in the same cluster. Avulsions included
full (or stabilized), partial and failed avulsions. Post-processing of the
channelized drainage evolution permitted the estimation of flow occu-
pancy (Fig. 8B, C). The normalized avulsion periods are based on a nor-
mal kernel function evaluated at equally-spaced points covering the
entire range of observed and modeled data (Fig. 9). The last three
parts of the section focused on the architectural arrangement of a

dryland fluvial succession and the preservation potential of the associ-
ated deposits.

3.1. Morphodynamic evolution

For all experiments, we took a regionalized approach by assuming
that Q,, and Qs are averaged over the course of each time step. In
reality, more than 95% of the annual discharge arrives within a few
days in short, high-magnitude peak-discharge events (Garreaud et al.,
2003; Li, 2014). The greatest limitation of this approach is the uncer-
tainty related to the magnitude and spatial distribution of rainfall
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which is a common problem when interpolating hydrological informa- simplified approach to regionalize streamflow properties directly
tion to ungauged catchments (He et al., 2011). Water loss by flood-outs, avoids these issues (de Lavenne et al., 2016) because examination of
infiltration and evapotranspiration impose additional uncertainties. Our causal rainfall-runoff relations is not within the remit of this study.
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The model output illustrates the relationship between morphody-
namic evolution and the dominant spatio-temporal patterns of
sedimentation (Fig. 6A). During the first stage of the simulation
(4000-3200 yr BP), deposition is strongly progradational and marked
by a rapid increase of the cross-sectional channel area (Fig. 6A, inset).
Under constant discharge rate, sediments reach the distal part of the
lower coastal plain forming a symmetrical lacustrine delta. At ca. 3200
yr BP, the system is punctuated by a significant decrease in the cross-
sectional channel area. The longitudinal outbuilding of the system
lengthens its fluvial profile, reduces equilibrium gradient and induces
upstream aggradation (Dalman et al., 2015). This in turn increases the
cross-floodplain gradient relative to the slope downstream and pre-
pares the ground for an avulsion which can be initiated by a flooding
(or crevassing) event (van Toorenenburg et al., 2018; Donselaar et al.,
2022). In case of a full avulsion, the newly-formed channel incises into
the surrounding floodplain area while a juvenile lobate unit is deposited
on a topographically lower-lying area downstream. The channels are
backfilled with sediments and set up the system anew to an avulsion
prone state.

3.2. Data-model comparison and avulsion thresholds

The data-model comparison, which was conducted on the basis of
channel-belt network evolution, the fluvial-fan geometry and prob-
ability density estimates of normalized avulsion periods, showed
that the observations in the Altiplano Basin are in accordance with
the high sediment-load scenarios (Figs. 1, 2, 5A, 6A, B, 8). The succes-
sive Rio Colorado river paths all started with a moderately-sinuous
(SI'1.25 to 1.58) trajectory bordered by small point bars, and gradu-
ally evolved into highly-sinuous (SI 1.70 to 2.56) streams with wide
point bars with a large surface area (Donselaar et al., 2022). This is
consistent with the modeled channelized flow (scenarios SL4 and
SL5), which started with a straight single-thread channel and over
time switched radially on account of continuous growth of alluvial
ridges, deposition of higher-sinuosity channel-belt sediments, and
the gradual increase of the ratio of cross-floodplain to along-river
gradients. Compensational offset stacking of sediments formed a
convex-upwards lobate topography which extends ca. 10 km in the
proximal part, ca. 50 km in the distal part and is a few meters thick
(2-5 m and 2-12 m for scenarios SL4 and SL5, respectively). Higher

slopes occur in the vicinity of the main paleoflow axis with a gradual
decrease toward down-valley direction. These dimensions are com-
parable to the lateral and longitudinal extent of the fluvial forms in
the upper and lower coastal plain of the Rio Colorado river system.

The normalized avulsion periods are based on a normal kernel
function evaluated at equally-spaced points covering the full range
of observed and modeled data (Fig. 9). For the simulated scenarios,
the avulsion threshold between the failed/partial avulsions and the
full ones was defined by the intercept of the first two peaks of the
probability distributions (~0.045, which equals an avulsion period
of 180 yr). The simulated avulsion periods in scenario SL4 range
from 180 to 1200 yr (corresponding to 0.045 and 0.3 normalized
avulsion periods, respectively), whereas the estimated inter-
avulsion periods in the study area range from 400 to 1300 yr. The
model results include a large number of failed/partial avulsions,
which is likely not the case for the observed data, as these reflect
full avulsions only. Evidence of failed/partial avulsions in the outcrop
analog study tends to be obscured by the subsequent evolution of the
system which includes expansion of the alluvial ridges and partial
erosion of previous river paths. Comparative analysis between
scenarios SL4 and SL5 shows that a potential increase in sediment
load (i.e. scenario SL5) shifts avulsion recurrences to a higher-
frequency domain.

3.3. Avulsion sequences

Avulsions in the high sediment-load scenarios are organized in three
sequences (Fig. 7). Each sequence groups a series of avulsion sites that
shift progressively upstream with a concomitant decrease in avulsion
periodicity. In the first stage, deposition is strongly progradational
with predominantly bifurcation events occurring at the lacustrine
delta edge and a few nodal and local avulsions. The gradual lengthening
of the fluvial profile reduces equilibrium gradient and induces upstream
aggradation which marks the initiation of a new avulsion sequence
which drives depocenter shifts to adjacent regions partially onlapping
onto older existing fluvial fans or toward a completely new course
driven by regional avulsions. During the last stage, sediment is fed
from random avulsions into the surrounding topographic lows while
avoiding the previously formed alluvial ridges. Episodic peak discharge
periods generate the sediment fluxes necessary to trigger the last stage
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as described above owing to excessive amounts of rainfall in the drain-
age area forcing rapid flooding events. This is supported by the analysis
of remote sensing imagery over the period of 30 yr which suggested
that morphological changes at the terminus of the Altiplano system
occur after peak discharge events (Li et al., 2018).

3.4. Architecture of dryland fluvial successions

Various hypotheses, supported by morphodynamic modeling and
field studies, gave new insights about the formation and architectural
arrangement of channel-belt sediment bodies (Leeder, 1978; Bridge and
Leeder, 1979; Mackey and Bridge, 1995; Kraus and Aslan, 1999; Mohrig
et al,, 2000; Gouw, 2007; Hajek et al.,, 2010; Wang and Plink-Bjorklund,
2019). In this study, the spatial organization of the abandoned channel
belts reflects the adjustment of active river tracts to the inherited (local)
base level by compensational stacking (Sheets et al., 2002; Straub et al.,
2009; Wang et al., 2011; Hajek and Wolinsky, 2012; Edmonds et al.,
2016). Over time, the initial single-thread channel gradually expands
radially into multiple channels on account of continuous growth of allu-
vial ridges and avulsion-induced compensational stacking. The channel
belts diverge over the unconfined floodplain area where reworking is
less likely to occur. The resulting depositional architecture is a laterally
extensive sheet with a fan-shaped top view and a convex-up shape,
made up of radially arranged, connected sandy alluvial ridges (Fig. 10).
Recent field research focusing on crevasse-splay architectural elements

in the same area concluded that avulsion initiation is favored locally by
alluvial-ridge development associated with compensational stacking of
crevasse-splay deposits and channel-floor elevation above the floodplain
(Van Toorenenburg et al., 2018; Donselaar et al., 2022).

3.5. Preservation of a terminal fluvial system

Over the short term, the spatial variation in flow occupancy plays a
key role in the sedimentation and preservation of the fluvial-fan chan-
nel deposits (Fig. 8). Long flow-occupancy periods in the proximal
area correspond to low total aggradation because the conveyor belt
constantly reworks and distributes sediment downstream (Fig. 8C). By
contrast, higher abundance of channel-belt volumes is found across
the medial to distal areas. This is consistent with previous experimental
observations of channelized flows that occupy a particular route in the
basin without filling it (Sheets et al., 2002; Ashworth et al.,, 2007; Van
Dijk et al., 2009). Short-term sequestration and preservation run against
common stratigraphic evidence which suggests that high relative
volumes of channel deposits typically lie in the proximal sectors of
fluvial-fan bodies. Therefore, we distinguish between topographic
fluvial fans, which are fans defined by surface topography at some
instance in time, and the final preserved fluvial fans in the stratigraphic
record. Over the long term, the preservation of sediments of the termi-
nal fluvial system is regulated by the regional subsidence pattern, and
therefore periods of base-level rise (Miall, 1996). Under stable base-
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Fig. 10. Conceptual model of alluvial architecture illustrating a medial-to-distal cross-section. S1, S2 and S3 represent clusters of channel-belt sediment bodies (yellow) corresponding to
the three successive stages of dryland avulsion sequences. Background represents fine-grained deposits.
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level conditions, the progradation of the terminal fluvial system may be
translated into a fixed rise of base level across the entire coastal plain
which induces aggradation upstream (Dalman et al.,, 2015). Additional
accommodation may be provided by the higher compaction rates of
floodplain fines relative to the coarser grain-size fraction. By contrast,
intense floods may abruptly destroy accommodation and generate rec-
ognizable sedimentary signals in sink areas (i.e., storm intensity corre-
latable to mean grain size signature; Romans et al., 2016). Finally, in
the case of a high-magnitude base level rise, low-stand fluvial fan
deposits simply drown owing to enclosed basin conditions with mini-
mal wave action and along-shore currents and are draped with lacus-
trine high-stand mud (De Jong et al., 2020).

4. Conclusions

An advection—diffusion model of fluvial processes allowed us to
analyze the following: (a) the role of river avulsions in geomorphological
evolution, (b) the architectural arrangement of channel-belt sediment
bodies, and (c) the preservation potential of terminal river systems.
Geospatial and geochronological data from Rio Colorado Data enabled
comparisons with the model output. The observed offset stacking of sed-
iments in the river system is consistent with the high sediment-load
model scenarios, which started with a single-thread channel, and in
time expanded radially into multiple channels on account of progressive
growth of alluvial ridges and avulsion-induced compensational stacking.
The geomorphic end-product is a convex-upwards lobate topography
with a thickness of a few meters, and abandoned channel deposits on
either side of the main paleoflow axis that extends over 10 km in the
proximal part, and 50 km in the distal part of the terminal river system.
The modeled geomorphology shows a good comparison with the geo-
morphology in the upper and lower coastal plain of the Rio Colorado
river system. The simulated avulsion periods of the high sediment-load
scenario (180-1200 yr) show a good match with the avulsion periodicity
of 1.28 4 0.34 kyr in the Rio Colorado river system.

The model output yielded three successive stages of river evolution,
which determine the resultant landform in this study: (1) rapid river
progradation with bifurcation events at the lacustrine delta edge, and
a few nodal and local avulsions; (2) gradual lengthening of the fluvial
profile, which reduces equilibrium gradient and induces upstream
aggradation, and triggers new avulsions that result in depocenter shifts
to adjacent low-lying regions; and (3) compensational stacking in topo-
graphic lows in between alluvial ridges by random local avulsions. The
integrated approach of process-based modeling in combination with
geospatial and geochronological data sets provides a large-scale frame-
work for modeling studies of ancient fluvial stratigraphic units in which
the radial extent of the fluvial system and the spatial organization of its
isolated channel-belt sediment bodies are controlled by avulsion-
induced compensational stacking.
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