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Point-bar deposits exhibiting fining-upward grain-size trends are widely documented from both modern rivers
and ancient preserved successions. However, in some mud-dominated sedimentary systems this common pat-
tern may not occur; rather, alternative coarsening-upward trends can develop. We investigated point-bar
deposits in the mud-dominated river terminus (median value (D50) b 55 μm) of the meandering Río Colorado
in Bolivia's southern Altiplano, a semi-arid endorheic basin. Grain-size trends were investigated using double
random grain-size distribution (GSD) measurements and end-member modelling analyses (EMMA), as well as
detailed mineralogical analyses (XRD and LOI). These methods revealed an upward-coarsening trend of point-
bar deposits in terms of D50 of GSD and in proportions of coarse sediment for two (C2 and C0) of three chrono-
logically differentmeandering channels in the river terminus. Those of another abandoned channel (C1)were, by
contrast, dominated by a fining-upward trend. The deposits in channel C2 were characterised by a lower content
of organic matter and carbonate compared with those of the other two channels. A novel conceptual model for
the formation of coarsening-upward point-bar deposits is proposed. The model implies the action of low-
frequency, high-magnitude floods during an overall hyper-arid period when sediment supply to the river termi-
nus is dominated by clay and fine silt. A temporal trend toward higher magnitude and longer duration flood
events allows for the transport coarser-grained sediments further down system toward the river terminus
where deposition occurs on the inner bend of meandering channels. Successive accretion layers within the
point-bar deposits record a coarsening upward trend. Results demonstrate how a coarsening-upward succession
of point-bar deposits in the muddy river terminus of a semi-arid endorheic basin can contribute to improved
understanding of mechanisms of deposition in fine-grained fluvial systems. Our results contribute to an
improved understanding of the varied processes and sedimentology of veryfine-grainedmeandering river termi-
nus systems in semi-arid or arid endorheic basins; the results additionally provide insight to enable improved
interpretations of rock record examples of pre-vegetation rivers on Earth and other planetary bodies.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Point-bar deposits are a fundamental architectural element of
meandering river systems (Miall, 1988; Colombera et al., 2013). Many
point-bar elements comprise sand-prone deposits (Jackson, 1981;
Thomas et al., 1987; Miall, 1988; Rygel and Gibling, 2006; Simon and
Gibling, 2017a), and these can be economically important in subsurface
successions where they serve to form groundwater aquifers and
@gmail.com (J. Li).
hydrocarbon reservoirs (e.g., Smith et al., 2009; Donselaar et al.,
2017a). Although highly variable with respect to their internal facies ar-
rangement (e.g., Yan et al., 2017; Shiers et al., 2019), point-bar deposits
commonly exhibit a fining-upward trend, with a coarse sand or gravel
basal lag overlain by sand deposits that transition upward to fine sedi-
ments (silt and clay) (Bridge et al., 1995; Colombera and Mountney,
2019). This common fining-upward trend arises as a result of the grad-
ual lateral shift of the channel pool – which hosts the strongest current
in the channel – as it progressivelymoves outward in response tomean-
dermigration (Visher, 1964; Allen, 1963; Jackson, 1976; Nanson, 1980).
Sand-prone point-bar deposits are commonly overlain directly by fine-
grained floodplain sediments (Allen, 1963; Jackson, 1976; Nanson,
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1980). This fining-upward succession is common because the helicoidal
flow regime present around a meander bend gradually loses momen-
tum along the point-bar slope due to friction (Allen, 1963).

Recent studies note that different processes may operate in rivers
that transport dominantly fine-grained sediment: in mud-dominated
meandering river systems, sand- and silt-sized aggregates can be
transported as bed load and be deposited along the flanks for growing
point bars in sinuous channels; high smectite contents associated with
vertisol-type soils appear to promote this (Maroulis and Nanson,
1996; Gibling et al., 1998; Wakelin-King and Webb, 2007; Simon and
Gibling, 2017a, 2017b). According to these studies, cycles of wetting
and drying can form mud aggregates with low densities, which are
entrained, transported and deposited directly during flood events. The
integrity of such sand-sizedmud aggregates (also named “clay pellets”)
may not necessarily be preserved during compaction. However, Müller
et al. (2004) suggest that burial depth – and, by extension, compaction –
does not seem to be an important factor for preservation of mud aggre-
gates. The above-mentioned studies considered examples either from
the rock record (e.g., the Triassic Lunde Formation Norway, Müller
et al., 2004; the Lower Permian Clear Fork Formation of north-central
Texas, USA, Simon and Gibling, 2017a, 2017b) or from the middle or
upper reaches of point bars in recent fluvial systems (e.g., central
Australia, Maroulis and Nanson, 1996; Gibling et al., 1998).

Sediments deposited in the terminal areas of large, low-gradient,
dryland rivers tend to have been transported relatively long distances
from upland source regions. In the distal parts of many such terminal
rivers, silt- and clay-sized sediment dominates (Knighton, 1980;
Ferguson et al., 1996; Rice and Church, 1998; Frings, 2008; Kemp,
2010). Coarser sediments are more common in the proximal piedmont
area and in medial areas (Li et al., 2015). In semi-arid endorheic basins,
this downstream pattern in particle size is attributed to the ephemeral-
ity of flow, characterised by infrequent and short-lived flash floods
(Tooth, 2000; Li et al., 2015). Such systems commonly experience floods
driven mostly by thunderstorm events (Knighton and Nanson, 2001;
Alexandrov et al., 2003). These types of floods are not necessarily capa-
ble of transporting coarse-grained sediments along the entire river
system (Graf, 1988; Nanson et al., 2002), likely because of a combina-
tion of (i) extremely low gradient in the distal regions of the fluvial
plain (ii) the short duration of peak discharge events, with a rapid rising
and falling stage; (iii) water loss due to infiltration and surface evapora-
tion (Tooth, 2000; Donselaar et al., 2013). However, if the magnitudes
and frequencies of floods increase, coarse sediments have a greater
potential to be transported further downstream and may be deposited
at the river terminus which, in endorheic basins, is the final depocentre,
or the sediment sink. However, for fluvial systems in arid and semi-arid
settings, prediction of the relationship between mean annual precipita-
tion and sediment yield is not straightforward: in some systems, flood
events are commonly of relatively low frequency but high magnitude
and might be associated with high sediment yield for a given discharge
event; in other systems, at the transition from an arid to a semi-arid cli-
mate regime the colonisation of the land surface by vegetation may act
to retard surface runoff and sediment yield (Micheli and Kirchner, 2002;
Comiti et al., 2011; Camacho Suarez et al., 2015). Furthermore, longer
duration peak discharge events may entail longer transport distances
of coarser sediment, thereby increasing the proportions of bedload
deposited in the distal regions. Such trends in grain size are therefore
thought to have the potential to help decipher subtle signals of climate
changes in the tectonically quiescent regions (Coronel et al., 2020).

Here we investigate sediment dispersal and grain-size characteris-
tics of point-bar deposits in the distal parts of a non-vegetated, fine-
grained (median value (D50) b 55 μm) meandering river system, the
Río Colorado terminus in the Salar de Uyuni in Bolivia's southern
Fig. 1.Map of the study area. A) Location of the Altiplano Plateau in South America; B) and C) S
tigated channels on a Google Earth map. The flow direction is from upper right to lower left in
A and B are modified after Placzek et al. (2011).
Altiplano. The aim of this study is to develop a model to account for
the origin of coarsening-upward point-bar deposits in a modern
meandering river terminus in a semi- and arid endorheic basin through
an investigation of the grain-size characteristics of point-bar succes-
sions that are dominated by clay and silt deposits with little to no
sand. Specific research objectives are as follows: (i) to demonstrate
how sediment samples collected from boreholes that penetrate point
bars of palaeo-channels and active channels can be examined using a
laser particle sizer for granulometric analysis as part of flume-based ex-
periments to determine modes of sediment transport; (ii) to relate
grain-size characters and mineralogy using a laser-diffraction particle
sizer and X-ray diffraction (XRD) technique; (iii) to show how end-
membermodelling of the grain-size distribution can be applied to accu-
rately quantify the proportions of the different components within the
point-bar deposits; (iv) to develop a conceptual sedimentological
model to demonstrate the formative processes of upward coarsening
trend of point-bar deposits in the river terminus system of an endorheic
system.

The results of this work have important implications for feasibility of
granulometric analysis in fine-grained (D50 b 55 μm) meandering river
termini, especially those in semi-arid and arid endorheic basin settings.
Moreover, the results contribute toward an improved understanding of
the variety of processes that govern the development of present-day
non-vegetated meanders (e.g., Ielpi, 2018; Santos et al., 2019). Impor-
tantly, results may also inform on the growing appreciation of the
apparent commonness of meandering river deposition on ‘pre-vegeta-
tion’ Earth and in the drivers of such styles of sedimentation
(Marconato et al., 2014; Santos et al., 2017; McMahon and Davies,
2018; Ielpi et al., 2019).
2. Study area

The Altiplano Basin is an internally drained basin filled with Tertiary
and Quaternary alluvial, lacustrine and volcanoclastic deposits (Fig. 1A,
B, C) (Horton et al., 2001; Elger et al., 2005). Currently, the basin expe-
riences a semi-arid climate with an annual precipitation of N800 mm
in the north and b200 mm in the south (Argollo and Mourguiart,
2000) but the annual evapo-transpiration potential of 1500mmgreatly
exceeds these precipitation ranges (Grosjean, 1994; Risacher et al.,
2009). Three hydrographic regions can be distinguished in the Altiplano
basin: the permanent Lake Titicaca, the seasonal hypersaline Lake
Poopó, and the Salars (salt pans) of Coipasa and Uyuni. Sedimentologi-
cal research employing various proxies (e.g. content of pollen and
diatoms, composition of stromatolites and bioherms) revealed that
the Altiplano basin has experienced oscillations of wet-dry climatic
periods since the late Pleistocene. Boreholes in the southern Salar de
Uyuni revealed a sediment record of alternating mud-salt layers in the
lake centre in support of this (Bills et al., 1994; Sylvestre et al., 1995;
Baker et al., 2001; Rigsby et al., 2005; Placzek et al., 2006).

The Río Colorado river terminus covers a non-vegetated area of
~475 km2. Sedimentological field studies have shown that this river
terminus has deposited alluviumatop lacustrinemuds thatwere depos-
ited during a lake-level highstand period, though without significant
fluvial channel incision due to a low topographic gradient and the action
of ephemeral flows with low stream power (Donselaar et al., 2013).
Geophysical and altimetric studies suggest the river terminus system
has been tectonically quiescent in the late Pleistocene and Holocene
(Bills et al., 1994; Baucom and Rigsby, 1999; Rigsby et al., 2005). The
lower Río Colorado terminus is characterised by an overall low gradient:
the maximum slope is 5.75 × 10−4, declining to ~1.48 × 10−5 (Li et al.,
2015).
ite of the study area in the Altiplano plateau. D) Río Colorado terminus system and inves-
C and from low right to upper left in D.
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Optical stimulated luminescence (OSL) dating results have sug-
gested that the overlying fluvial deposits formed after 4.26 ± 0.36 ka
(Donselaar et al., 2017b). Short-term analyses based on time-series
satellite imagery have revealed a time-averaged frequency of channel
avulsion of approximately five years in the distal part of the Río Colo-
rado river terminus (Li et al., 2014a; Li and Bristow, 2015). An OSL-
based long-term analysis of the proximal part of the river terminus
indicated the frequency of nodal avulsion was approximately
200 years with a range from 60 to 910 years (Donselaar et al., 2017b).
The channel switching in the proximal part of the river terminus
systems is referred to as nodal avulsions, whereas avulsions in the distal
part of the fan are so-called local avulsions (Slingerland and Smith,
2004). Different temporal scales of avulsion frequency indicate varia-
tions in the spatial effects of compensational stacking processes
(e.g., Straub et al., 2009). Dates obtained frompoint-bar surfaces suggest
multiple channels were abandoned from 3.64 ka to 0.70 ka, clustering
into five age brackets (see Fig. 3 in Donselaar et al., 2017b).

The Río Colorado is characterised by seasonal activation and down-
stream reduction in cross-section area due to the coupled effects of
low precipitation, strong evapo-transpiration and infiltration
(Donselaar et al., 2013; Li et al., 2014a). Previous studies in this river ter-
minus system have revealed prominent splay morphodynamics and
sediment dispersal patterns (Li et al., 2014a, 2015, 2019, 2020; Li and
Bristow, 2015; van Toorenenburg et al., 2018). Low-frequency but
high-magnitude floods have impacted considerably on the geomor-
phology and sedimentology of the river terminus, in particular in the
distal part and floodplain of the river terminus due to significant
overbank flooding (Li et al., 2018, 2019). However, a suite of multi-
decadal satellite imagery also indicates that along the sinuous reaches
of the present main channel no chute channels have developed (Li
et al., 2019).

3. Data acquisition and methods

3.1. Data acquisition

A two-week field campaignwas conducted during the end of the dry
period (Nov. 2012) and focused on sediment sampling of point-bar
deposits along two palaeo-channels and the presently active channel.
Additionally, other sedimentary elements such as crevasse splays, natu-
ral levees and floodplain deposits were investigated, the aim being to
better understand the sedimentary and petrographic architecture of
the Río Colorado river terminus. A total of 219 sediment samples were
collected from the whole river terminus for further laboratory analysis:
90 from point-bar deposits; 58 from crevasse-splay deposits; 71 from
floodplain deposits. These sediment samples were processed for grain-
size distribution, the results of which have been used as input for
endmember modelling (see below).

This paper focuses on the point bars of three channels, which ema-
nated from the same parent channel at a point of nodal avulsion in the
proximal part of the fluvial system, to traverse different parts of the
fluvial lower plain (Fig. 1D). Combined with visual interpretation on
Google Earth™ imagery of cross-cutting relationships and OSL dating
results by Donselaar et al. (2017b), the three channels were chronolog-
ically numbered as C2 (1.1–0.9 ka), C1 (0.7–0.5 ka) and C0 (0.4 ka–pres-
ent), respectively (Fig. 1D). Nine point-bars from proximal, medial and
distal reaches were selected along these three channels. One additional
point bar at the downstream end of channel C0 was additionally exam-
ined for validation of sedimentary responses to decadal scale changes in
discharge (see text below).

Point-bar deposits directly downstream from sites of nodal avul-
sions in the proximal part of the river terminus are important, since
the sedimentation of these point bars takes place during the active
period of development of the channel prior to the occurrence of an
avulsion event. Therefore, these deposits record the entire episode of
evolution for the given channel. In contrast, point-bar deposits in
more distal settings are representative of only part of the active period
due to high-frequency localised avulsion events in the downstream
reaches of the channel in the river terminus. Prior studies have shown
that the distal reaches of the main channel experienced multiple avul-
sions while the upstream reaches of the same channel remained stable
(Li et al., 2014a, 2014b). For each of the three channels examined, three
point bars located at exponentially greater distances downstream from
the nodal point of the river terminus were numbered from 1 to 3. For
each point bar, one borehole was dug for further analyses. For example,
boreholes for each of the proximal, medial and distal reaches of channel
2 (C2) were labelled C2PO1, C2PO2 and C2PO3, respectively (Fig. 1D).
Additionally, sediment sampling in another trench (C0D) was under-
taken to investigate the response of sedimentation patterns in the Río
Colorado terminus to changes in magnitude of precipitation (see
below). For each examined point bar, differences in grain size and
changes in the nature of salt cementation across lateral accretion sur-
faces enabled the identification of scroll-bar units in the field. This
means that the surface expression of these scroll-bar units is evident
on high-resolution satellite imagery, despite low topographic relief
(Fig. 2A, B) (Donselaar et al., 2013). Following the identification of
lateral accretion surfaces indicative of individually accreted scroll
units, trenches were dug in the outermost three scroll units of each
studied point bar (Fig. 2A, C). Direct field measurement of the presently
active channel C0, reveals that the channel depth is b2 m and mostly
between 1 m and 1.5 m, although a clear downstream reduction was
observed (Donselaar et al., 2013). The trenches in the point-bar deposits
adjacent to the edge of the channels were dug to a depth of 1 m. This is
sufficiently deep to cover multiple accretional layers for characterisa-
tion of the vertical trend of point-bar deposits. The sediment sampling
was performed using a shovel at intervals of 0.1 m or 0.2 m vertically
(Fig. 2D, E). These trenches and laquer peels were also used to charac-
terise the sedimentary structures (Fig. 2F).

All sampling locations were determined by cross-referencing to
high-resolution satellite imagery on Google Earth™ for mapping pur-
poses and using a GPS Garmin 60CSx in the field. The stated horizontal
accuracy of the hand-held GPS is 3 to 5 m. Across the low-relief,
unvegetated plateau at an altitude N3650 m, the GPS was tested to be
accurate to 3m (based on reference to fixed objects of known location).

Along with bi-temporal high-resolution satellite imagery (2005 and
2016) from Google Earth Pro™ and precipitation data from the Bolivian
Servicio Nacional de Meteorología e Hidrología in the study area, the
tenth borehole at the end of channel C0 was used to investigate the
response of sedimentation patterns in the Río Colorado terminus to
decadal scale changes in the magnitude of precipitation.

3.2. Analytical methods

3.2.1. Grain-size analysis and end-member modelling analysis (EMMA)
The Río Colorado terminus system is dominated by silt and clay (Li

et al., 2015). To test the validity of grain-size distribution analysis
using a laser-diffraction particle sizer, which assumes sediment is
transported as single particles, a simple laboratory experiment was
designed to examine sediment dispersal and to test the appropriateness
of using the laser-based instrument. Before the grain-size analysis, sed-
iment dispersal of the samples was qualitatively tested using randomly
selected samples (nine samples in total). After naturally drying the sam-
ples through exposure to air, aggregates with different sizes (Fig. 3) in
natural condition were subjected to two hydraulic conditions: (i) by
simply adding sediment samples to beakers containing still deionised
water (Fig. 3A–E); (ii) by adding sediment samples to beakers first
and then slowly adding deionised water into the beakers (Fig. 3F–J).
Water temperature was 25 °C. Timing was set to quantify the rate of
sediment dispersal processes from angular aggregates to single
particles.

Prior to grain-size analysis, removal of organic matter and calcium
carbonate was performed (see details in Konert and Vandenberghe,



Fig. 2. Examples of present accretionary bar (C0PO1) and borehole locations in the meander bend (C2PO2). A) The red lines indicate the width of the present accretionary bar and the
yellow dot shows the position where the photograph B was taken. B) The field photograph indicates the gentle slope of the present accretionary bar. D) and E) Details of borehole
images of C2PO2. F) and G) Lacquer peel from the upper 40 cm of borehole C2PO2 and its interpretation. Sedimentary structures are visualised on lacquer peels. Asterisks in A and C
show borehole locations in the present and abandoned meander bends (A: C0PO1 and C: C2PO2). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3.Dispersal processes of two samples fromborehole C2PO2 at 40 cmdepth (A–E) and fromborehole C0PO2 at 60 cmdepth (F–J). A–E)Depiction of the experiment; adding aggregates
in the standing deionised water. F–J) Deionised water poured in the beaker with mud aggregates. Diameter of beakers is 5.5 cm.
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1997). Samples were then measured by a laser-diffraction particle sizer
with a range from 0.1 to 2000 μm. To quantify the influence of sample
selection on the grain-size distribution results, additional duplicate
measurements (three samples with random selection) were
performed (Fig. 4).

Grain-size distributions are widely used for interpreting sedimen-
tary processes and environmental dynamics (Prins and Weltje, 1999;
Prins et al., 2000; Vandenberghe, 2013). End-member modelling analy-
sis (EMMA) based on the principles of numerical inversion has been
successfully used to decompose grain-size populations as a linear com-
bination of end-member (EM) loadings and scores (Weltje, 1997; Prins
et al., 2000). Loadings are genetically interpretable grain-size distribu-
tions, whereas scores are relative contributions of different EMs to
each sample (Weltje, 1997). An open-source modelling package,
EMMAgeo, using the software R was employed to extract different
end members (see detailed methodology in Dietze et al., 2012, 2014;
Dietze and Dietze, 2013; Dietze et al., 2016). The modelling results
Fig. 4. Duplo-measurements of grain-size distribution of three samples from different
sedimentary elements. C0PO1–30 cm is borehole C0PO1 from the point bar deposits. FP
indicates sample from floodplain, whereas CS shows samples from crevasse splay.
depend on the number of EMs and the range limits for data scaling
with a weight transformation (Dietze et al., 2012; Dietze et al., 2016).
The weight transformation includes a quantile range (“percentile”),
whichmay vary from zero to themaximumquantile (the highest possi-
ble quantile) aimed at numerically stable weight transformations
(Dietze et al., 2016). The grain-size data of the 219 sediment samples
from the study area were used as input to define an optimal number
of endmembers and the quantile range through the EMMAgeo package.
The optimal number of EM was determined by mean total, row-wise
(sample-wise) and column-wise (class-wise) R2 between original and
modelled data (Dietze et al., 2016). Secondary modes could occur for
EMs as a consequence of either themeasurement procedures employed
or of sedimentary processes (Dietze et al., 2014). Such secondarymodes
cannot be avoided for end-member modelling because of the nature of
the technique, including measurement procedures and sedimentary
processes (Prins and Weltje, 1999).

3.2.2. Loss on ignition (LOI) and mineralogy
To quantify sediment compositions such as organic matter and clay

minerals, which play an important role in mud aggregation and disper-
sion, loss on ignition (LOI) and X-ray diffraction (XRD)were used in the
study. The content of organic matter and carbonates was measured by
Loss on ignition (LOI) (Heiri et al., 2001). Using a Leco TGA 601 appara-
tus, the organic matter content was determined by oxidising the sam-
ples at 500–550 °C to obtain the organic matter content, and then by
heating the sample to 900–1000 °C to determine the carbonate content.
Attempts to conduct palynological analysis proved futile due to a lack of
pollen in the samples.

X-ray diffraction (XRD) was performed to quantitatively determine
the clay mineralogy, in particular the content of smectite that may
play an important role in grain aggregation (Maroulis and Nanson,
1996; Wright and Marriott, 2007). The sediment samples were
air-dried and ground to powder size in a small agate mortar using an
agate pestle. Samples were sieved to obtain the fraction of 0.063–
0.125 mm and randomly oriented powders were prepared for XRD
analysis, which was carried out on an X' Pert Pro diffractometer with
Ni-filtered Cu Kα radiation (40 kV, 40 mA, wavelength: 0.15416 nm).
Heating and glycolation were used for the fraction of b0.002 mm to
further distinguish and quantify the content of clay minerals such as
smectite and illite (for details of heating and glycolation see Wang
et al., 2017). The scanning range used was 3–65° 2θ and the scan rate
was 0.42° 2θ per second with a step size of 0.017. The program SYB-
ILLA (©Chevron) was used to identify the mineralogy of the tested
samples.

3.2.3. Characteristics of decadal deposits in the distal system
Bi-temporal high-resolution satellite imagery (2005 and 2016) from

Google Earth Pro™ were used to show areas where only salt deposits
were observed before 2005, indicative of limited mud deposits, but
which on the image of 2016 were covered by recent mud deposits due
to river avulsion and progradation that post-dated the acquisition of
the 2005 imagery. Daily precipitation data were collected in the study
area for the period 2004 through 2017 from the Bolivian Servicio
Nacional de Meteorología e Hidrología. The aim of the grain-size analy-
sis of the deposits at the trench C0D was to investigate the nature of
sedimentation and its relation to changes in magnitude of precipitation
in the Río Colorado terminus.

4. Results

4.1. Channel characteristics

The Río Colorado river terminus is characterised by a superposition
of different events of river channel development, although generally
only a single channel is thought to have been active for a given period
(Donselaar et al., 2013). Ridge-and-swale topographies of point bars
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are difficult to recognise in thefield but are detectable by the differential
salt cover (Donselaar et al., 2013), which can be seen clearly on high-
resolution satellite imagery (Fig. 2C). Field observation revealed these
bars to be composed of point-bar accretion layers (Fig. 2B). The inner
bank slope of the present-day channel dips, on average, at 4.1° (range
3 to 7°) (Fig. 2A, B). Desiccation cracks and salt efflorescence are well
Fig. 5. Sedimentary logs of trenches along the channels in the study: A–C: C2; D–F: C1; G–J: C0. E
with EMs reported in bold indicative of dominant components.
developed on the reddish-brownish oxidised surfaces (Li and Bristow,
2015). Trench data indicate that the point-bar deposits are compacted
and cemented, and oblique and cross-lamination structures have excep-
tionally been observed on laquer peels (Figs. 2F, 5). Erosional surfaces
were not identified in the trenches because the sediment is mud and
no clear changes could be observed by eye either in colour or grain size.
ndmembers (EMs) derived frommodelling are labelled on the corresponding parts of logs



Table 1
Statistics of duplo-measurements of GSD.

Sample Median (μm) Mean (μm) St. Dev. Skewness Kurtosis

C0PO0–30 cm 7.28 7.05 1.98 0.13 2.72
C0PO0–30 cm-RM 7.58 (4%) 6.98 1.99 0.15 2.67
FP 2.83 8.57 1.4 0.49 3.46
FP-RM 2.55 (9%) 8.74 1.43 0.49 3.4
CS 10.53 6.89 1.83 0.66 3.14
CS-RM 10.37 (2%) 6.94 1.9 0.66 3.01

FP: floodplain; CS: crevasse splay; RM: duplicate measurement. Percentages in brackets
are difference inmedian value between first measurements and duplicate measurements.
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4.2. Grain-size analysis

The experiments with two scenarios of hydraulic conditions show
that nine samples of aggregates were capable of dispersing into single
particles in b2 min in either standing or flowing water (Fig. 3). The an-
gular aggregates were quickly saturated by water and dispersed into
single particles. Given the results of these experiments, we believe
that most particles were not transported as aggregates, and that there-
fore the measured grain-size distributions are representative of the
suspended-load composition.

The grain-size distributions are characterised by only very small
differences in the duplicate tests (Fig. 4, Table 1) showing only minor
differences in statistic bulk parameters, such as D50 and standard devia-
tion. Given the favourable duplicate test results, we are confident that
Fig. 6.Vertical changes inmedian value (D50) of point-bar deposits in the terminus system. Chan
0.5 ka whereas channel-0 (C0) is presently active (0.4 ka–present). C2PO1, C2PO3 and C0PO
characterised by a fining-upward sequence.
the grain-size distributions determined using the laser-diffraction parti-
cle sizer are appropriate to characterise these fine-grained sediments.
The raw grain-size distribution of 219 sediment samples shows that
the sediments are dominantly unimodal in the river terminus. These
samples consist primarily of fine-grained sediments with a maximum
D50 of 52 μm, a minimum D50 of 2.8 μm and a mean D50 of 8.2 μm
(Fig. 6). In the proximal area of the terminus (boreholes C2PO1,
C1PO1, C0PO1), the grain-size distributions are mainly bi- to multi-
modal, whereas the distal area of the terminus is dominated by uni-
modal distributions (C2PO3, C1PO3, C0PO3). The proximal point-bar
deposits of channel C1 with mean D50 of 24 μm (9 samples) – and the
maximum D50 up to 52 μm and the minimum D50 up to 6 μm – are
coarser than the proximal deposits of channels C0 (17 samples) and
C2 (19 samples), where D50 values are mostly b20 μm, the mean D50

being 11 μm for C2PO1, and 12 μm for C0PO1 (Fig. 6).
Two contrasting vertical successions of point-bar deposits have been

detected: coarsening-upward and fining-upward deposits. For three
point bars of channel C2, a clear coarsening-up succession has been
identified by D50, especially for C2PO1 in the proximal part of the river
terminus (Fig. 7). This borehole shows a strong coarsening-upward
trend in 10-cm intervals for D50, with a small D50 of 6 μm at the bottom
and a largest D50 of 23 μm at the surface. By contrast, two of the three
point bars examined in channel C1 (C1PO1 and C1PO2) exhibit a prom-
inent fining-upward trend. For channel C1, only C1PO3 exhibits a
coarsening-upward trend. For instance, in C1PO1, the D50 decreases
from 52 μm at a depth of 0.7 m to 7 μm at the surface of the point bar;
this succession overlies much finer sediment at 0.8 m depth. For the
nel-2 (C2)was active in the period 1.1–0.9 ka, channel-1 (C1)was active in the period 0.7–
2 are characterised by a coarsening-upward sequence, whereas C1PO1 and C1PO2 are



Fig. 7.Decadal bi-temporal satellite imagery (2005 and 2016) indicating aggradational processes in the distal part of the Río Colorado terminus system. Asterisks are indicative of the same
location.
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active channel C0, only C0PO2 exhibits a clear coarsening-upward trend
with a small D50 of 5 μm at the bottom and a large D50 of 12 μm in the
upper part of the trench. C0PO1 shows a fluctuating variation in D50

on the profile.
Prominent channel morphology and deposits at locality C0D in the

distal region for a decadal observation period provided an opportunity
to examine the response of sedimentation patterns in the Río Colorado
terminus to changes inmagnitude of precipitation. Bi-temporal satellite
imagery (2005 and 2016) from Google Earth Pro™ indicates that the
currently active main channel (C0) in the distal part of the river
Fig. 8. A) Daily precipitation between 2005 and 2016. B) D50 of sedimen
terminus extended over the previous site of fluvial termination
(Fig. 7A, B) and prograded toward the salt lake (Fig. 7C, D).

Daily precipitation data record an overall increasing trend in the
maximum daily precipitation between 2005 and 2016 (Fig. 8A). Addi-
tionally, the upper part of the sediment profile in the distal part of the
river terminus is characterised by a pronounced coarsening-upward
succession (Figs. 5J, 8B). Such consistency between the upward increase
in the sediment calibre of the distal deposits, and the increase in the
magnitude ofmaximumdaily rainfall, suggests a positive causative rela-
tionship between flow regime and deposition. For this short period
ts at the distal part of the river terminus. See the location in Fig. 6.
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there has been no discernible tectonic activity, longitudinal gradient or
vegetation cover, and the catchment overall remains unchanged.

4.3. Post-processing of grain-size data (EMMA)

The EMMA analysis was applied to extract subpopulations of grain-
size distributions of the samples (Fig. 9). The modelling results show
that the explained variance (R2) is at its maximum value and stable
between four and five EMs (Fig. 9A). However, the mean row-wise
and column-wise R2 values (0.83) for five EMs are higher than that for
four EMs (0.81) indicating that the best performance for the EMnumber
is 5 (Fig. 9B). More EMs could explain a larger proportion of measured
distributions; however, more than five EMs do not mean a significant
unmixing improvement in this study, and in some cases such results
do not have a geological meaning (Weltje, 1997; Dietze et al., 2012).
Therefore, for the samples from the study area, five EMs have been se-
lected. These five EMs are characterised by prominent individual
modes at 2 μm (EM1), 4.6 μm (EM2), 11 μm (EM3), 22 μm (EM4) and
88 μm (EM5), respectively (Fig. 9C).

EMMA reveals that the three channels are characterised by marked
differences in their proportions of thefive EMs. For instance, the propor-
tions of EM5 show a prominent downstream reduction from the
Fig. 9. End-member modelling results. A) and B) Class-wise and sampl
proximal to distal parts of the three channels (Fig. 10). In addition, for
single boreholes, EMMAalso quantifies vertical variations in the propor-
tion of the different EMs, revealing two distinct vertical successions of
point-bar deposits: coarsening-upward and fining-upward. The
coarsening-upward succession is characterised by a high proportion of
fine EMs in the bottom part and an increasingly high proportion of
coarser EMs toward the top. For instance, C2PO1 is dominated by
three EMs: EM2, EM4 and EM5. EM5 increases from b4% at the bottom
to almost 80% at the top, but EM2 shows a decreasing trend from up
to 60% at the bottom to none on the top, though EM4 appears to be
quite constant (see C2PO1 in Channel-2, Fig. 10). Likewise, other bore-
holes for C2 (C2PO2 and C2PO3) and C0 (C0PO2) show similar vertical
patterns (see Channel-2 and Channel-0, Fig. 10). For fining-upward de-
posits, coarse EMs generally dominate at the bottom but decrease to the
surface, whereas fine EMs have an inverse trend within one borehole.
For instance, EM5 dominates at the bottom of borehole C0PO3 and
fine EMs increase upwards.

4.4. LOI results and mineralogy

The LOI results show that the contents of organicmatter and carbon-
ate are generally low (Fig. 11). In C2PO1 they are lower than 1% and 4%,
e-wise explained variance, respectively. C) End-member loadings.



Fig. 10. Evolution of EM percentages as a function of depth for the various sites (location in Fig. 1D). C2PO1, C2PO3 and C0PO1 show an upward increase in coarse Ems, whereas C1PO1,
C1PO2 and C1PO3 indicate an upward increase in fine EMs. The arrow indicates changes from fine EM1 to coarse EM5.
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respectively, except at the surfacewhere a slight increase is seen. In con-
trast, the LOI results for borehole C1PO1 and C0PO1 were up to 2.7% in
organicmatter and 7% in carbonatewith strongfluctuations, but overall,
they were significantly higher than in borehole C2PO1 (Fig. 11).

XRD analysis of the 0.063–0.125 mm fraction of 15 samples
randomly selected shows that illite, quartz and albite account for 80%
and other minerals, such as halite, pyrite, calcite and clinochlore for
b20%. Further heating and glycolation analysis of the b0.002 mm frac-
tion of nine samples show that the clayminerals include smectite, inter-
lay smectite-illite, illite, kaolinite and chlorite (Fig. 12). On average, the
interlay smectite-illite is about 52%, illite is about 23% and smectite
accounts for about 19%. Kaolinite and chlorite are b8% and 3%, respec-
tively (Table 2).

5. Interpretation of endmember (EM) transport modes

Characteristics of EMs provide a unique opportunity to interpret the
transport modes of individual EMs. The coarsest EM5 is apparently a
channel sediment aswind-driven saltation transport in the Río Colorado
terminus is limited due to salt cementation at the surface (Donselaar
et al., 2013). However, sediments deposited from suspended-load
fallout from aeolian transport seem to be represented as the widely oc-
curring EM4, with a grain-size distribution (22 μm) resembling very
well that of a loess transported in suspension at low elevation over rel-
atively short distances (Vandenberghe, 2013). The quite rarely occur-
ring EM3 has a smaller grain-size distribution (11 μm), which is also
typical for suspended wind transport, but rather at higher elevation
and over longer distances (Vandenberghe, 2013). An aeolian origin
(loess) for both EM3 and EM4 does not preclude the opportunity for
later (secondary) fluvial transport. It has indeed been shown that the
average, original aeolian grain-size distribution is not really changed
by the later fluvial reworking (Vandenberghe et al., 2010, 2012, 2018).
Thus, EM3 and EM4 may be ultimately transported in a suspended
mode by the river as fluvially reworked aeolian deposits. Field observa-
tions reveal an increased incidence of cross lamination in sediments
with high proportions of EM4 and EM5 (Fig. 5).

EM2 is, in fact, a clay in the traditional sense (as measured by laser
diffraction: Konert and Vandenberghe, 1997). Most logically it could
only be deposited in standingwater. Its occurrence implies the develop-
ment of standing pools of water on the floodplain in the aftermath of
flooding events. Originally it may have been sorted from fine-grained
(reworked) loess EM3–4. As the final deposition was in standing



Fig. 11.A) andB) Results and statistics of organic content through loss-on-ignition at 0–550 °C; C) andD)Results and statistics of carbonate content through loss-on-ignition at 550–950 °C
for point-bar deposits in the proximal area of the terminus.
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water on the floodplain, it might be a lacustro-aeolian deposit
(Vandenberghe et al., 2018). Satellite imagery indicates that the epi-
sodic development of an extensive body of standing water across the
floodplain after peak flood (Li et al., 2018), despite the system being en-
tirely dry during field campaigns. Additionally, prior field observations
reveal prominent desiccation cracks (Fig. 5) (Li and Bristow, 2015).

Finally, EM1 is fine clay to which a pedogenic origin is attributed
(e.g., Sun et al., 2006; Sun et al., 2011; Zeeden et al., 2016). It also occurs
in low amounts throughout the sections.Whether it is formed primarily
(in situ) or has been reworked by the river and deposited in pools as
EM2 cannot be ascertained from the grain-size distribution.

6. Discussion

6.1. Sediment transport in very fine-grained meandering river terminus
systems

The deposits of the Río Colorado meandering terminus system are
predominantly fine-grained with D50 of b10 μm, which is finer than
other documented fine-grained meandering river systems (e.g., sandy
silt-dominated Río Bermejo with a D50 of up to 182 μm; Sambrook
Smith et al., 2016). Despite progradation of the fluvial system in a
lake-level lowstand, this outcrop of recent point-bar deposits provides
an excellent opportunity to examine laterally accreting features that
are easily identified by both field observation and high-resolution
(b0.65m) satellite imagery (e.g., Fig. 2A, B, C) in the Río Colorado termi-
nus system. The Río Colorado meandering terminus system is notably
different from other documented modern fine-grained river systems
in terms of vegetation cover and mineralogical composition (Maroulis
and Nanson, 1996; Wakelin-King and Webb, 2007; Sambrook Smith
et al., 2016). First, it is non-vegetated due to the hyper-arid climate
and salt-rich conditions in the study area (Li and Bristow, 2015). Mete-
orological data have revealed that the annual precipitation is 184 mm
(Li, 2014); the maximum temperature is 21.1 °C in November and the
minimum temperature−9.3 °C in July (Lamparelli et al., 2003). This ab-
sence of vegetation is also consistent with the low organic matter con-
tent (Fig. 8), which could reduce the cohesion of sediment and hinder
aggregation. However, other fine-grained meandering systems are
characterised by dense or sporadic vegetation cover (Jackson, 1981;
Page et al., 2003; Wakelin-King and Webb, 2007; Sambrook Smith
et al., 2016; Słowik et al., 2020). Field campaigns also revealed that lat-
eral accretion processes dominate and obliquely accreted banks have
been rarely seen in the Río Colorado meandering terminus system,
though the D50 of sediment in this system is 8.2 μm in a silt-clay class.
In contrast, some rivers with more silt to clay sediment might tend to
have obliquely accreted banks (e.g., Klip River in South Africa, Marren
et al., 2006; Río Bermejo in Argentina, Sambrook Smith et al., 2016;
the Kapos and Koppány valleys in Hungary, Słowik et al., 2020).

Second, variations in mineral compositions exist between the
Río Colorado terminus system and other fine-grained systems
(e.g., Maroulis and Nanson, 1996; Gibling et al., 1998; Wakelin-King
andWebb, 2007). Multi-treatment XRD analysis revealed that smectite
is about 19% in the point-bar deposits in the Río Colorado meandering
terminus system. However, laboratory analysis indicated that these



Fig. 12. Examples of results of X-Ray diffraction (XRD) profiles using the program SYB-ILLA (©Chevron). A) Sample from 0.3 m depth in borehole C2PO1; B) Sample from 0.4 m depth in
borehole C1PO1.
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aggregates were dispersed in standing deionised water for b2 min and
this process tended to be faster if any continuous stirring such as
flowing water was implemented so that individual minerals became
visible (Fig. 3). The experimental analysis on the dispersal of aggregates
suggests that the majority of aggregates are unlikely to survive trans-
port during flooding, though more quantitative methods are required
to investigate the roles (or behaviour) of clay minerals in aggregate dis-
persal. Notably, single gravelly aggregates were not observed in the Río
Colorado terminus system whereas they are observed in central
Australia where smectite dominates the clay mineralogy (Maroulis
Table 2
Results of XRD analysis for b0.002 mm fraction of the samples.

Clay minerals C0PO1–40 cm C0PO2–40 cm C1PO1–40 cm C1PO2–0 c

Illite 0.22 0.2 0.3 0.4
Smectite 0.05 0.27 0.11 0.06
Kaolinite 0.05 0.03 0.07 0.03
Mixed layer Illite Smectite 0.65 0.5 0.5 0.48
Chlorite 0.03 0.01 0.02 0.03
and Nanson, 1996). In central Australia, swelling clays including smec-
tite trigger aggregation coupled with wet-dry cycles and pedogenesis
(Rust and Nanson, 1989; Maroulis and Nanson, 1996; Gibling et al.,
1998; Wakelin-King and Webb, 2007). Studies on ancient outcrops
(e.g., the Lower Permian Clear Fork Formation) reveal that even in the
absence of the strong swelling component smectite but the presence
of minor amounts of the swelling illite component could lead to aggre-
gation. Mud aggregates were well preserved in point-bar deposits due
to rapid incorporation into a developing (i.e., actively migrating) point
bar and limited compaction effects (Simon and Gibling, 2017a). These
m C2PO1–10 cm C2PO1–30 cm C2PO1–60 cm C2PO2–40 cm C2PO3–0 cm

0.11 0.29 0.23 0.25 0.08
0.44 0.07 0.2 0.09 0.44
0.03 0.08 0.03 0.07 0.02
0.41 0.54 0.53 0.58 0.46
0.01 0.02 0.01 0.01 0.01
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prominent distinctions between the modern outcrop of the Río Colo-
rado terminus system and the ancient outcrop of the Lower Permian
Clear Fork Formation require further research to quantify the impacts
of various clay minerals and their combination on aggregation. Addi-
tionally, dispersal ability of mud aggregate, which plays an important
role in sediment transport in the fine-grained river terminus, should
also be quantified in future research.

6.2. A conceptual model for the upward-coarsening trend of point-bar
deposits

Many previous studies of fluvial point-bar successions have pro-
posed generalised point-bar facies models that depict an overall
fining-upward trend as a result of helicoidal flow in the meander bend
(Allen, 1963). Thus, the fining-upward succession in point-bars is a
widely occurring and much-documented phenomenon (e.g., Allen,
1963; Miall, 1996; Ghazi and Mountney, 2009). However, studies of
some point-bar deposits have revealed coarsening-upward grain-size
trends in other meandering river systems (e.g., McGowen and Garner,
1970; Bluck, 1971; Jackson, 1976; Ghinassi et al., 2013; Słowik, 2016).
These meandering river systems are noted in humid and temperate
regions. Additionally, the point-bar deposits are mainly fine sand and
coarse sand (D50 N 250 μm), some gravelly, and deposits overall are in-
dicative of high-energy flow conditions. This study reveals that in the
non-vegetated ephemeral Río Colorado river terminus, point-bar
deposits (both in the presently active channel and in abandoned
palaeo-channels) can be characterised by a coarsening-upward succes-
sion with very fine-grained deposits at the base and an increasing pro-
portion of coarser sediments toward the top (Fig. 10).

Since topographic changes due to tectonics can be discounted for the
short evolutionary time periods considered here (Bills et al., 1994), it is
concluded that the topography (landscape) of the terminus system of
the Río Colorado investigated here remained essentially constant. It is
also unlikely that the sediment supply from the source area had dramat-
ically changed during this period. Additionally, the Río Colorado termi-
nus system traverses an extremely low-gradient former lake bottom
with no appreciable topography on the floodplain (Donselaar et al.,
2013; Li et al., 2015, 2019). Multi-decadal Landsat imagery (1985–
2011) has revealed that the Río Colorado terminus has remained a
near-constant size in recent decades, with a mean area of 419 km2

and standard deviation of 21 km2 (Li et al., 2014b). Through analysis
of field-acquired data and laboratory testing data, the following key ob-
servations regarding the sedimentology of the point-bar deposits in the
Río Colorado terminus are made: 1) experiments demonstrate that fine
sediment size fractions can be transported as individual particles in the
river system such that granulometric analysis using a laser particle sizer
is appropriate; 2) point-bar deposits along channel C2 and C0 are
characterised by coarsening-upward vertical sedimentary successions;
Fig. 13. Schematic diagram illustrating a coar
and 3) the coarsening-upward succession in the distal part of the river
terminus can be shown to be related to sedimentation during an epi-
sode of an overall increasing trend in the maximum daily precipitation
over a decadal period (2005 to 2016).

Therefore, we propose a novel point-bar model whereby lateral
accretion sediment packages record the spatial and temporal develop-
ment of meander point-bars (Fig. 13). Various accretion layers repre-
sent different periods of major peak floods and the accretion layers
away from the channel are chronologically older than those close to
the channel (Nanson, 1980). The sediment supply of the various
grain-size classes for different periods is constrained by floodwater
flow power and duration, meaning that different magnitudes and dura-
tions of floods (indicative of wetness) imply variations in the sediment
transport capacity of the river (Ferguson, 1987; Alexandrov et al., 2003).
Therefore, it may be supposed that during episodes of low-magnitude,
short-duration flooding, only fine sediment can be transported down-
stream due to reduced stream power; such sediments might ultimately
be deposited from suspension fallout in standing water. By contrast,
high-magnitude, longer-duration flood events are likely to be able to
transport increasingly coarse-grained sediment further downstream in
the system (e.g., Graf, 1988; Alexandrov et al., 2003). Given the ephem-
eral nature of the flow and the gradual lateral migration of meandering
channels in the low-gradient river termini, gently inclined slopes of
accretion layers lead to the accumulation of coarse deposits that overlie
deposits in response to an overall trend of successive flood events with
increasing magnitude and duration.

One alternative potential mechanism for point-bar evolution would
be the development of fining-upward point-bar successions via the
“traditional model”, whereby coarsest deposits accumulated in the
channel thalweg, and successively finer deposits accumulate on higher
parts of the inner bend of a meander (Allen, 1963; Ghazi and
Mountney, 2009; Collinson and Mountney, 2019). Yet, exceptions to
thismodel are noted in the dataset from this study; the grain-size distri-
bution data and the end-member modelling reveal vertical coarsening-
upward successions in several of the studied point bars.

A second alternative potential mechanism by which a coarsening
upward point-bar succession could develop is via the gradual evolution
a long-lived point bar that commences its growth at the very distal
terminus of the river where only the finest sediment fractions reach
(Nichols and Fisher, 2007; North and Davidson, 2012). The distal river
terminus might then gradually prograde forwards across the dry
lakebed during the lifecycle of the point bar such that slightly coarser
sediment fractions might accumulate in the upper parts of the point
bar. The ongoing progradation of the river terminus across the dry
lakebed provides the mechanism to accumulate a coarsening upward
succession. However, such a coarsening-upward point-bar succession
would be expected to develop both in the proximal and distal terminus
for a channel (C2) in the Río Colorado terminus.
sening-upward sequence of a point bar.
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The favoured proposed model best matches the observations from
the Río Colorado. Besides the laboratory analysis and field observations,
in the literature, palaeolimnological studies revealed that between 1 cal.
ka and 0.5 cal. ka a notably dry climate dominated afterwhich therewas
a switch to a trend of increasing wetness in the Andes. This is revealed
through multiple proxies (palynological and isotopic studies) (Valero-
Garcés et al., 1996; Abbott et al., 1997; Mourguiart et al., 1998;
SubletteMosblech et al., 2012). These observations additionally support
the proposed conceptualmodel that lateral accretion layers of point-bar
deposits, with inherent variability in sediment characteristics, are a
function of river dynamics, especially those relating to changes in the
durations andmagnitudes of ephemeral riverflows.However, to further
validate the relationship, long-term hydrological data and correspond-
ing sedimentation data are required for future studies.

7. Conclusions

A coarsening-upward succession in the fine-grained Río Colorado
terminus of an endorheic basin in Salar de Uyuni has been examined.
The succession, which records point-bar deposits, has been examined
using GSD (with EMMA) and mineralogical analyses (XRD and LOI).
Analyses of GSD and EMMA revealed a common upward-coarsening
trend for numerous point-bar deposits in terms of D50 of GSD and pro-
portions of coarse sediment for two (C2 and C0) of three chronologically
different meandering channels in the river terminus. Those of another
abandoned channel (C1) were dominated by fining-upward deposits.
Channel C2, which is dominated by a coarsening-upward succession
of point-bar deposits, was also characterised by a lower content of
organic matter and carbonate compared with the other two studied
channels. A conceptual model to account for the coarsening-
upward successions of point-bar deposits has been established. The
coarsening-upward sequence likely arose in response to low-
frequency, high-magnitude floods at the beginning of a sedimentary
cycle during a hyper-arid period when the sediment supply to the
river terminus was clay or fine silt dominated. A temporal trend toward
higher magnitude and longer duration flood events enables the trans-
port of coarser-grained sediments further down system toward the
river terminus where deposition occurs on the inner bend of meander-
ing channels. Successive accretion layers within the point-bar deposits
record a coarsening upward trend, which likely reflects this temporal
trend. The apparently common occurrence of coarsening-upward
succession for numerous point-bar deposits in a muddy river terminus
of a semi-arid endorheic basin not only explains the sedimentary archi-
tecture model of such depositional environment but may also indicate
the associated palaeohydrology.
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