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Abstract – Modern unvegetated rivers flowing through aeolian-dune fields demonstrate potential as
analogues for pre-vegetation fluvial landscapes. A prominent example is contained in the Lençóis
Maranhenses of Brazil, a coastal aeolian system hosting the semi-perennial Rio Negro. Remotely
sensed images covering c. 45 years display the rhythmic expansion and wind-driven shift of single-
threaded and sinuous fluvial trunks alternating with wider braided plains. Sinuous tracts feature mid-
channel and bank-attached bars, including expansional point bars with subdued relief. The morphology,
accretion and sediment transport of unvegetated point bars in the Rio Negro are compared to the
morphodynamics of vegetated meandering rivers. Unvegetated point bars are composed of large
coalescent unit bars, lack apparent scroll topography and are preferentially attached to channel banks
located on the windward side of the river course. Unvegetated meanders have expansional behaviour
related to downwind channel trailing. Point bars maintain an expansional planform despite spatial
confinement induced by aeolian dunes. Channel-flow impingement onto cohesion-less banks favours
scouring of deep pools along the bar tails, which host bank-collapse deposits subsequently reworked
into new bars. Analogies to Precambrian rivers suggest that ancient unvegetated fluvial landscapes
were not unequivocally featured by low sinuosity, especially if characterized by a low gradient and
stable discharge. This inference is supported by ongoing studies on Proterozoic fluvial–aeolian systems
in the Canadian Shield. Lack of scroll topography introduces overlap with low-sinuosity fluvial facies
models, underscoring the value of observing ancient fluvial deposits in planform, or along 3D sections
where the palaeodrainage of channel bodies and attached bars can be compared.
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1. Introduction

The study of fluvial deposits pre-dating the expansion
of land plants is highly topical in sedimentology for
extra-terrestrial analogue modelling (Fairén et al. 2014)
and mineral exploration (Jefferson et al. 2007). Pre-
vegetation rivers have so far been considered largely
non-actualistic (Eriksson et al. 2006) and, despite par-
tial modern analogues proposed in some instances
(Davies & Gibling, 2010), fully comparative systems
are yet to be documented. Since the formulation of
the sheet-braided model of Cotter (1978), pre-Silurian
rivers are thought to have been dominated by large,
shallow channels that readily shifted across alluvial
plains with width:depth ratios possibly exceeding 1500
(Fuller, 1985; Rainbird, 1992). This model is demon-
strated to be representative of Cambrian–Ordovician
units (Davies & Gibling, 2010), but not of scattered
Precambrian units (Long, 2011). The dominance of
braided over meandering planforms in unvegetated set-
tings has been questioned in some instances. For ex-
ample, ancient unvegetated meandering-fluvial plan-
forms are well preserved in extra-terrestrial realms with
hydrologic cycles (Wood, 2006), whereas unequivocal
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documentation of pre-Silurian fluvial planforms has
been, so far, exceedingly rare (Buck, 1983; Ielpi &
Rainbird, 2015). Some authors pointed out that the
gradation between intermediate fluvial planforms is
overlooked in the rock record (cf. Thomas et al. 2006),
or that sheet-braided deposits may in fact comprise
several fluvial styles (Santos et al. 2014).

Insight into this debate may be aided by multi-
temporal analysis of modern fluvial–aeolian systems
that lack vegetation and are largely composed of
cohesion-less deposits. Fluvial–aeolian systems are
in fact prominent yet underexplored depositional
landscapes (Langford, 1989; Williams, 2015; Liu &
Coulthard, 2015), and several well-exposed Precam-
brian examples have been documented (Pulvertaft,
1985; Tirsgaard & Øxnevad, 1998; Hadlari, Rainbird
& Donaldson, 2006; Ielpi & Rainbird, 2015). This re-
search explores the morphodynamics of unvegetated
fluvial reaches of a sub-humid, coastal aeolian sys-
tem, the Lençóis Maranhenses (Brazil), using a data-
base of satellite scenes that covers a time span of c. 45
years. Multi-temporal analysis reveals that the Lençóis
Maranhenses are transected by a semi-perennial fluvial
trunk, the Rio Negro, which variously interconnects
ponded interdunes. During peaks of fluvial activity,
channels varying in morphology from single-threaded
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Figure 1. (Colour online) Block diagrams illustrating modern examples of fluvial lateral accretion. (a) Transverse and side bars exhibit
downstream-bedform migration in a direction consistent with the channel flow (Cant & Walker, 1978a; Rust, 1981). (b) Point bars
exhibit up-bar-bedform migration along their central and downstream portions (Allen, 1982), in a direction not consistent with that
of the parent channel. White arrows indicate local flow; no scale is intended in the block diagrams. Note that bars with intermediate
behaviour between (a) and (b) are a common feature of weakly sinuous rivers.

to braided exhibit a variety of fluvial forms, includ-
ing point bars. The aims of this work are: (i) to docu-
ment for the first time unvegetated, cohesion-less point
bars through multi-temporal analysis of remote sens-
ing supports; (ii) to characterize their morphodynam-
ics through a comparison with vegetated meandering
rivers; and (iii) to discuss these results in terms of Pre-
cambrian fluvial models. The outcomes of this work
are purposely based on the remote sensing of modern
environments yet, in their broader perspective, aim to
stimulate a larger debate on the sedimentary record of
unvegetated rivers draining sand-dominated, cohesion-
less alluvial plains.

1.a. State of the art

Fluvial lateral accretion refers to growth of channel bars
in a direction near-perpendicular to the channel axis. In
braided rivers characterized by multiple, low-sinuosity
channels, lateral accretion is often mixed with, and
subordinate to, components of downstream accretion,
which together bring about the configuration of mid-
channel and bank-attached bars typically termed trans-
verse bars and side bars, respectively (Cant & Walker,
1978a; Rust, 1981). In moderately to highly sinuous,
single-thread channels, the configuration of stable and
more prominent bank-attached bars (point bars) is more
favourable, and these are often capable of incorporat-
ing smaller mid-channel bars during their outbuilding
(Hooke, 1986).

Lateral accretion occurs with different modes, de-
pending on the morphology and sinuosity of the chan-
nel itself. In straight to low-sinuosity channels, trans-
verse and side bars are generated by the build-up of
downstream-migrating bedforms; this process is re-
lated to significant bar mobility (cf. ‘free bars’ of
Tubino, Repetto & Zolezzi, 1999). Transverse and side
bars display sediment transport in a direction largely
consistent with that of the parent channel (Bridge,
1993; Bartholdy & Billi, 2002; Fig. 1a). In high-
sinuosity streams, bank-attached bars maintain a more
stable position, and evolve through systematic outer-
bank erosion and inner-bank deposition (cf. ‘fixed bars’
model of Seminara, 2006). Distortion of channel flow
along sinuous bends promotes across-channel gradi-
ents in velocity, and development of helicoidal cur-
rents that induce sediment transport from the thalweg
towards the bar top (‘point bars’ of Jackson, 1976; Al-
len, 1982). This process gains strength from central-
to downstream-bar portions, generating bedforms that
migrate up-bar in bankward to upstream-oblique direc-
tions (Fig. 1b).

As the sedimentary product of ancient fluvial bars
cannot be identified based on their original ‘free’ v.
‘fixed’ behaviour, the recognition of point bars in the
rock record relies on the relationships between channel
and bar flow, specifically of sediment-transport indicat-
ors pointing to up-bar bedform migration in a direction
not consistent with that of the parent channel (Ielpi
& Ghinassi, 2014). The recognition of ancient point
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bars in many Siluro-Devonian and younger units has
been used as circumstantial evidence that vegetation
led to enhanced bank strengthening and bar stabiliz-
ation (Davies & Gibling, 2010). By comparison, lat-
eral accretion in pre-vegetation fluvial deposits has so
far been identified in the form of side bars (Ethridge,
Tyler & Burns, 1984; Todd & Went, 1991; Rainbird,
1992), while the unequivocal documentation of point
bars remains very limited (Long, 2011; Ielpi & Rain-
bird, 2015; Santos & Owen, 2016).

2. Criteria and methods of analysis

A number of studies on modern rivers have postulated
that vegetation has a dominant role in restraining wan-
dering (thus favouring increase in sinuosity) in smaller
channels, but a negligible effect where plant axes are
more than 103 times smaller than the channel width
(extrapolated from Zimmerman, Goodlett & Comer,
1967; Andrews, 1984; Church, 2002; Eaton & Giles,
2009). In support of this inference, flume experiments
showed that vegetation coverage below 5 % is unable to
significantly influence fluvial planform (Gran & Paola,
2001; Tal & Paola, 2007). In this work, tracts of flu-
vial landscapes are defined as unvegetated where these
criteria are met with a confidence of one order of mag-
nitude, i.e. where plant coverage is less than 0.5 %,
and where the ratio between the diameter of vascular
plant-axis (if any) and bankfull-channel width is 10−4

or less.
The database of this study includes a multi-temporal

collection of satellite images and aerial photographs
of unvegetated fluvial–aeolian and vegetated fluvial
landscapes. The database consists of images acquired
through vintage aerial photography and LandsatTM

(pixel size = 15–60 m; retrieved from the US Geolo-
gical Survey Earth Explorer), RapidEyeTM (pixel size =
5 m; retrieved from GoogleTM Earth), and IKONOSTM

and QuickbirdTM (pixel size = 0.6–0.8 m; retrieved
from GoogleTM Earth and BingTM Maps). Long-term
changes (i.e. at the decadal scale) in depositional plan-
form are evaluated through direct comparison of over-
lapped, low-resolution images (aerial photographs and
LandsatTM). Short-term depositional morphodynamics
(i.e. at the scale of months to a few years) are instead
evaluated from satellite images with < 5 m of ground
resolution, with flow indicators and direction of bar
accretion collected taking into account the vector of
progradation and sloping of bedforms, respectively.

3. The Lençóis Maranhenses

The Lençóis Maranhenses (Maranhão, Brazil) are a
warm tropical, sub-humid aeolian-dune field facing
the Southern Atlantic coast (Fig. 2a), with drainage
controlled by external fluvial input into the aeolian-
dune field, spatial confinement induced by aeolian-dune
forms, and interdune connectivity mediated by aeolian-
dune migration, level of the groundwater table and loss
of channel discharge due to infiltration (Al-Masrahy &

Mountney, 2015). The aeolian field is largely composed
of barcanoid dunes and trailing ridges, and developed
in response to Quaternary widening of the Atlantic
coastal shelf, followed by fast shoreline transgression
and subsequent depositional regression, with abund-
ant sand supply from local rivers (Miranda, Costa &
Rocha, 2012). The mean annual temperature is 28.5 °C
with less than 2 °C of variation throughout the year. The
Rio Grande, Rio Sucuruiú and Rio Negro (RG, RS and
RN in Figs 2b, 3) are the main fluvial trunks feeding
into the aeolian-dune field. No major spring lines are
observed, and the Rio Negro is the only river transecting
the entire aeolian-dune field. The Rio Negro is named
after the abundant dark-coloured tannins dissolved in
its waters, a condition that makes the observation of
in-channel planforms particularly favourable (Fig. 4b–
e). Significant changes occurred in the planform of its
tributary trunks and anabranches over the last 45 years
(Fig. 2c). However, the final tract of the Rio Negro (the
one seen in between the two large oases Queimada dos
Britos and Baixa Grande; QB and BG in Fig. 2b) re-
mained somewhat stable (Fig. 3), and represents the
study area of this research.

Metre-scale fluctuations of the groundwater table
are also controlled by precipitation, which varies from
1600 to 2400 mm year−1. Rainfall related to the Inter-
tropical Convergence Zone occurs from January to
June and accounts for 70 % of the annual precipitation
(Castro & Piorski, 2002), whereas July to December
are arid months. At highest groundwater-table level,
roughly 40 % of the dune field is flooded (Levin et al.
2006): most freshwater ponds are less than 1 m deep,
and fluvial channels are 2 to 5 m deep. While scattered
vegetation, consisting of Cassia, Borreria and Poaceae,
stabilizes some protected environments within the dune
field (Luna et al. 2011; Fig. 2), vast portions of the
Lençóis Maranhenses lack any stabilizing vegetation
(Hilbert, Guedes & Giannini, 2016), and the lower Rio
Negro de facto meets the criteria for being considered
unvegetated (Fig. 4). Since the availability of sediment
in the study transect is strongly controlled by aeolian
processes, the lower Rio Negro is devoid of fine-grained
materials, and its channel banks are carved into sand-
dominated, cohesion-less deposits.

3.a. Fluvial morphodynamics

Figures 2c and 3 report multi-temporal image sets of
the Rio Negro, displaying active discharge and flu-
vial reworking of aeolian sand over a timespan of c.
45 years, with bankfull discharge during June–July,
and limited embanked drainage during September–
October. Aeolian dunes, ponded interdunes and fluvial
tracts oriented parallel to the aeolian-dune crests un-
derwent westward migration at a rate of c. 25 m year−1

(Fig. 3a). Fluvial tracts draining in a direction oblique
to near-opposite to that of the aeolian-dune crests had
instead lower mobility, being subject to westward mi-
gration of less than 10 m year−1 (Fig. 3b). In the stable
tracts, nucleation and reworking of bank-attached bars
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Figure 2. (Colour online) Geographic and geomorphologic setting. (a) Geographic sketch showing the location of the study area. (b)
Regional LandsatTM view of the Lençóis Maranhenses, displaying the location of the insets in the following figures. White arrows
point to active fluvial trunks feeding the aeolian-dune field. Abbreviations: RG – Rio Grande; RS – Rio Sucuruiú; RN – Rio Negro;
QB – Queimada dos Britos; BG – Baixa Grande. (c) Multi-temporal LandsatTM set of low-resolution, false-colour views of the Rio
Negro and tributaries, over a timespan of c. 45 years (green patches represent areas of stable vegetation within, and at the border of,
the aeolian-dune field). Major fluvial trunks are reported with blue arrowed lines.

takes place (Fig. 4a). Two individual sand-bed fluvial
trunks joining in the vicinity of their outlet into the At-
lantic Ocean are here detailed (Figs 4, 5). These fluvial
trunks expanded and contracted repeatedly, spanning in
width from a few tens of metres to some 700 m. Their
width to depth ratios range from 40 to 350, values
typical of broad, shallow sheet channels (cf. Gibling,
2006). The upstream reaches of the study river transect
are both braided and single-threaded, the latter slightly
sinuous (sinuosity index = 1.3). Sinuous trunks consist
in some instances of channel anabranches lateral to the
larger braided-channel belt. The downstream part of
the transect consists instead of a wider, shallower and
virtually straight channel belt. Planform sinuosity is
controlled by adjacent aeolian dunes providing spatial
confinement. Bank-attached bars develop in the up-
stream reaches along sharp channel bends (Fig. 4c, d).

In places, channel-flow impingement on the outer
bank is inferred to be prominent enough to develop
helicoidal currents (Figs 4c, 5). Outer-bank erosion
takes place in concert with deposition along the in-
ner bank, processes that bring about the development
of fixed sediment bodies, i.e. point bars. Larger, isol-
ated point bars show modest change during most of
the channel-belt lifespan (e.g. December 1969 and
October 2013 scenes in Fig. 4), while smaller point
bars appear more unstable and tend to cluster together
(Fig. 5). Downstream, the channel belt widens, and co-
alescent transverse bars are dominant (Fig. 4e). Dur-
ing periods of very low flow activity (October 2013
scene in Fig. 4a), upstream reaches are readily bur-
ied under migrating aeolian dunes, while downstream
reaches undergo entrenching as the groundwater level
lowers.

https://doi.org/10.1017/S001675681600025X Published online by Cambridge University Press

https://doi.org/10.1017/S001675681600025X


Modern unvegetated rivers 613

Figure 3. (Colour online) Fluvial–aeolian morphodynamics recorded at two sites along the Rio Negro, from LandsatTM false-colour
remotely sensed images. The locations of fluvial channels have been highlighted. See Figure 2b for site locations. (a) Fast migration (�
25 m year−1) of trunk channels oriented parallel to aeolian-dune crests. (b) Comparatively slower (< 10 m year−1), oblique migration
of trunk channels draining in a direction near-opposite to the direction of aeolian transport.

Figure 4. (Colour online) Fluvial–aeolian morphodynamics recorded in the lower Rio Negro transecting the Lençóis Maranhenses,
highlighting the growth of bank-attached bars. See Figure 2b for site location. (a) Interpreted aerial photographs and high-resolution
satellite scenes displaying upstream sinuous, single-threaded trunks alternating with braided-channel belts. (b) Field aspect of a channel
sided by active aeolian dunes. Foreground is c. 5 m wide. Image courtesy of Simone Bessa, distributed under Creative Commons Licence
CC BY-NC-SA 2.0. (c–e) Planform aspect of point bars (c), side bars (d), and compound transverse bars (e) (May 2009 scene).
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Figure 5. (Colour online) Planform aspect and sediment-transport patterns of 13 point bars occurring along a mildly sinuous, single-
threaded to braided tract of the Rio Negro transecting the Lençóis Maranhenses. (a) Un-interpreted, high-resolution satellite view of
the study transect. The satellite image was acquired in May 2009, see Figure 2b for location. (b–e) Rose diagrams report average
vector and 95 % confidence arc for total values (b), and upstream- (c), central- (d), and downstream- (e) bar portions, respectively. See
Figure 6a for detailed insets and methods of data collection.

3.b. Point-bar geometry and drainage

The salient features of 13 point bars in a 5 km long
clear-water transect of the satellite scene of May 2009
(Figs 4, 5) are reported in Table 1. Point bars range

in radius from 40 to 150 m (mean = 75 m), and
their channel-ward outbuilding is consistent with ex-
pansional mechanisms (i.e. bar growth in a direction
roughly normal to the channel axis; Allen, 1982). Bar
outbuilding is mediated by the coalescence of unit bars
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Table 1. Morphologic features of the unvegetated point bars of the Rio Negro, Lençóis Maranhenses. Bar numbering refers to Figure 5.

Bar
No.

Hydrographic
bank

Axis ori-
entation

Point-bar
radius (m)

Channel
width (m)

Radius to
ch. width

Chute
drainage

Angle of
impingement

Downstream-flow
separation

1 Right 87° 115 245 0.5 No 35° None
2 Left 76° 65 160 0.4 No 75° Modest, with pool

development
3 Left 110° 35 40 0.9 No 15° None
4 Left 127° 45 50 0.9 No 70° Modest, with pool

development
5 Right 85° 50 60 0.8 Yes 50° None
6 Right 103° 150 245 0.6 Yes 35° None
7 Right 187° 65 155 0.4 No 40° None
8 Left 63° 60 70 0.9 Yes 65° Modest, with pool

development
9 Right 87° 100 145 0.7 No 85° Strong, with bank

collapse
10 Right 75° 70 175 0.4 No 30° None
11 Right 98° 50 170 0.3 No 40° None
12 Right 88° 65 85 0.8 No 30° None
13 Right 25° 85 170 0.5 Yes 80° Strong, with bank

collapse

(sensu Smith, 1977) with a transverse planform that mi-
grate in the deeper portions of the channel (cf. Hooke,
1986). The observed point bars further show a slightly
preferential downstream growth. The ratio between
point-bar radius and the attached-channel width ranges
from 0.3 to 0.9, averaging 0.6 (considering the width
of the originating channel rather than that of the en-
tire channel belt). A direct correlation exists between
the point-bar radius and the width of the originating
channel:

r = 0.37 (w) + 23 (1)

where r and w are the point-bar radius and parent-
channel width (metres), respectively, with R2 = 0.65.
This correlation is to some extent parallel to the me-
ander Cartesian length to channel width ratio typical of
conventional meandering rivers (cf. Seminara, 2006).
An angle of c. 160° exists in between the average flu-
vial (N 60°) and aeolian (N 260°) transport directions
(Fig. 5). Point bars are preferentially preserved on hy-
drographic right-hand banks (9 out of 13; Fig. 5a) ow-
ing to a westward shift of the fluvial trunks (Fig. 3),
and face upwind with respect to the direction of aeolian
transport. In all instances, point bars transition channel-
ward into compound transverse bars (Fig. 6a, b), 15 to
40 m wide (exceptionally up to 70 m) and as much
as 110 m long. A scroll topography is not directly
evident. Scroll topography is either absent or, if sub-
dued, it is possibly masked by lacking contrast in ver-
tical imagery. However, a gradient in decreasing cur-
rent velocity when approaching the point-bar waterline
brings about the local migration of unit bars in an ob-
lique, channel-bankward direction (Fig. 6a, b). Point
bars have subdued relief owing to the shallow nature
of the originating channels, and are largely submerged
during stages of active fluvial drainage (Fig. 3b), with
unit, transverse bars free to climb up-bar over the
entire span in between the channel pool and flank
(Fig. 6a). Evidence of top cross-cut is present in 4 of

the 13 point bars, and consists of chute channels drain-
ing the inner point-bar portions, and feeding in some
instances small frontal chute bars (sensu Ghinassi,
2011; Fig. 6c).

All the point bars have upstream, central and down-
stream portions (23 %, 29 % and 48 % of total sur-
face, respectively), with central point-bar portions fa-
cing the channel pool in the area of maximum bend
curvature (Ielpi & Ghinassi, 2014). In the upstream bar
portions (Fig. 5c), unit transverse bars migrate down-
stream with directions consistent with that of the parent
channel, and the standard deviation of 64 flow indicat-
ors is 60°. Bar accretion is overall oriented upstream,
forming angles with the channel axis of 170°± 90°.
A similar pattern is evident in the central-bar portions
(Fig. 5d), where 79 flow indicators are oriented down-
stream to slightly inner bankwards with a standard de-
viation of 52°. The respective bar accretions point to
upstream to bankward directions, forming angles with
the channel axis of 130°± 120°. In the downstream
portions (Fig. 5e), 132 flow indicators show bankward
to upstream transport, with a standard deviation of 85°.
Bar accretion points to downstream to outer-bankward
growth, forming angles of 30°± 110°with the channel
axis.

Along the downstream-most point-bar portions, dif-
ferent planforms occur depending on the angle of im-
pingement of the channel flow onto the inner bank, and
subsequent separation of the channel flow itself (cf.
Burge & Smith, 1999). At low angles of impingement
(< 50°), the flow is readily deviated in a direction near-
parallel to the channel axis, and no significant flow
separation takes place (Fig. 6a). At angles between 50°
and 70°, partial flow separation generates eddy currents
that scour deep pools (Fig. 6d). At angles of impinge-
ment higher than 70°, flow separation induces channel-
ward migration of unit transverse bars, bank collapse
(Fig. 6e), and cohesion-less deposits introduced into
the channel are washed away or nucleate proto-side
bars (Fig. 6f).
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Figure 6. Panchromatic, high-resolution satellite views of modern unvegetated point bars of the lower Rio Negro transecting the
Lençóis Maranhenses. See Figure 5b for inset locations. (a) Vectors of lateral-bar growth (streaked lines, with minor axis indicating
accretion) and sediment transport (arrowed lines) collected along unit bars with a transverse planform and coalescing with point bars.
(b) Detail of large, submerged unit (transverse) bars, coalescing with an outbuilding point bar on their hydrographic right. The unit bar
shows undulate morphology, and the point bar lacks apparent scroll topography. (c) Details of active chute drainage in the submerged,
bankward portion of a point bar. (d) Detail of chute drainage abutting in a relatively deep pool, the latter scoured by channel-flow
separation along the bar tail. (e, f) Effects of channel-flow impingement at high angles against the inner bank, producing bankward
migration of unit bars with transverse planform, bank collapse (e), and reworking of collapsed deposits into proto-side bars (f).

4. Comparison with vegetated meandering rivers

Tracts of the Beaver and Powder rivers of Alberta
(Canada) and Montana (USA) are compared to the
Lençóis Maranhenses, because of their similar scale
and well-studied morphodynamics (Gay et al. 1998;
Nicoll & Hickin, 2010 and references therein). The
Beaver River meander belt occupies a small valley
where point bars undergo downstream migration ow-
ing to spatial confinement (Fig. 7). By comparison, the
Powder River meander belt lies within a larger alluvial
plain, and its bends are free to expand laterally without
spatial confinement (Fig. 8). Point bars are the domin-
ant element in both rivers; mid-channel bars also occur,
but tend to be incorporated into and reworked by point
bars. Vegetated point bars are exposed during periods

of average channel hydrographs (Figs 7, 8), and display
a well-developed scroll topography, which is controlled
by the migration of bedforms and unit bars 10 to 100
times smaller than the entire point bar (Fig. 7e, f).

In a 5 km long transect of the Beaver River (Fig. 7),
downstream-migrating point bars lack evidence of
chute cut-off, and occupy almost entirely the narrow
alluvial plain. Ratios of channel-belt width to bar ra-
dius range from 1.0 to 1.4. These values are smaller
than, but comparable to, those of the studied unve-
getated point bars (Table 2). Because of spatial con-
finement, point-bar axes are well clustered (Fig. 7a),
and the meander belt displays a high degree of sym-
metry. The most striking difference from unvegetated
point bars is the prominence of downstream migra-
tion, which induces cannibalization of upstream- and
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Figure 7. (Colour online) Comparative analysis of a vegetated, valley-confined meander belt (Beaver River, Alberta, Canada), featuring
downstream-migrating point bars. The meander belt has high symmetry and preferential preservation of downstream-bar portions.
(a–d) Rose diagrams report average vector and 95 % confidence arc for total values (a), and upstream- (b), central- (c), and downstream-
(d) bar portions, respectively. Collection of accretion and flow indicators followed the criteria illustrated in Figure 6a. (e, f) Details of
scroll topography generated by accretion of bedforms and small unit bars.

central-bar portions. The latter two display unimodal,
downstream-oriented transport and bimodal accretion
(Fig. 7b, c). On the other hand, helicoidal flows along
downstream-bar portions induce high dispersion in
transport, but clustered, downstream-verging accretion
(Fig. 7d). Along downstream-bar bends, channel-flow
impingement against the inner bank favours bank col-
lapse and accretion of point-bar tails (Fig. 7e; cf. Smith
et al. 2009). Angles of impingement reach 120° in
places, significantly higher values than those observed
in unvegetated downstream-bar portions (Table 1).

In a 3.5 km long transect of the Powder River
(Fig. 8), expansional point bars occupy relatively small
portions of the alluvial plain and are commonly cut by

mature chute channels. Ratios of channel-belt width to
bar radius range from 3.5 to 21, values significantly
higher than both unvegetated and vegetated-confined
point bars (Table 2). Point bars have fairly clustered
axes and a symmetric disposition (Fig. 8a). Similarly
to unvegetated point bars, expansional behaviour is re-
lated to similar preservation of upstream-, central- and
downstream-bar portions. However, downstream-flow
impingement against the inner bank is at angles lower
than 70°, and no bank collapse or bar-tail accretion
occurs. Flow indicators are dispersed in the upstream-
and downstream-bar portions (Fig. 8b, d), while they
fan over c. 90° in the central-bar portions (Fig. 8c).
Accretions are mildly dispersed in the upstream- and

https://doi.org/10.1017/S001675681600025X Published online by Cambridge University Press

https://doi.org/10.1017/S001675681600025X


618 A . I E L P I

Figure 8. (Colour online) Comparative analysis of a vegetated, unconfined meander belt (Powder River, Montana, USA), featuring
expansional point bars. The meander belt has high symmetry and comparable preservation of upstream-, central- and downstream-point
bar portions. (a–d). Rose diagrams report average vector and 95 % confidence arc for total values (a), and upstream- (b), central- (c),
and downstream- (d) bar portions, respectively. Collection of accretion and flow indicators followed the criteria illustrated in Figure 6a.
(e) Detail of scroll topography, in places cross-cut by mature chute channels.

downstream-bar portions, and polymodal in the central-
bar portions.

5. Discussion

5.a. Controls on fluvial-planview style

The development of meandering planforms responds
to a number of factors, including self-organization
(Stølum, 1996; Smith, 1998), equilibrium between run-
off and sediment supply (Hooke, 2007) and, more gen-
erically, substrate roughness relative to slope gradi-
ent (Lazarus & Constantine, 2013). In fluvial–aeolian

systems such as the lower Rio Negro transecting the
Lençóis Maranhenses, grain size and morphology of
supplied sediment are largely influenced by aeolian
processes, so that sediment tends to be homolithic and
deprived of mud fractions (cf. Smith & Smith, 1984).
When aeolian dunes composed of non-cohesive sedi-
ment migrate in a direction oblique to opposite to that of
fluvial drainage, they provide spatial confinement to the
channel belt (cf. Langford, 1989; Bullard & McTanish,
2003), thus hampering its expansion and inducing sub-
strate roughness (Lazarus & Constantine, 2013). These
processes aid the development of point bars along sharp
bends, in concert with the low topographic gradient
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Table 2. Comparative features of unvegetated, vegetated-confined and vegetated-unconfined point bars of Figures
5—8.

Unvegetated Vegetated confined Vegetated unconfined

Point-bar behaviour Expansional Downstream-migrating Expansional
Scroll topography No Yes Yes
Channel-belt width : bar radius 1.1–14.5 1.0–1.4 3.5–21.0
Channel-belt symmetry Low High High
Upstream-central preservation High Low High
Chute drainage Developed Absent Well developed
Downstream-flow separation In places Common Absent
Point-bar axes Clustered, inconsistent

with trunk axis
Clustered, consistent

with trunk axis
Dispersed

Upstream Flow Downstream, clustered Downstream, clustered Dispersed
Accretion Upstream, clustered Clustered, bimodal Upstream, polymodal

Central Flow Downstream, mildly
dispersed

Downstream, clustered Downstream,
polymodal

Accretion Dispersed Clustered, bimodal Downstream,
polymodal

Downstream Flow Dispersed Dispersed Dispersed
Accretion Downstream, mildly

dispersed
Downstream,

polymodal
Downstream, bimodal

typical of coastal settings. Notably, these morphody-
namics are characteristic of single-thread channels,
braided channels and anabranches located on their sides
(Fig. 5).

The absence of floodplain tracts or local spring lines
within the Lençóis Maranhenses brings about funnel-
ling of discharge into the main channel trunks, a pro-
cess aided by overspill from adjacent lagoons medi-
ated by the migration of aeolian dunes. The hydrology
of the Rio Negro is also seasonally influenced by the
groundwater-table height within the aeolian-dune field.
Within the trunk channels, higher hydrographs are cap-
able of mobilizing larger quantities of aeolian sand,
and bedload starvation is unlikely, preventing the com-
plete reworking and wash-over of point bars at bankfull
depth (Bluck, 1974). In the upstream reaches of the
study transect, an equilibrium exists between discharge
and sediment supply, and conditions are favourable for
point-bar growth in alternating single-thread to braided
trunks. Continuous addition of sediment by aeolian-
dune migration eventually generates surplus, and the
downstream transition into a fully braided planform
takes place (Smith & Smith, 1984).

5.b. Unvegetated v. vegetated point bars

Unvegetated point bars in fluvial–aeolian settings lin-
early scale with the width of their parent channel, a
feature shared with tidal and vegetated fluvial me-
anders, the latter both confined and unconfined (Sem-
inara, 2006). However, unvegetated point bars of the
Lençóis Maranhenses show preferential growth and
preservation on hydrographic right-hand banks, ow-
ing to leftward (i.e. westward) channel-belt migration
(Fig. 9). Also, bank erosion is facilitated on hydro-
graphic left-hand banks, which are located downwind
of the main aeolian-transport direction. There, aeolian
sand accumulates in steep dune-lee faces that abut
onto unstable banks (Al-Masrahy & Mountney, 2015;
Fig. 9). The preferential occurrence on one bank relates

Figure 9. (Colour online) Summary of the depositional morpho-
dynamics and fluvial–aeolian interactions observed in the sinu-
ous fluvial tracts transecting the Lençóis Maranhenses. Scale
is indicative, although the relative sizes of aeolian dunes and
fluvial channels are consistent. See discussion in the text.

to lateral accretion overall perpendicular to the vector
of aeolian-dune migration (Fig. 5a), rather than dis-
persed and overall downstream-oriented as in veget-
ated systems (Figs 7a, 8a). Also, preferential disposi-
tion of point bars on one bank hampers the develop-
ment of bimodal or strongly divergent total directions
of sediment transport and accretion (cf. Todd & Went,
1991), which are instead observed in vegetated systems
(Table 2; Figs 7a, 8a). Lower flow dispersion can also
be a reflection of the relatively low sinuosity of the
unvegetated system, as well as of absence of interfer-
ence with floodplain flows re-entering the channel after
high-flood stages.

When compared to vegetated meanders, subdued bar
relief exerts a strong morphodynamic control: 30 % of
point bars exhibit chute drainage (Table 1), which in-
deed is facilitated atop low-relief point bars that are
fully submerged during most of the channel belt act-
ive life. In concert with sediment supply, subdued bar
relief also favours the superimposition of large unit
bars reaching hundreds of metres in width and down-
stream extent (Fig. 6a, b). In turn, the coalescence of
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unit bars with a scale comparable to that of point
bars hampers the development of apparent scroll to-
pography. The development of scroll topography is
also possibly hindered by the low relief of the point
bar itself, in turn an effect of bar growth within shal-
low, broad channels. Despite the spatial confinement
induced by the surrounding topography, the channel-
belt shift induced by aeolian-dune migration allows
for the expansion (rather than downstream migration)
of point bars located on the trailing bank. This appar-
ent contrast between expansional morphodynamics and
spatial confinement portrays an intermediate model for
unvegetated point bars. In fact, the studied point bars
are featured by sub-equal preservation of upstream-,
central- and downstream-bar portions, yet with well-
developed flow separation along their tails (Table 1;
Fig. 6). These features are typically complementary in
vegetated systems (Smith et al. 2009).

The expansional rather than downstream-migrating
behaviour of spatially confined point bars can be related
to their relatively small size when compared to that of
the parent channel (Table 1), or to the lack of cohesive
banks resistant to erosion. In the Lençóis Maranhenses,
downstream-flow impingement with angles of 70° is
sufficient to generate bank collapse. By comparison, in
both modern and ancient meandering-fluvial deposits,
similar processes require angles of impingement of up
to 120° (Smith et al. 2009; Ielpi & Ghinassi, 2014), ow-
ing to cohesive mud-rich banks or plant stabilization.
This peculiarity points to higher efficiency of flow im-
pingement in destabilizing unvegetated banks (Fig. 9).
On the other hand, lower angles of impingement hinder
a flow separation prominent enough to generate eddy
accretions or counter-point bars (cf. Smith et al. 2009).
Instead, downstream-bar flows are responsible for the
scouring of deep pools prone to host bank-collapse de-
posits (Fig. 6e). Since these processes assist in some
instances the nucleation of new bank-attached bars
(Fig. 6), a weak feedback loop can be envisaged (cf.
Rhoads & Welford, 1991; Fig. 9).

5.c. Perspective on the Precambrian rock record

The lower Rio Negro bears evidence for the alternation
of moderately sinuous single-threaded channels and
braided-channel belts within the Lençóis Maranhenses
(Fig. 5). High- to low-sinuosity transitions have been
previously discussed for vegetated rivers (Schwartz,
1978; Schumm, 1981), but not for unvegetated coun-
terparts. However, extra-terrestrial fluvial landscapes
featuring aggradational transitions from a straight to
meandering planform are documented (Bhattacharya
et al. 2005), suggesting shared mechanisms of plan-
form change in vegetation-free landscapes (Fig. 10a).
The absence of apparent scroll topography in favour
of large, coalescent unit bars may introduce signific-
ant overlap with low-sinuosity fluvial models (Cant &
Walker, 1978b). Growth of point bars with subdued
topography as in the Lençóis Maranhenses is likely
to generate sedimentary bodies with very low-angled

accretionary surfaces, another potential source of over-
lap with the sedimentary products of low-sinuosity
rivers (Ghinassi & Ielpi, 2015). It follows that the
proper characterization of pre-vegetation point bars in
the rock record may be biased unless observed in plan-
view, or along 3D sections where the comparison of
channel and bar palaeodrainage is possible.

The propensity of cohesion-less banks to collapse
when impacted by channel flow at relatively low angles
is consistent with the abundance of soft-sediment
deformation structures in Precambrian fluvial units
(Long, 2011). Furthermore, sinuosity in unvegetated
systems could have been aided by bank strengthening
associated with external factors, such as permafrost
(Fairén et al. 2014; Fig. 10b), precipitation of metals,
either microbially mediated or not (Fernández-Remolar
et al. 2005; Fig. 10c), or microbial sediment binding
(Prave, 2002). Sediment cohesion in mud-rich environ-
ments may also have aided bank strengthening (Fralick
& Zaniewski, 2012), but this latter factor is hard to
assess given the overall scarcity of fine-grained depos-
its in contexts where aeolian processes are prominent.
As such, the results of this study should be applied
to sand-dominated fluvial systems that largely lacked
the effects of cohesive banks (cf. Ielpi & Ghinassi,
2015), while the morphodynamics of pre-vegetation
mud-prone systems may have differed significantly (cf.
Santos & Owen, 2016).

As the processes observed in this study have decadal
scales, few inferences can be made from the study of
modern fluvial–aeolian systems on their long-term pre-
servation. Accommodation is of course pivotal and, al-
though with scarce chronological constraint, strongly
aggradational basin tracts are more likely to have pre-
served high-sinuosity fluvial forms, a condition some-
what favourable along Precambrian intracratonic suc-
cessions (Eriksson et al. 1998). Independent from ac-
commodation, long-term preservation of unvegetated
point bars is likely to be the highest for large, stable
forms located on accretionary banks somewhat pro-
tected by aeolian-dune migration. Fast and extens-
ive reworking associated with outburst floods milit-
ates against sinuosity, even at the decadal scale (Bluck,
1974; Schwartz, 1978; Fig. 10d, e), hence fluvial suc-
cessions bearing evidence of flashy discharge (e.g.
Hjellbakk, 1997; Long, 2006) are less prone to have any
point bars preserved. Though not the case in this study,
absence of vegetation may also have promoted rapid
hydrograph rising (Davies & Gilbing, 2010), possibly
with runoff-dominated, sediment-deprived events (cf.
Long, 2006). On the other hand, systems with stable dis-
charge during part of the year, like the ones contained in
the Lençóis Maranhenses, demonstrate better preserva-
tion of their high-sinuosity fluvial tracts over decades,
since large channels tend to develop prominent point
bars able to survive later reworking (December 1969
and May 2009 scenes in Fig. 4a), and their size makes
them less easily reworked by adjacent aeolian dunes.

Putative Precambrian analogues for the Lençóis
Maranhenses could be represented by fluvial–aeolian
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Figure 10. (Colour online) Possible external controls on the
development of sinuous planforms in unvegetated to scarcely
vegetated fluvial settings. Solid arrows indicate local drainage.
(a) Meandering channels (Md) hosted within channel belts (CB)
transecting aeolian fields (Ae) on Mars, with fluvial sinuosity
possibly aided by ground ice (Fairén et al. 2014). (b, c) Factors

tracts contained, for example, in the 1 Ga Nelson Head
Formation of the Brock Inlier and the 1.6 Ga Ellice
Formation of the Elu Basin. Both these formations con-
tain evidence of high- and low-sinuosity tracts in close
association with aeolian deposits (Long, 2011; Ielpi
& Rainbird, 2015, 2016). There, fluvial and aeolian
deposits are observed in both planform and vertical ex-
posures where bar and channel palaeoflow can be com-
pared. In some instances, large-scale aeolian cross-beds
(set thickness > 30 m) are scoured by channel forms
hosting bank-attached bars composed of metre-scale
cross-beds. These features are interpreted as typical of
stable fluvial drainage between high-relief sand dunes
(Ielpi & Rainbird, 2015). In this context, future direc-
tions of research should focus on, or reappraise, humid
fluvial–aeolian systems like those described by Pulver-
taft (1985) and Tirsgaard & Øxnevad (1998), or basin
tracts where aeolian and fluvial facies are closely inter-
bedded (cf. Hadlari, Rainbird & Donaldson, 2006).

6. Conclusions

Point bars occurring in sinuous and braided fluvial
reaches of the Rio Negro, a fluvial trunk transecting
the aeolian Lençóis Maranhenses of Brazil, indicate
that modern unvegetated streams are not solely charac-
terized by a low-sinuosity planform and downstream-
bar accretion. Multi-temporal analysis over a timespan
of c. 45 years shows that the rhythmic expansion of
fluvial drainage is controlled by interdune connectiv-
ity, groundwater-table fluctuation and aeolian-induced
spatial confinement. Growth of point bars along sharp
channel bends is facilitated by low coastal topography
and equilibrium between discharge and sediment sup-
ply. Continuing bedload addition from aeolian pro-
cesses favours the downstream transition into wider
braided-channel belts.

During periods of channel-belt activity, expansional
point bars with subdued relief show accretion and mi-
gration of large superimposed unit bars that hinder the
development of scroll topography. Point bars have pref-
erential disposition on accretionary banks facing ob-
liquely upwind into the aeolian-transport direction, a
feature that strongly controls their patterns of growth
and sediment transport. Unvegetated point bars dis-
play an intermediate behaviour portrayed by processes
that tend to be complementary in vegetated point bars.
Unvegetated point bars display expansional morpho-
dynamics despite their spatial confinement, and are

aiding in the development of meandering-fluvial morphodynam-
ics (e.g. point-bar growth, migration and cut-off) include per-
mafrost (b, meander belt of Bernard River, Banks Island, Arctic
Canada) and bank cementation by metal oxides (c, side and point
bars of Río Tinto Basin, Spain). (d, e) Short-lived, highly sinuous
planforms developed during low-stage reworking, Skeiðarár and
Fjalsjökull sandurs of southeastern Iceland. Long-term preser-
vation is there hampered by high-hydrograph floods (cf. Bluck,
1974).
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featured by equal preservation of upstream, central and
downstream portions, the latter with some degree of
flow separation along the bar tail. There, channel-flow
impingement against banks at angles higher than 70°
generates deep scoured pools, bank collapse and re-
working of collapsed deposits into new bank-attached
bars.

Modern fluvial–aeolian landscapes such as the
Lençóis Maranhenses demonstrate vast potential for
the study of the morphodynamics of ancient vegetation-
free depositional environments. Lack of apparent scroll
topography and low bar relief introduce overlap with
low-sinuosity fluvial facies models, underscoring the
critical observation of ancient deposits in planform or
along 3D sections where bar- and channel palaeoflow
can be fully compared. While ground ice or microbial
sediment binding may have provided additional bank
stabilization and enhanced sinuosity in Precambrian
fluvial systems, this study demonstrates that growth
and preservation of point bars is also plausible in
cohesion-less deposits. Preservation of fluvial point
bars in the Precambrian was possibly higher in high-
accommodation settings with stable fluvial discharge
and low topographic gradient. On the other hand, an-
cient fluvial successions bearing evidence of flashy dis-
charge and high topographic gradient are likely to be
devoid of any sinuous tracts.
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