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Abstract: The size and geometry of alluvial river bends are a result of the stream power and the sediment load. However, the
efficiency of these variables is not the same in rivers over rocky substrates. Considering the hypothesis that a channel bend
influences the flow dynamics and characterizes specific flow zone conditions, bed morphology, and sediment load distribution,
the objective of this study is to characterize these variables in a rocky-bottom controlled bend of the Piquiri River, PR, Southern
Brazil. The methods used for this were: a) Field data collection (bottom and suspended sediments, bathymetric Esurveys, and
flow discharge and velocity); b) echosounder and ADCP data were processed by the ArcGis 10.4 and VMT (Velocity Mapping
Toolbox) software; and c) Laboratory procedure (quantification of suspended and bottom sediment). The results demonstrate
that the bottom morphology and channel curvature influence the depth variation, highlighting the increase in depth in the
downstream section of the bend, as well as in the flow distribution and velocity with the generation of helical cells in the channel
bend zone. The concentration of suspended sediment varies, both from upstream to downstream, as well as at different depths,
being, however, significantly higher downstream of the bend. These results denote great importance in understanding the
dynamics and flow processes in channel bends with rocky beds, with emphasis on the behavior of the flow with different

pressure gradients.

Keywords: Morphology, helical movement, sediments.
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Resumo: O tamanho e a geometria das curvas de rios aluviais sdo resultado da poténcia do canal e também da carga sedimentar
do sistema. Entretanto, é importante ressaltar que a eficiéncia dessas varidveis ndo é a mesma em rios com substrato rochoso.
Considerando a hipétese de que uma curva de canal influencia a dindmica do fluxo e caracteriza condi¢des especificas das
zonas de fluxo, morfologia do leito e distribui¢ao da carga sedimentar, o objetivo deste estudo é caracterizar o comportamento
do fluxo, a morfologia do leito e quantificar o sedimento em suspensao e de fundo em uma curva do rio Piquiri, PR. Para tanto,
foram utilizados os métodos: a) Coleta de dados de campo (sedimentos, batimetria, medigao de vazado e velocidade de
escoamento); b) Processamento dos dados do ecobatimetro e do ADCP com os programas ArcGis 10.4 e VMT (Velocity Mapping
Toolbox); e c) Procedimento laboratorial (quantificacdo de sedimento em suspensao e de fundo). Os resultados demonstram
que a morfologia do fundo e a curvatura do canal influenciam na variagdo da profundidade, destacando-se o aumento da
profundidade no trecho a jusante da curva, bem como no comportamento e distribui¢ao da velocidade do escoamento no canal
com gerac¢ao de células helicoidais na zona de curvatura do canal. A concentra¢do de sedimento em suspensao varia, tanto de
montante para jusante, quanto em diferentes profundidades, sendo, no entanto, significativamente maior a jusante da curva.
Esses resultados denotam grande importancia na compreensao da dindmica e dos processos de escoamento em curvas de canal

com leitos rochosos, com énfase no comportamento do escoamento com diferentes gradientes de pressao.

Palavras-chave: morfologia, movimento helicoidal, sedimentos.

1. Introduction

Studies on the dynamics and structuring of water and sediment flow in river channel bends began in the mid-
20th century with the work of Dury (1953), Balek and Kolar (1959), Bagnold (1960), Leopold and Wolman (1957,
1960), Leopold et al. (1964), among others. From the beginning of the 21st century, with the development of new
technologies, especially the georeferenced ecobathymeter and the Acoustic Doppler Current Profiler (ADCP), there
has been considerable progress, particularly in determining flow structure, bed morphology, and sediment
transport.

Precursor studies of meandering rivers covered various topics, such as the temporal morphological alteration
of curves in the Karan River (YOUSEEFI et al., 2016); the evolution of meanders due to the influence of secondary
flow (CHEN; TANG, 2012); combined analysis of field data, remote sensing, and computational modeling (KASVI
et al., 2015); the influence of sediment load composition (KAYVANTASH et al., 2017; TIRON et al., 2009); and the
influence of plant remains in small meandering channels (DANIELS; RHODES, 2003). A rich collection of studies
on various topics related to meandering channels can be found in the special volume “Meandering Channels” in
Geomorphology, edited by Giineralp et al. (2012).

However, most of these studies were developed in alluvial rivers, mainly those with intense channel migration
and bar formation. Rocky rivers with curves controlled by lithostructure have not received the same attention, and
the few related articles are about mountain channel rivers with high loads of boulders and gravel associated with
ephemeral high-energy flows (e.g. MILLER; CLUER, 1998; CENDERELLI; CLUER, 1998). The same has happened
for South American rivers, whose studies have mostly focused on alluvial river curves. Luz et al. (2017)
investigated the evolution of a meander of the Cuiaba River considering the relationship between flow structure
and erosion of the concave bank that caused the "cut-off" in two years; Ramonell et al. (2007) measured changes in
the sinuosity of the Bermejo River channel, Argentina, after the construction of a bridge; and Luz et al. (2020)
presented the dynamics of a meandering confluence of the Paraguay and Cuiaba rivers.

Regarding the gap in studies on rocky bed river bends, Engel (2014), Stevaux, and Latrubesse (2017) emphasize
the importance of understanding this type of channel and the processes involved in the development of predictive

models of the dynamics and evolution of these forms. Thus, the objective of this study is to show the morpho-
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hydraulic relationships and the behavior of the sediment load transported (suspended and bed load) in an alluvial-
rocky river bend.

This study was developed on a curve of an alluvial-rocky stretch of the Piquiri River, continuing the work of
Bennert et al. (2023), thus enabling the aggregation and integration of more data and enriching the results. The lack
of studies on curves of alluvial-rocky channels highlights the importance of this research in integrating,
complementing, and providing support to other studies on the flow behavior and morphology of channels in rivers

of this nature.

2. Study area Characterization

The Piquiri River originates at an altitude of 1,040 m in the Serra de Sao Joao, which is the boundary between
the municipalities of Guarapuava and Turvo, PR, and flows for 485 km (LIMA et al., 2004) until its mouth on the
left bank of the Parana River, 15 km upstream from the city of Guaira, PR. The section of the channel studied
consists of a litho-structural curve of 40 degrees, with a length of 1.6 km to 3.0 km from the mouth. In this location,
the river has a mixed condition due to the formation of a floodplain on the right bank, which is 1.8 km wide, and
the left bank formed by basalt from the Serra Geral Formation. The floodplain exhibits a morphology composed of
paleochannels, suggesting a progressive migration towards the left bank (Fig. 1).

The native vegetation of this area is the Submontane Seasonal Semideciduous Forest; however, due to
exploitation, only a few local fragments remain (PAROLIN et al., 2010). The climate is predominantly of type Cfa
(humid subtropical without a dry season), and the precipitation is less than 1,300 mm per year (BITTENCOURT,
1993). The average flow of the lower course of the Piquiri River is 505 m?/s, as measured by the Balsa Santa Maria
gauging station (64.830.000), with a 38-year historical series. The drainage basin of the Piquiri River covers 24,700
km? (LIMA et al., 2004), and its specific production of suspended sediment throughout the basin is classified as
low to moderate (43 to 135 t/km?/year), and the concentration of suspended sediment ranges from very low to
moderate (46 to 140 mg L) (LIMA et al., 2004).
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Figure 1. Section of the mouth of the Piquiri River into the Parand River. Study area in the red rectangle. Numbers:

studied sections. Landsat-8 image, OLI Sensor, date 08/06/2014.

3. Materials and Methods

The field survey was conducted from December 7 to 11, 2016, under average channel flow conditions (~500
m?/s). Suspended and bed sediment samples were collected, bathymetry of the channel was performed, and flow
rate, velocity, and flow direction were measured at 10 sections (Fig. 1). The stretch of the channel was segmented
into three sectors: upstream of the bend (sections 7, 8, 9, 10), bend (sections 4, 5, 6), and downstream of the bend
(sections 1, 2, 3).

Suspended sediment samples were collected at depths of 50 and 150 cm using a Van Dorn bottle, and for the
bottom sediment, a modified van Veen grab was used.

The bathymetric survey was conducted using a georeferenced Furuno echosounder, model GP1650F, connected
to a portable computer to record coordinates and depths (x, y, and z) using the Fugawi 4.5 software. The procedure
consists of repeated cross-navigations between the banks and longitudinally covering the entire study area. Flow
discharge, velocity, and acoustic response (backscatter) data were acquired by the ADCP (Acoustic Doppler
Current Profiler) equipment, model River Ray Teledyne RDI (Thousand Oaks, CA), with a frequency of 600 kHz.
The equipment is connected to a portable computer via the WinRiver II software.

The structural analysis of the area was based on the drainage alignment, the same method used by Souza Jinior
et al. (2013) for the mouth of the Ivai River.
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3.1. Processing of bathymetric data and flow velocity

The data processed in the Fugawi 4.5 program were exported as a text file, organized in Excel software, and
subsequently interpolated using the Ordinary Kriging procedure, with the bathymetric map created in ArcGIS
10.4. The ADCP data in ASCII format for each section were exported and processed in the VMT (Velocity Mapping
Toolbox) program (PARSONS et al., 2013), which is based on Matlab and can be exported to files compatible with
ArcGIS and Tecplot programs (PARSONS et al., 2013; ENGEL and JACKSON, 2016). Using the VMT program, the
flow direction and velocity map was also created. The ASCII data for each section were converted and exported in
Matlab (*.mat) format, which were accessed in VMT and processed together to generate the image. Through this
software, the secondary flow in the vertical sections was also identified using Rozovskii’'s method (1957)
(SZUPIANY et al., 2009).

3.2. Analysis of suspended and bed sediment

The concentration of suspended sediment was obtained by filtering a defined volume of collected water using
Millipore filters (previously weighed dry) attached to a vacuum pump (ORFEO, 1995; LELI et al., 2010).
Subsequently, the filters with the retained sediment were dried in an oven for 24 hours at 105° C for later weighing
on a precision balance, with the difference between the initial and post-filtration filter weights corresponding to
the total load. The filter was then placed in a muffle furnace for four hours at 480° C to burn the organic matter.
Afterward, it was weighed again at room temperature to determine the concentration of suspended sediment
without the organic matter. The suspended sediment results from each sample were then plotted in an Excel table
with the corresponding depth and geographic coordinates. The statistical graphs were obtained from the Excel
table and processed in the R program (RSTUDIO) with the ggplot2 package, which enabled the mapping of
suspended sediment at different depths.

The distribution of suspended sediment concentration for each of the vertical profiles was obtained by
correlating the "backscatter" signal (signal return intensity) from the ADCP (dB) with the measurement of
suspended sediments collected at different depths in the field (DORNELLES, 2009; SZUPIANY et al., 2009;
SZUPIANY et al., 2012; LATOSINSKI et al., 2014; WEIBEL et al., 2022). This method allowed for the identification
of the sediment distribution in the study area.

The estimation of the bed material was obtained by sieving the dry material through a set of sieves with
diameters of 16, 8, 4, 2, 1, 0.5, 0.25, 0.125, and 0.0625 mm (SUGUIO, 1973; CARVALHO, 1994).

4. Results and Discussions

4.1. Litho-structural analysis

The section of the Piquiri River curve is situated in small tilted blocks where its alluvial plain extends, with the
channel migrating from the right bank upstream of the curve to the left bank downstream. Similarly, the lower
course of the Pirapd River, a tributary of the Paranapanema River, has its course controlled by NE-SW and E-W
structural lineaments (MINEROPAR, 2006). Such migrations, which occur in the Parana River and its left-bank
tributaries, are derived from litho-structural control (STEVAUX, 1994). Litho-structural control triggers the
formation of a channel gradually filled with alluvial deposits, where the channel continuously migrates without
altering the lateral dimensions of the channel (STEVAUX et al., 2019, 2021). This behavior has also been observed
at the mouth of the Ivai River (SOUZA JR. et al., 2013) and the Purus River, AM (LATRUBESSE; KALICKI, 2002).
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Although limited to the Piquiri River end section, the mapping of relief and drainage lineaments reveals a
strong litho-structural conditioning in the channel layout (Figs. 1 and 2), with lineaments in the NE-W and WNW-
ESE directions closely aligned with the general trend mentioned above (Fig. 2 C and D). This is the same system in
the Third Parand Plateau, which develops similarly in the basaltic terrains of the Serra Geral Formation as in the
arenaceous terrains of the Caiua Formation. The same lineaments are also observed at the mouth of the Ivai River
(SOUZA JR. et al.,, 2013; FRANCO et al., 2008) and Paranapanema (PAES et al., 2008; STEVAUX et al., 2009).

Regionally, the most significant trends are in the N-S, NNW-SSE, and NE-SW directions, followed by another
in the WNW direction, which is more strictly associated with drainage lineaments. These lineaments are linked to
regional WNW lineament systems (Tieté River, Paranapanema River, Alonzo River, Piquiri River, Iguagu River,
among others) that cross almost the entire eastern edge of the Parana Sedimentary Basin, likely derived from the
uplift of the Ponta Grossa dome (e.g., FULFARO et al., 1982; PIRES NETO et al., 1994). The Parand River, on the
other hand, flows over a NE-SW lineament resulting from a normal fault with tilting of the lowered block to the
east, i.e.,, toward the left bank (MAACK, 1968; STEVAUX, 1994). This condition leads to the asymmetric
development of the floodplain on the right bank and the channel being diverted oppositely toward a high bank,
typically composed of basalts from the Serra Geral Formation or resistant sandstones from the Caiua Formation.
However, it is observed that channel control in smaller rivers can be established by lineaments of lesser magnitude,

with the presence of lowered blocks that may or may not be tilted. Martinez et al. (2011) observed that curves of

the Pirapd River (20 km from its mouth into the Paranapanema River) are controlled by blocks with tilting on both
the left and right banks (Fig. 2 A and B).

Figure 2. A: Curve of the Pirap6 River under the control of small faults and tilted blocks; B: Block diagram of the
same curve (Mod. MARTINEZ et al., 2011); C: Control of lineaments ~NE-SW and ~E-W in the lower course of the
Piquiri River (Mod. MINEROPAR, 2006); D: Detail of the curve (yellow arrows indicate the dip of the tilted blocks).
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4.2. Floodplain

As with other tributaries on the left bank of the Parana River, typical of the sandstone-basalt plateau, the
floodplain of the Piquiri River develops only in the lower section, closer to the mouth. This is also the case for the
Ivai and Paranapanema Rivers, which have a channel embedded directly over the bedrock, with no floodplain
formation until near the mouth. Such a condition has been observed by Santos et al. (2008) and Souza Jr. et al.
(2013), who suggest that the floodplain forms near the mouth due to the structural influence developed by the
proximity of the Parana River. The alluvial plain of the curve section is defined by a set of small faults that result
in the formation of lowered blocks, creating space for the development of the floodplain. As reported in Latrubesse
and Kalicki (2002), Stevaux (1994), and Leli and Stevaux (2021), regardless of block tilting, the channel, over its
history, can migrate across the entire alluvial plain. In the case of larger rivers, such as the Parana River, the
deviation occurs for two reasons: a) neotectonic imposition (FORTES et al., 2005; STEVAUX, 1994), b) autogenic
changes, such as channel abandonment due to sedimentation and slope leveling (LELI; STEVAUX, 2022). In the
case of the Piquiri River, as well as the Ivai River (SANTOS et al., 2022), the channel migration appears to be driven
by autogenic factors, meaning that as the floodplain is filled, the channel advances laterally to both banks. This
process remains active as long as hydrological and sedimentary conditions remain constant (TUROWSCKI et al.,
2008; STEVAUX; LATRUBESSE, 2017). The curve section shows the channel asymmetrically diverted to the left
bank, leaving a floodplain with at least two stages of development (Fig. 1).

Core samples from a small floodplain of the Piquiri River, 30 km upstream of the studied section, show a
dominance of dark mud deposition with iron nodules, locally alternating with very fine, dark, muddy sand. These
deposits have sedimentation rates of 0.3 to 0.5 mm year-, values similar to those found in similar environments in
the Parand River (STEVAUX; SOUZA, 2004; REMOR et al., 2015; LELL; STEVAUX, 2021).

4.3. Channel morphology

The section of the channel upstream of the curve has a depth ranging from 4 to 6 m (Fig. 3) and a width of
about 300 m, with a trapezoidal cross-section and a relatively homogeneous bottom (Fig. 3, Tab. 1). The
longitudinal profile shows an abrupt change in morphology and a sudden increase in channel depth at the curve
location due to the formation of a 10 m "knickpoint" and an 11 m deep scour at the curve's apex near the concave
bank (Fig. 3). The downstream section of the curve maintains asymmetry similar to that of the curve, with the
thalweg shifting to the left bank (Fig. 3, Tab. 1).

The longitudinal profile of the riverbed shows two distinct levels, one upstream with a depth of around 4 m,
and another downstream with a depth between 7 and 8 m, separated by the 10 m "knickpoint" at the curve (Fig. 3).
Both the "knickpoint" and the "scour" were not generated exclusively by hydraulic processes but also by litho-
structural imposition, which facilitated the release of blocks removed during periods of more energetic hydrology,
as mentioned in other basaltic bed rivers (STEVAUX; LATRUBESSE, 2010; 2017). The system of orthogonal and
hexagonal fractures in the basalt facilitates the block detachment mechanism ("quarrying"), which is one of the
most common and efficient mechanisms for bedrock lowering (MILLER, 1991; WHIPPLE, 1998). Lima and Binda
(2013) identified hydraulic quarrying as the primary mechanism for rivers over the basalt of the Serra Geral

Formation in Parana.

Revista Brasileira de Geomorfologia. 2025, v.26, n.2; ¢2647; DOL http://dx.doi.org/10.20502/rbg.v26i2.2647 https://rbgeomorfologia.org.br/



Revista Brasileira de Geomorfologia, v. 26, n. 2, 2025 8

Figure 3. Bathymetry and variation of the channel depth.

4.4. Flow velocity and structuring

The flow does not show significant variations along the sections of the reach, with an average velocity of 0.45
m s'. The flow direction changes behavior from upstream to downstream, with the flow upstream being almost
parallel to the channel, with a slight deviation toward the left bank (510, S9), increasing significantly as it reaches
the curve (S8, S7, S6, S5, 54), with a continuous increase downstream (S1, 52, and 3). Similarly, the highest flow
velocities are shifted toward the left bank of the channel in the downstream section (S10 to S7); however, they
distribute homogeneously across the channel from the curve onward (S6 to S1) (Fig. 4). Consequently, the flow
energy changes in these segments, with an average velocity of 0.40 m s in the upstream section, increasing to 0.547
m s downstream of the curve. The highest measured instantaneous velocity was 0.55 m s at S3. The slight increase
in velocity downstream is driven by the "knickpoint,” which causes an abrupt increase in the channel bed slope.
The instantaneous discharge values show a variation of up to 30%, with the lowest at 510 (548 m® s'') and the
highest at S1 (768 m?® s). This condition is attributed to collection conditions, such as access to the banks or local
variations in velocity (GUERRERO et al., 2016).
The deviation of the highest velocity zone toward the concave bank is a common process in channel curves
due to the centrifugal displacement of the flow, which intensifies the formation of secondary cells that strengthen
in the direction of this bank (STEVAUX; LATRUBESSE, 2017). The lower primary velocity in the channel curve
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area (Fig. 2) occurs due to the energy loss of the flow caused by the increased friction of the concave bank, as
discussed by Konsoer et al. (2016). In this case, the flow energy is spent on the formation of vortices (MORISAWA,
1968). In the upstream section of the curve, the channel has a more regular bottom and secondary flow movements
without the formation of large helical cells. This condition changes at the curve, where the bed presents greater
depth and irregularity and an excavated area (Fig. 3), triggering both secondary flow and helical cells. The water
flow at the curve site causes the super-elevation of the surface, creating a differential in the water pressure gradient
and the formation of a cross-current toward the outer bank, which flows along the bed of the channel until the end
of the curvature, resulting in the generation of helical cells (CHARLTON, 2007; ENGEL, 2014). The low hydraulic
slope (0.00001) indicates the effect of damming by the Parand River in reducing the specific power of the channel
to less than 1 W m? (measured by instantaneous discharges), also affecting the formation of helical cells
downstream of the curve. Although the morphology and depth of the bed are maintained, the effect of the pressure

gradient at the curve loses much of its action.

Table 1 - Flow, average velocity, width, and average depth per transect during the sampling period.

Transect Flow (Q) (m®s?)  Average velocity (m s7) Width (m) Average depth (m) Sector

S 10 548.0 0.429 310 3.8 Upstream
S9 546.1 0.392 311 4.5 Upstream
S8 565.9 0.435 305 4.1 Upstream
S7 564.4 0.460 302 3.9 Upstream
Seé 583.5 0.383 206 6.5 Curve

S5 593.1 0.413 209 5.5 Curve

S4 595.0 0.457 225 5.1 Curve

S3 763.6 0.547 213 6.2 Downstream
S2 769.9 0.530 206 7.1 Downstream
S1 768.1 0.464 207 7.3 Downstream

The behavior of the helical secondary flow cells is distinct across the three sectors. The upstream sector (S10,
S9, S8, S7) has the secondary flow distributed throughout the cross-section, but these consist of small and poorly
defined elements, predominantly directed from the surface to the bed (Fig. 4). This condition changes at the channel
curve (S6, S5, S4), where well-defined helical flow cells are present, and the flow is mostly clockwise (upstream-
downstream direction). The displacement of the cells is predominantly from the right bank, meeting an anti-
clockwise cell in deeper areas near the left bank in the curve sections. The flow moves from the surface to the bed
toward the left bank, then returns near the bed in the opposite direction near the right bank. The downstream
sector (S3, S2, S1) shows a restructuring of the flow with cells distributed throughout the section and a
predominance of downward flows. However, the cells are smaller than those in the channel curve sector and occur

near the left bank, with clockwise and anti-clockwise interactions at the meeting points of the cells.
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Velocity m/s

Figure 4. Distribution of flow velocity and secondary flow (black and white) with helical movement

indicated by the arrows. Below: Highlight the river curve with the cross sections and the highest channel

flow velocity corridor.

Although the rocky characteristic of the bed prevents the formation of meanders, in this case, the channel
curvature imposed by the litho-structure has caused a dynamics flow similar to meandering channels, both in the
influence of the curve on the flow due to the change in the water pressure gradient, and in the higher flow velocity
on the left bank due to the shape of the bed and the presence of a point bar (Fig. 4). Similar results were observed
by Engel (2014) and Konsoer et al. (2016).

The flow behavior of the Piquiri River in the section immediately downstream of the curve shows a general
direction toward the left bank of the channel (BENNERT et al., 2023), with the authors attributing this condition to

the effect of the studied curve on the flow and the restructuring of the downstream flow.

4.5. Sediment transport

The total suspended sediment concentration (Css) shows very similar values at both sampled depths. At 50
cm depth, it ranged from 15 to 45 mg L-1, with the concentration predominantly between 25 and 35 mg L, and an
average of 30 mg L. At 150 cm, it ranged from 20 to 47 mg L1, with an average of 31 mg L-'. The same pattern was
observed for the mineral sediment concentration (Cs), which ranged from 13 to 42 mg L' at 50 cm, with an average

of 18 mg L, and from 15 to 37 mg L at 150 cm, with an average of 24 mg L (Fig. 5 A). The organic matter (OM)
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concentration reflected the same trend, ranging from 4 to 8 mg L' with an average of 6 mg L at 50 cm, and from
5 to 9 mg L' with an average of 7 mg L1 at 150 cm (Fig. 5 B).

However, longitudinally, the values of Css, Cs, and OM varied considerably, without showing a defined trend.
The distribution of suspended load values found shows an unusual homogeneity in the case of alluvial rivers,
where depth differentiation is more evident (SUGUIO; BIGARELLA, 1979). The irregularity of the rocky bed, with
the occurrence of blocks of varying sizes, creates greater roughness and turbulence compared to alluvial rivers,
where the channel is formed by homogeneous and smaller material (STEVAUX; LATRUBESSE, 2017).
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Figure 5. Concentration of total suspended sediment (Css), mineral (Cs), and organic matter (MO) at depths of 50

and 150 cm.

The spatial distribution of suspended sediments obtained by correlating the Backscatter (dB) values from the
ADCP with the sediment concentration measurements (mg L") resulted in a significant correlation with an R? close
to 0.7 (Fig. 6), similar to the 0.8 found by Bennert et al. (2023) near the confluence with the Parana River.
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Figure 6. Correlation between Css and dB of the ten sections of the studied bend of the Piquiri River.
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The distribution of suspended sediment concentration (Css) is more homogeneous in the upstream sections of
the curve (510, 9, 8, and 7), ranging from 26 to 41.4 mg L', and downstream presents a greater variation with lower
values at the surface and progressively higher values with increasing depth, ranging from 10.0 to 41.4 mg L (Fig.
7). The curve sections S6 and S5 show higher concentrations in the channel center at depths close to the bed,

indicating the secondary flow influence and the helical movement on local sediment concentration.
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Figure 7. Distribution of sediments and organic matter at different depths.

The bed material is distributed throughout most of the section, except in the concave bank of the curve and
the right bank (Fig. 8). The bed sediment upstream of the curve is predominantly composed of medium sand,

followed by fine and very fine sand, maintaining the grain size of medium and fine sand with the presence of
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pebbles in the curve section. Downstream sections are dominated by medium sand and pebbles. During the field
sampling period, the bed material was immobilized due to the low-flow energy condition. This condition indicates
that the transport of this material occurs during the channel's flood periods, particularly during floods that do not

coincide with those of the Parana River, which imposes an increase in the system's energy.
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Figure 8. Distribution of bed sediment and two bedrock sectors: right bank upstream of the curve and left bank

downstream.

The mapping of the bed material (Fig. 8) shows the upstream sector of the right bank and part of the curve,
along with a downstream section of the left bank, formed by bedrock, indicating the complete removal of bed
sediment due to the flow conditions during the campaign (Tab. 1). This condition triggers a slight increase in the
concentration of suspended load downstream due to the secondary movements and helical cells of the curve, which
alter the sediment concentration at different depths in this area of the channel and also contribute to the suspension
of bed sediments and transport by the increased flow velocity downstream (Fig. 4). In the case studied, the flow
dynamics influence the greater accumulation of bed sediments at the end of the channel stretch area (Fig. 8).
Although not evaluated, under conditions of higher discharge energy from the Piquiri River and less effect of
damming from the Parana River, much of this accumulated sediment volume would likely be mobilized to the
Parana River. Otherwise, it would be inevitable for the system to become blocked, preventing the flow and

discharge of the Piquiri River.

5. Conclusions

The study aimed to understand the sediment transport processes, flow dynamics, and morphology of a river
bend in the Piquiri River. To this end, based on the bathymetric data of the bed, flow behavior, transport, and

distribution of suspended and bed sediments in this bend of the Piquiri River, the following conclusions are drawn:
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1. The bed morphology is more homogeneous in the upstream section, with an increase in depth starting
from the river bend, primarily on the concave bank (left bank) due to bed excavation by secondary flow
and helical cells, forming a scour hole at the location.

2. The flow is directed towards the left bank from upstream to downstream, being more pronounced at the
curve location, where changes in flow velocity and discharge also occur, which are related to the channel
morphology. The lower velocity at the curve is related to the flow dynamics in bed erosion and friction
with the concave bank, caused by the water pressure gradient in the curvature. The curvature of the
channel generates secondary flow, creating helical cells, which, in the case of extreme floods, triggers the
detachment and transport of basalt blocks, unlike alluvial rivers where the process occurs even under
ordinary flow conditions.

3. Comparing the flow distribution model of the studied curve with that of alluvial rivers, it is noticeable
that in the latter, the roughness is significantly reduced compared to that of rocky rivers. This causes, in
the studied case, the destruction of velocity cells and a rearrangement determined by local and specific
conditions.

4. Although the average flow velocity is relatively homogeneous, the slight increase found in the
downstream section is related to the local increase in slope due to the "knickpoint,” which typically does
not occur in curves of alluvial rivers.

5. There is variation in suspended sediments at different depths, as well as between the upstream and
downstream sections. This condition is related to the influence of secondary flow and the increase in flow
velocity from the curve to downstream.

6. Although the Css and MO at 150 cm are consistently higher than at 50 cm depth, the increase in Cs at 50
cm downstream of the curve results from the turbulent activity near the bed and the formation of
secondary flows that act on the stirring and suspension of finer sediments transported by the flow.

7. The rocky characteristic of the bed prevents the formation of meanders in the final stretch of the Piquiri
River; however, the curvature of the channel imposed by the litho-structure established a flow dynamic
similar to meandering channels, with higher flow energy, the formation of vortices in the thalweg of the
concave bank, and the redirection of the flow downstream to the left bank.

8. Some questions can be raised with the results of this study: a) The asymmetry of the curve section
imposed by the litho-structure have as its most important factor the tilting of the blocks, or would
hydraulic action be as important as in alluvial rivers? b) In the case of hydraulic contribution, what flow
would provide sufficient specific power for the removal of the rocky material, and how frequently would
this flow occur? c) Dating and facies analysis of the floodplain deposits could inform whether the
channel's shift to the left bank could be reversed by endogenic (hydrosedimentary) processes, as observed
in other rivers with similar conditions?
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