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Abstract: Confluences are places of a complex interaction of flow and sediments coming from different channels. Studies at 

large confluences have advanced the understanding of these environments on a larger scale. This study is carried out at the 

confluence formed by the Paraná and Piquiri rivers in the state of Paraná - Brazil. This study aimed to the analysis of channel 

morphology, flow structure, and sediment dispersion at the confluence of rivers. The methodology consists of bathymetric 

data, ADCP data – Acoustic Doppler Current Profiler, and calculating suspended and bed sediment transport. ADCP data 

was processed in VMT software and generated the following information: flow direction, sediments load (bed and suspended) 

and used to calculate the moment ratio (Mr), discharge ratio (Qr), stream power (Ω), and specific stream power (ꞷ) in both 

channels. The results reveal the variation of channel depth, and specific morphological areas for the confluence with a 

sediment accumulation zone, submerged lateral bar, and excavation area. The flow dynamics shows an increase in velocity in 

the Paraná River downstream of the confluence and a decrease in the flow velocity of the Piquiri River as it approaches the 

junction. The confluence has a flow stagnation zone, acceleration, and shear layer. The suspended sediment concentration is 

higher in the Piquiri River, on the other hand, the bed material of the Paraná River is predominantly composed of medium to 

coarse sand fractions. 

Keywords: confluence, morphodynamics, channel planform, suspended sediment concentration.  

Resumo: Confluências são locais de complexa interação de fluxo e sedimentos provindos de canais diferentes. Estudos em 

grandes confluências tem avançado na compreensão destes ambientes em escala maiores. Este estudo é realizado na 

confluência formada pelos rios Paraná e Piquiri no estado do Paraná-Brasil. Este estudo teve como objetivo caracterizar a 

morfologia, estrutura do fluxo e a dispersão de sedimentos na confluência dos rios. A metodologia consistiu em analisar dados 

batimétricos, ADCP - Acoustic Doppler Current Profiler e estimar os sedimentos suspensos e de fundo. Os dados do ADCP 

foram processados no software VMT e geraram as seguintes informações: direção e velocidade de fluxo; estimativa da 
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quantidade de sedimentos suspensos além de serem base para o cálculo da razão do momentum do fluxo (Mr), razão da vazão 

(Qr), potência de canal (Ω), e potência específica de canal (ꞷ) em ambos os canais. Os resultados apontam para a variação de 

profundidade dos canais, e áreas morfológicas especificas para a confluência com uma zona de acúmulo de sedimentos, barra 

lateral submersa e área de escavação. A dinâmica do fluxo apresenta um aumento de velocidade no rio Paraná a jusante da 

confluência, e diminuição da velocidade do fluxo do rio Piquiri quando se aproxima da junção. A confluência conta com zona 

de estagnação de fluxo, aceleração e camada de cisalhamento. A concentração de sedimentos suspenso é maior no rio Piquiri, 

por outro lado o material de leito do rio Paraná é composto predominantemente por frações de areia média a grossa. 

Palavras-chave: confluência, morfodinâmica, forma do canal, concentração de sedimentos suspensos.  

 

1. Introduction 

River confluences are frequent features of river networks, regardless of channel magnitude, regime, and 

pattern (KENWORTHY; RHOADS, 1995). Changes occur in these locations, both in the hydraulic and bed 

geometry, as well as in the flow structure and sediment discharge (BEST, 1987, 1988; ROY, 2008; RICE et al., 2008; 

RHOADS et al., 2009). Confluence studies are based on the analysis of field data, laboratory, and numerical 

modeling. They are generally aimed at morphological identification of the bed and flow structure to characterize 

local hydrodynamics, as well as changes in space and time (KENWORTHY; RHOADS, 1995; PARSONS et al., 2008; 

RICE et al., 2008; ROY, 2008). Confluence comprises different sub-environments that are determined by, 1) 

confluence angle and shape, 2) interaction between the channels flow, 3) channel discharge ratio (MOSLEY, 1976; 

BEST, 1987), 4) sediment transport and deposition dynamics, and 5) unconformity of beds (BIRON et al., 1993; 

BEST; RHOADS, 2008).  

The confluence zones are morphologically classified according to erosion or deposition into excavation zone, 

tributary bar, central bar, lateral bar, and sediment accumulation zone (MOSLEY, 1976; BEST, 1986, 1987, 1988; 

BIRON et al., 1993; BEST; RHOADS, 2008). These are influenced by flow conditions such as i) the zone of 

stagnation/deflection is formed by the deflection of the streams involve and is associated with an increase in pressure 

and depth, and with a decrease in the speed of flux and frictional stress; ii) the zone of separation acts reducing the 

effective flow section area forming a low pressure and recirculation zone with fine sediment accumulation, iii) the 

zone of maximum velocity is related to the joining of flows after the separation zone, it is commonly associated with 

increasing frictional stress; iv) the zone of flow restoration is where the gradual recovery of the flow takes place; and 

v) the zone of shear layer is formed along the boundary of stagnant areas and the flow, it is characterized by intense 

turbulence, frictional stress, and well-organized flow structure (MOSLEY, 1976; BEST, 1986, 1987; BIRON et al., 

1996; WEBER et al., 2001; BOYER et al., 2006; SUKHODOLOV,2001; SANTOS; STEVAUX, 2017). Until the 1980s, 

studies focused mainly on small confluences through laboratory experiments. Pioneering studies by Mosley (1976), 

Best (1987, 1988), and Roy et al. (1988) identified the major flow zones, morphology, hydraulics, and sedimentology 

of small confluences. Since 1990, studies of large confluences are more common with bases mainly on the 

characterization of these environments. For example, Best and Ashworth (1997) identified the excavation zone, 

lateral bars, and sediment accumulation zone at the confluence of the Jamuna and Ganges rivers.  

Recently, Johnson (2017), Rhoads and Johnson (2018) and Marinho et al. (2022) characterized the excavation 

zone, lateral bar, and flow conditions as the shear layer, secondary flow, separation, and flow acceleration at the 

confluence of the Wabash and Embarras rivers, Illinois-Indiana, USA, and Branco and Negro rivers, Amazon Basin, 

Brazil, respectively. At the confluence of the Negro and Solimões rivers, in the Amazon basin, the variables of flow 

velocity, mixture conductivity, turbidity, pH, and water temperature were identified by Laraque et al. (2009). 

Franzinelli (2011) found a 40 m deep excavation zone downstream of the confluence and the absence of upstream 

avalanche face morphology, which does not happen in small confluences. In this confluence, Nascimento (2016) 

detected an erosion zone, a submerged lateral bar, and areas with different flow behaviors responsible for the 

stagnation, deflation, separation, and flow recovery zones, those typical in small confluences. Siqueira and Filizola 

Jr. (2021) verified that the divergence between the channel bed, the confluence angle and the momentum flow ratio 

are the probable factors of the interference of the Negro River on the Tarumâ-Açu River. 

In the Upper Paraná River, Brazil, the confluence studies characterized the morphological (MORAIS et al., 

2016; and LELI et al., 2022), flow behavior, and suspended sediment distribution (FRANCO, 2007; PAES, 2007; 

SANTOS, 2015; GRZEGORCZYK, 2016), and in the Lower Paraná River, Argentina, concerning the flow dynamics, 
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island influence, morphology, and the relationship between flow structure and sediment distribution (PARSONS 

et al., 2007; LANE et al., 2008; SZUPIANY et al., 2009). Confluence studies in the Paraná River are still relevant 

since the channel is formed by different and complex processes of flow and sedimentation due to its anabranching 

pattern. The wide variety of processes in confluences of this system represents a great laboratory for understanding 

the flow and transported sediments behavior, as well as the processes and morphological responses of the Piquiri-

Paraná confluence. This condition deserves to be highlighted due to the need to elucidate some gaps in the 

confluence processes of this system, mainly in the characterization of the secondary flow, flow direction, and 

distribution of suspended sediment concentration. In this context, the main goal is to characterize the morphology, 

flow structure, and sediment dispersion for these confluence environments.  

We studied the Piquiri (RPQ) and Paraná (RPR) confluence, where the Piquiri River is the tributary in the 

Paraná River that has an anabranching pattern formed by the Ilha Grande island. In addition, it characterizes the 

channel bed unconformities and the water temperature difference between the two channels. 

2. Study area   

The confluence of the Piquiri River is at the end of the only reach (235 km) of the Upper Paraná River without 

damming, between the Porto Primavera dam and Itaipu reservoir. The mouth of the Piquiri River occurs 15 km 

upstream of the Itaipu reservoir on the left bank of the Paraná River (54º 05’ 38” W and 24º 01’ 38” S). Ilha Grande 

island, which represents the largest island in the Upper Paraná, is almost 100 km long, with a variable width of up 

to 9.3 km, and is responsible for causing one of the largest anastomoses with active channels in the world. The total 

width of the channel in this section varies between 6 and 12.5 km, and the channel on the left bank of Ilha Grande 

is narrower, between 0.5 and 1.7 km than the right, which varies between 0.6 and 8 km in width. Confluence studied 

area covers an extension of 2.6 km in the Piquiri River, and in the Paraná River, it comprises 2.8 km upstream to 

3.1 km downstream from the confluence (Fig. 1).  

 

Figure 1. Paraná and Piquiri rivers, and confluence location. Source: Landsat-8/OLI image, path/row 224/77 of 

August 8th, 2015, Band-8 - pancromatic.  
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At the confluence the drainage area of the Paraná River basin is 950 km². The area is in the Umuarama Plateau, 

with medium dissection, elongated and plane tops, convex hillside, and valley in ‘V’ (SANTOS et al., 2006). The 

confluence zone has a floodplain formed for both channels with approximately 10,6 km². The geology of the area 

is formed by the basalts of the Serra Geral Fm. and sandstones of the Caiuá Fm. (MINEROPAR, 2001).  

The Paraná River average flow of the Guaíra fluviometric station (1920 to 2014) is 11,130 m³ s-1, with extremes 

of 2,490 m³ s-1 (1944), and 39,852 m³ s-1 (1983). The Piquiri River average flow of the Balsa Santa Maria fluviometric 

station (1980 to 2016) is 532.8 m³ s-1, with extremes of 75.1 m³ s-1 (1985) and 8,406 m³ s-1 (2014) (Fig. 1). The suspended 

sediment concentration is very different between these rivers due the dams in the Upper Paraná River. Only the 

Porto Primavera Dam (227 km upstream) reduced the suspended sediment concentration from 25 mg L-1 to 0.3 mg 

L-1 (STEVAUX et al., 2009). In turn, the Piquiri River transports between 46 and 140 mg L-1, dumping an average of 

5,000-ton d-1 of suspended sediment into the Paraná River (LIMA et al., 2004). 

2. Methods  

Fieldwork was carried out between December 7 and 11, 2016, in the high-water level flow phase of both rivers. 

The bathymetric survey was carried out with a Furuno echo sounder (GP-1650F) through a mesh of zigzag sections 

between the banks. Flow discharge and velocity readings were obtained by 600 kHz Acoustic Doppler Current 

Profiler (ADCP) River Ray Teledyne RDI (Thousand Oaks, CA) (MUELLER et al., 2013; LATOSINSKI et al., 2014) 

in 15 cross-sections. Bed and suspended sediments were sampled at 32 points using a standard Van Veen grab 

sampler for the first case and a Van Dorr bottle at 20 and 50% depth for water samples. Bathymetric data (X, Y, and 

Z) were exported from Fugawi 4.5 software in txt extension, later accessed in ArcMap software for interpolation 

by the common kriging method. The RMSE obtained from the bathymetric map is 0,31. The methodological 

protocols of interpolation were respected, such as semivariogram analysis and mean distribution of points. ADCP 

data were processed in WinRiver II, then exported in ASCII file format and processed in Velocity Mapping Toolbox 

(VMT) software (PARSONS et al., 2013) with the base on the Matlab system to generate flow graphs (velocity, 

primary and secondary direction, and backscatter). The VMT software is based on the Matlab environment 

allowing post-processing of the analysis and display of ADCP sections (PARSONS et al., 2013; ENGEL; JACKSON, 

2016). The ASCII files were converted and saved in Matlab format (*.mat) with the VMT software for the two-

dimensional mapping of flow velocity and direction. Then, the section files were processed again by the VMT 

software to obtain the flow direction and velocity. The identification of the secondary flow in the vertical section 

was analyzed by the VMT software based on the Rozovskii method (1957) which identifies the secondary planes 

in the vertical cross-section, and the variations of the main flow without distorting the results of the secondary 

flow (SZUPIANY et al., 2009). The texture of the bottom sediment was obtained by sieving, and the concentration 

of the suspended sediment was by filtering and burning the organic matter in a muffle (ORFEO, 1995; LELI, 2010; 

LELI et al., 2010). The measurement of suspended sediment concentration from the ADCP backscatter signal 

intensity (dB) was obtained by the relation of suspended concentration from samples in different verticals (the 

higher the concentration the higher the backscatter values). A detailed explanation of this methods can be found 

in Dornelles (2009), Szupiany et al. (2009), and Latosinski et al. (2014). Backscattering data were adjusted ranging 

from 60 and 90 dB to facilitate comparison between the Paraná and Piquiri rivers. The bedload sediments were 

estimated according to Suguio (1973) and Carvalho (1994). ADCP data were also used to calculate the discharge 

ratio (Qr) Eq. 1, moment ratio (Mr) Eq. 2, stream power (Ω) Eq. 3, and specific stream power (ꞷ) Eq.4 in both 

channels, according to the equations: 

𝑄𝑟 =
𝑄𝑡

𝑄𝑚
 

(1) 

where Qr is the discharge ratio, Qt is the tributary discharge, Qm is the main river discharge, 

𝑀𝑟 =
 𝜌𝑡 𝑄𝑡 𝑉𝑡

 𝜌𝑚 𝑄𝑚 𝑉𝑝
 

(2) 

where Mr is the momentum ratio, 𝜌t is the water density of the tributary, 𝜌m is the water density of the main river, 

Qt is the tributary discharge, Qm is the main river discharge, Vt is the flow velocity (m s-1) of the tributary and Vp 

is the flow velocity (m s-1) of the main river.  
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Ω = 𝜌 g 𝑠 𝑄 
(3) 

where 𝜌 is the water density (1000 kg m-3), g is the gravitational constant (9.8 m s-2), s is the hydraulic slope and Q 

is the discharge (m³ s-1) 

ꞷ = Ω/w 
(4) 

where w is the channel width. 

Mr < 1 indicates the dominance of the main channel flow at the confluence and >1 of the tributary (BEST, 1987; 

DE SERRES et al., 1999). The hydraulic slope was measured in both rivers by the Manning equation (v=〖Rh〗

^0,67. s^0,5/n), where v is the average flow velocity, Rh is the hydraulic radius and n is the roughness coefficient 

0.025 for the Parana River (sandy bed) and 0.020 for the Piquiri River (muddy bed). We also considered the 

hydraulic slope calculated by Leli (2015) in the Paraná River reach by the DGPS survey. Graphs were created in 

Python language (matplotlib package) (HUNTER, 2007) and plotly.py package and maps in ArcMap 10.5.1 licensed 

in the Cartography and Geoprocessing Laboratory. We estimated bad load transport according to Suguiu (1973) 

and Carvalho (1994). The samples of bed load were taken to the oven for drying. 50g was weighed for each sample. 

The material was stirred in sieves with different mesh openings, under agitation for 20 minutes to determine the 

granulometry. The sediments were weighed separately according to their granulometry. 

3. Results 

3.1 Confluence framework and morphology   

In the reach upstream the confluence, the Paraná River present a typical anabranching pattern with several 

islands and sandy bars and its channel does not present a defined talweg (Fig. 2). This is a typical morphology of 

anabranching sandy rivers (STEVAUX; LATRUBESSE, 2017), where the depth rarely exceeds 4 m at the average 

water level (a.w.l.), and when occurs, it is in the form of isolated pools of 5 to 6 m (a.w.l). The presence of elongated 

islands and sandy bars on the right bank (Fig. 2A) suggests that the channel is under a sedimentation trend from 

this bank to the confluence area. 

After the confluence, the Paraná channel reduces its width by 35%, going from 1011 to 670 m, developing a 

well-defined talweg near the confluence, and dissipation downstream forming a sequence of 9 to 10 m deep pools 

related to the mean water level (a.w.l.) (Fig. 2B). The Piquiri River presents a well-defined and continuous talweg 

displaced to the channel left bank with depth between 8 and 10 m (a.w.l.) (Fig. 2C). The talweg advances the trunk 

river developing a well-defined curve that goes around a lateral bar with 2.5 m (a.w.l.) submerged and 900 m 

length after the confluence. The upstream portion of the confluence presents a deposition zone with a depth of 1 

m (a.w.l.) (Fig. 2A). 
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Figure 2. A) Bathymetric map of the Paraná-Piquiri confluence. In detail, one can differentiate the morphological 

zones: sedimentation upstream of the confluence, submerged lateral bar on the left bank of the Paraná River (depth: 

2.5 m, length: 900 m), and excavation downstream of the confluence; B-C) Longitudinal bathymetric profile of the 

Paraná and Piquiri channels. 

3.2 Hydrology and hydraulics  

The contribution of the Piquiri River flow to Paraná is relatively low (Qr = 0.005), however, the confluence 

condition occurs in the secondary channel of the Paraná River, increases this relationship by 6 times (Qr = 0.30), 

(Tab. 1). This condition confers great importance to the changes that the confluence introduces at the local since 

the flow of Paraná upstream from the confluence is 2,414 m³ s-1 (PR8), and downstream, after receiving 727 m³ s-1 
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of the Rio Piquiri exceeds 3,000 m³ s-1 (PR4). Flow velocity upstream is 0.7 m s-1 (PR8), being reduced a little at the 

confluence, probably due to the hydraulic “jetty” effect (A hydraulic jetty occurs when the tributary flow keeps its 

direction entering in the trunk river) of the Piquiri flow (PR4). Velocity increases to 0.8 m s-1 downstream (PR1). 

The same occurs with the stream power and specific stream power whose values gradually decrease from 1490 W 

m-1 and 1.5 W m-2 in upstream reach (PR8) to 1088 W m-1 and 1.3 W m-2 at the confluence local (PR5) due to flow 

velocity reduction, and after the confluence, became 1515 W m-1 and 2.2 W m-2 (PR1).   

Table 1. Hydraulic parameters of Paraná and Piquiri rivers. 

Paraná River donwstream confluence sections 

Section Q (m³ s-1) v (m s-1) w (m) dm (m) s Ω (W m-1) ꞷ (W m-2) 

PR1 3,090.90 0.816 674.5 6.2 

0.00005 

1,514.50 2.2 

PR2 3,075.50 0.778 681.2 6.3 1,506.90 2.2 

PR3 3,076.20 0.767 962.1 4.2 1,507.30 1.5 

PR4 3,068.70 0.8 1,092.70 4 1,503.60 1.3 

PR4a 2,494.00 0.711 893.8 4 1,222.00 1.3 

Paraná River upstream confluence sections  

PR5 1,850.30 0.66 812.4 3.5 

0.00006 

1,087.90 1.3 

PR5 1,854.00 0.888 763.4 3.1 1,090.10 1.4 

PR7 2,157.60 0.822 900.9 3.2 1,268.60 1.4 

PR8 2,414.40 0.709 1,011.80 3.7 1,490.60 1.5 

Piquiri River sections  

PQ1 662.70 0.398 299.7 5.9 

0.000013 

84.42 0.28 

PQ2 706.10 0.402 267.4 6.3 89.95 0.33 

PQ3 702.10 0.394 253.9 7.5 89.44 0.35 

PQ4 710.00 0.384 233.2 7.9 90.45 0.38 

PQ5 723.20 0.427 242.6 7.1 92.13 0.37 

PQ6 727.10 0.445 206.4 8.3 92.63 0.44 

 

The Piquiri River also has reduced its discharge downstream (PQ6 to PQ1) due to the Paraná channel 

damming effect, where the flow increases from 727 to 663 m3 s-1, the velocity drops from 0.4 to 0.3 m s-1, and the 

same trend to Ω and ω follow, between 92.63 W m-1 and 0.44 W m-2 (PQ6) to 84.42 W m-1 and 0.28 W m-2 (PQ1) (Fig. 

3 and Tab. 1). 

The discharge and momentum ratios are Qr = 0.26 and Mr = 0.14 to the PQ1 and PR4A sections, and Qr = 0.38 

and Mr = 0.22 to the PR5 and PQ2 sections, indicating the predominance of the Paraná River flow over the Piquiri 

River at the confluence. The flow stagnation zone located on the right bank of the confluence is not well defined 

since it develops in a reach of flow dammed by the Paraná River. This condition changes according to the flow 

regime of the two systems. The occurrence of a deposition zone at the local confirms the permanence of the 

stagnation zone in the system (Figs. 3A and 2A). This is due to the flow of the Paraná River upstream of the 

confluence has a strong tendency toward the confluence bank, with the highest velocities close to the islands on 

the right bank (Fig. 3B).  

In the confluence downstream, the Piquiri River water keeps on the left bank in the Paraná channel, occupying 

a large part of the talweg with a direction parallel to the bank, contrasting the Paraná flow direction, as well as the 

shear layer (Fig. 3B). We point out that although the Piquiri flow is dammed in the end reach when it enters the 

Paraná its velocity is doubled, obtaining conditions to former the helical flow, with evident flow separation 

maintenance along the left bank of the Paraná (Fig. 3C). The Piquiri water temperature has 26 °C, two degrees less 

than the Paraná, keep similar values when it enters the Paraná River until more than 1000 m downstream of the 

confluence (Fig. 4B). 
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Figure 3. A) Confluence zones and flow velocity. Note the Paraná River zone of high-velocity change from the right 

to the left bank after the confluence, showing the Piquiri influence and the talweg development; B) Flow direction 

and temperature. Note the tends of the Paraná flow towards the left bank in the upstream and downstream 

confluence. The Piquiri flow and water temperature remain distinct in the Paraná one of confluence downstream; C) 

Cross-section PR4a with the secondary flow and backscatter intensity: most of the water flows downstream in the 

left bank by 400 m with the secondary flow cells of helicoidal flow, and the backscatter values increased according 

to the higher concentration of suspended sediment from the Piquiri River. 
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3.3 Suspended sediment   

Among the total of 74 samples of sediment suspended in the two channels, 30 samples from the Paraná River 

show an average of 20.9 mg L-1 ranging from 13.8 mg L-1 to 42 mg L-1, while in 3 samples from the river Piquiri the 

average is 26.8 mg L-1, and ranges from 18.4 mg L-1 to 46.6 mg L-1 (Fig. 4). 

 

 

Figure 4. Boxplot for suspended sediment concentration total (Css), mineral (Cs), and organic material (MO). Colored 

points are outliers values of suspended sediment sample.  

According to the suspended sediment data at the Guaíra station, Paraná, the Paraná River transports 10,233 

ton.day-1 for an average flow of 10,603 m³ s-1. Leli (2015) found that the left channel of the Paraná River (confluence 

channel) holds 35% of the flow of the right channel, which made it possible to quantify the transport of suspended 

sediment from the left channel at 3581 ton day-1. The spatial distribution of the suspended load obtained through 

the correlation between the ADCP Backscatter values in decibels (dB) and the suspended sediment concentration 

(Css) from the samples collected show good correlations of R² = 0.7104 for the Paraná River and R² = 0.8243 for the 

Piquiri (Fig. 5). 

 

Figure 5. Rating curves for Css and dB de backscatter. 

The rating curves were performed for both rivers due to the difference between the concentration of each 

system, as suggested by Weibel et al. (2022) for the Bermejo, Paraguay, and Paraná rivers.  

The longitudinal distribution of Css does not vary significantly upstream and downstream of the confluence 

along the Paraná River, being generally between 20 and 25 mg L-1 for most stretches (Fig. 8). The stretches upstream 
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of the confluence present a more homogeneous distribution of Css in practically the entire cross-section. Two zones 

of greater concentration occur downstream of the confluence. One of them is due to the formation of helical flow 

cells close to the talweg, and the other is probably due to bank erosion, as it follows the Grande Island shoreline 

(Figs. 8 and 4). 

The sediments concentration of the Piquiri River is higher than in the Paraná River (Fig. 6), and presents a 

homogeneous distribution along the stretch, except in the proximity of the confluence, probably due to the 

reduction in the velocity and damming of the flow that the Paraná imposes on the Piquiri. 

 

Figure 6. Paraná River cross-sections with suspended sediment concentration (Flow direction from PR8 to PR1). The 

abrupt variation of Css close to the water surface at the PR4, PR3 and PR2 (Blue color) is caused by inconsistence in 

reading of the ADCP, probably by flow perturbation. 



Revista Brasileira de Geomorfologia, v. 24, n. 2; e2337; 2023 11 de 17 

Revista Brasileira de Geomorfologia. 2023, v.24 n.2; e2337; DOI: http://dx.doi.org/10.20502/rbg.v24i2.2337 https://rbgeomorfologia.org.br 

The highest concentrations occur above 80% of the depth, with a significant reduction near the mouth, where 

the mixture of water from the two systems causes the dilution of the Piquiri River Css, compared to the upstream 

section (Fig.7). 

 

 

Figure 7. Piquiri River cross-sections with the suspended sediment concentration (Flow direction is from PQ6 to 

PQ1). 

3.4 Bedload 

The bed material is slightly different for both rivers. While the Paraná River presents a composition of fine to 

coarse sand, and localized occurrence of pebbles (Fig. 8), in the Piquiri River the finer fractions predominate, 

medium to fine sand in the central portions, and mud near the banks, and scattered occurrence of pebbles (Fig. 9). 
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Figure 8. Percentage accumulative curve for bed material of the Paraná River. 

 

 

Figure 9. Percentage accumulative curve for bed material of the Piquiri River. 

4. Discussion 

4.1 Discussion: How does Piquiri River confluence zone differ from the other left-bank tributaries in the Upper Paraná 

River? 
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The Piquiri together with the Ivaí and Paranapanema rivers are the main left-hand tributaries of the Paraná 

River in the reach between the Itaipu and Porto Primavera reservoirs. The Ivaí and Parapanema rivers confluence 

that occurs in the Paraná nodal section, the Piquiri River confluence is different by occurring in a section of a single 

channel of the Paraná River. In turn, the confluence of the Piquiri River occurs in a secondary channel of the Paraná 

River, resulting in a Qr about six times higher than that of the other two tributaries. The Piquiri confluence also 

differs in terms of the geological substrate. In the case of the Paranapanema and Ivaí rivers, the confluence reach 

is alluvial, occupying a wide floodplain, while the Piquiri River flows over a rocky substrate along the contact 

between the sandstones of the Caiuá Formation (Late Cretaceous) and basalts from the Serra Geral Formation 

(Cretaceous). The condition of the Piquiri being under strong structural control produces an orthogonal confluence, 

different from the other tributaries whose confluence angles are 45°. 

Acute angle confluences do not generate an expressive hydraulic jetty and are less susceptible to the backwater 

(SANTOS et al., 2022). It is the case of the Paranapanema (BARROS, 2006) and Ivaí (BIAZIN, 2005; FRANCO, 2007) 

rivers. In these cases, the high velocity flow zone appears just downstream the confluence in conformity with the 

literature’s model (BEST 1987). The study confluence is orthogonal and generates a hydraulic jetty effect and a 

small backwater zone on the Paraná River flow. It is possible to notice the drift of the flow lines of the Paraná River 

to the right bank and a low velocity zone just in from of the confluence (Fig. 3A). 

In the case of the two upstream mentioned tributaries the acute angle, associated with the wide nodal section 

of the confluence site, allowed the development of large confluence islands and long confluence channel, and 

consequently the formation of a tributary mixed floodplain (LELI; STEVAUX, 2022). The situation is different at the 

Piquiri River confluence, where the relatively narrow channel of the trunk river and the generation of the hydraulic 

jetty prevent the formation of confluence islands, as in the case of upstream tributaries. 

The morphology of the Piquiri-Paraná confluence presents some characteristics that fit the model proposed 

by Mosley (1976), Best (1986, 1987, 1988), and Bristow et al. (1993). The stagnation zone is not expressive (Fig. 3), 

but it develops an accumulation zone of fine sediment that reduces the channel depth (Fig. 3). The separation zone, 

increased by the hydraulic jetty effect, constructs an expressive lateral bar after the confluence (Fig. 2A). Lateral 

bars also occur in the Ivaí and Paranapanema rivers (FRANCO, 2007; PAES, 2007), however, both are in narrow 

confluence of straight channels by the imposition of helical flow. In the studied case, helical flow occurs in two 

cells separated by the contact between the Paraná flow and the extension of the Piquiri flow after the confluence 

(Fig.3C). Szupiany et al. (2012) identified secondary movements and helical cells in the deepest places and the shear 

zone. Szupiany et al. (2009) observed that helical cells occupy a small channel area (<20%).  

The bed discordance of small confluences would be another condition for secondary flow generation (BEST; 

ROY, 1991; BIRON et al., 1996). This is the study case, in which the bed unconformity at the confluence generates 

a water pressure gradient favoring secondary flow generation. The difference of 2ºC in water temperature between 

the Piquiri and Paraná at the confluence is caused by the climate conditions at their basins. The warmer climate of 

the Paraná River and the large number of dams increase the water temperature (AGOSTINHO et al., 2004). The 

Piquiri River runs through a region with a milder climate, with small rapids in the upper course and headwaters 

between 800 and 1000 m a.s.l. Besides it, the Paraná runs for 3900 km against only 600 km of the Piquiri, in this case 

the trunk the long path covered by the waters provides a greater mixing of the colder headwater waters with the 

downstream warm ones. 

The development of secondary flow and the generation of helical cells at the mixing flow interface at the 

Paraná/Piquiri rivers confluence segregate the sediment concentration. This leads to the lowest concentration at 

the contact between the helical cells and favors the major sediment concentration on the left bank downstream of 

the mouth (Fig. 3), according to the model proposed by Best (1988). 

5. Conclusion 

The Piquiri and Paraná rivers confluence differ from others of the same system in many aspects: a) this 

confluence occurs in a secondary channel of the anabranching section of the trunk river, while the others occur in 

nodal sections; b) the orthogonal confluence of the Piquiri provides a hydro-sedimentary dynamics very different 

from the sharp-angled confluence of the other tributaries; c) the studied confluence develops in major in a rocky 

channel, therefore with great litho-structurally control, differing from the other alluvial channel confluences. 

This confluence is formed by a zone of sediment accumulation in the upstream corner of the confluence and 

a (submerged) lateral bar downstream of the left bank and does not characterize all morphologies of minor 
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confluences. The models derived from backscatter and suspended sediments are different due to the difference 

between the suspended sediment concentration between the Paraná and Piquiri rivers. 

Future work should measure the flow, velocity, and direction of flow mainly between islands close to the 

confluence. This will make it possible to better understand the role of islands in the structure and dynamics of the 

river flow. Bathymetric data in a more detailed scale will highlight the features of the study area; a more dense 

suspended sediment sampling will allow for improving the model between the backscatter and suspended 

sediments. Bathymetric data in the detailed scale will highlight the features of the study area and the greater 

number of suspended sediments will allow for improving the model between the backscatter and suspended 

sediment concentration. Detailed bottom sediment data, mainly in the confluence environment, will make it 

possible to understand their distribution at the mixing interface and their respective deposition areas. 
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