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The goal of this study is to evaluate the influence of tributary flow density differences on hydrodynamics and
mixing at a confluent meander bend. A detailed field characterization is performed using an Acoustic Doppler
Current Profiler (ADCP) for quantification of the 3D flow field, flow discharge and bathymetry, as well as CTD
measurements (conductivity, temperature, depth) to characterize the patterns of mixing. Satellite images of
the confluence taken at complementary times to the field surveys were analyzed to evaluate the confluence hy-
drodynamics at different flow conditions.
The results illustrate the differences in hydrodynamics and mixing length in relation to confluences with equal
density tributaries. At low-density differences, and higher discharge ratio (Qr) between the two rivers, the flow
is similar to equi-density confluentmeander bends. In contrast, at high-density differences (lowQr), the tributary
flow is confined to near the confluence but the density difference causes the flow to move across channel. In this
case, the density difference causes the lateral spread of the tributary flow to be greater than at a greaterQrwhen
the density difference is less. These results illustrate the potential importance of density differences between trib-
utaries in determining the rate and spatial extent of mixing and sediment dispersal at confluent meander bends.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The characterization of flow at channel confluences is an aspect of
fluvial research that has generated great interest over the last 30 yr.
(see review of Best and Rhoads, 2008), with much focus on the charac-
terization of the junction hydrodynamics and mixing patterns between
the two convergent flows. Previous work includes the study of conflu-
ences in laboratories (Mosley, 1976; Best, 1986, 1987, 1988; Best and
Roy, 1991; Biron et al., 1996a, 1996b; McLelland et al., 1996; Herrero
et al., 2016), in small rivers (Best and Reid, 1984; Roy et al., 1988; Roy
and Bergeron, 1990; Ashmore et al., 1992; Bristow et al., 1993; Biron
et al., 1993a, 1993b; Kenworthy and Rhoads, 1995; Rhoads and
Kenworthy, 1995; McLelland et al., 1996; Rhoads, 1996; De Serres
et al., 1999; Rhoads and Sukhodolov, 2001, 2004; Boyer et al., 2006;
Rhoads et al., 2009; Riley and Rhoads, 2012; Ramón et al., 2013, 2014;
Lewis and Rhoads, 2015) and in large channels (Best and Ashworth,
1997; Parsons et al., 2007; Szupiany et al., 2007; Lane et al., 2008;
logía del Agua (CETA), National

zada).
Parsons et al., 2008; Laraque et al., 2009; Szupiany et al., 2009;
Trevethan et al., 2015).

The knowledge gained from these studies has allowed development
of several models of flow dynamics for different types of confluences.
Mosley (1976) and Best (1986) developed conceptual models of flow
structure for symmetrical planform confluences, with Best (1987)
outlining a model for asymmetrical planform junctions that has been
widely adopted and recognizes five hydrodynamic regions: (a) flow
stagnation; (b) flow deflection; (c) flow separation; (d) flow accelera-
tion; and (e) flow recovery (Best, 1986, 1987). The characteristics of
these zones are dependent on the confluence geometry, the angle be-
tween the converging flows, the momentum ratio and bed morphology.
Sukhodolov and Rhoads (2001) proposed a hydrodynamic characteriza-
tion of flow in confluences through an analogy with flow around an
obstacle, which has recently been validated through laboratory tests by
Herrero et al. (2016). With respect to confluent meander bends in
sinuous rivers, this type of junction has been documented in several
fluvial systems (Callaway, 1902; Davis, 1903; Flint, 1980; Hills, 1983;
Abrahams, 1984a, 1984b), but the hydrodynamics have not been studied
extensively. Due to advances in measurement techniques, confluences
where one of the tributaries converges with the other on the outside a
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bend have been characterized in more detail recently (Roberts, 2004;
Riley and Rhoads, 2012; Riley et al., 2014). One of the first studies of con-
fluent meander bends was that of Roberts (2004), who studied the 3D
flow structure of a 90° confluent bend using numerical modeling and
laboratory experiments, and developed a conceptual model for this
type of junction (Fig. 1). Later, Riley and Rhoads (2012) characterized,
by field measurements, the hydrodynamics of the confluent meander
bend between the Little Wabash River and Big Muddy Creek, Illinois,
USA, and compared these results with the conceptual model of Roberts
(2004). Subsequently, Riley et al. (2014) analyzed the influence of the
angle between confluent flows on the hydrodynamics and morphology.
However, despite this recent literature concerning confluent meander
bends in laboratory experiments and rivers, most of these studies have
only focused on river confluences with equal density converging flows.

Fischer (1969) developed, by laboratory experimentation, an equa-
tion to compute the required length to achieve complete mixing down-
stream of channel junctions, with a maximum deviation of 5%. Fischer
et al. (1979) adapted this relationship to a confluent bend with equal
density tributaries allowing a good approximation for the mixing
length, but its implementation presents issues in natural rivers
(Rutherford, 1994) andhas significant shortcomingswith different den-
sity tributaries. Yotsukura and Sayre (1976) reported another expres-
sion to estimate the mixing length, but like Fischer's equation, this
expression has a high uncertainty.

Past research, which has characterized confluences with different
density tributaries, has indicated that the hydrodynamics of the conflu-
ence are affected by many factors, including: (a) suspended sediment
concentration, (b) temperature, (c) dissolved solids concentration
(d)momentum ratio between the two channels and (e) depth differen-
tial between the channels. The difference in densities may affect flow
velocities and mixing processes (Weigold and Baborowski, 2009).
Laraque et al. (2009) and Ramón et al. (2013) suggest that buoyancy
may influence mixing at river confluences when density contrasts be-
tween tributary flows are relatively small. Lane et al. (2008) analyzed
the hydrodynamics of the confluence of the Paraguay and Parana rivers,
Argentina, where the Rio Paraguay has a higher density due its greater
suspended sediment concentration. Lane et al. (2008) indicate that
Fig. 1. Conceptual model of flow structure at a me
the rate of mixing between the two tributary flows depends on themo-
mentum ratio, with larger tributary inputs producing higher penetra-
tion of the denser tributary under the less dense tributary, and
creating a greater velocity differential at the junction, that promotes a
greater rate of mixing. Lyubimova et al. (2014) analyzed, using numer-
ical simulations and field measurements, the hydrodynamics of a con-
fluence of different density tributaries, where the converging flows
had different hydrochemical characteristics. Lewis and Rhoads (2015)
examined the influence of the momentum flux ratio, the scale of the
flow and the density differences between incoming flows, on thermal
mixing at a small stream confluence. They concluded that where the in-
coming flows have a relatively high-density contrast, then buoyancy
may influence the pattern of mixing, but that more work is needed on
this topic. Although the influence of density differences between two
confluent flows has been shown to be important (Maurice-Bourgoin
et al., 2003; Moreira-Turcq et al., 2003; Laraque et al., 2009; Bouchez
et al., 2010; Ramón et al., 2013, 2014; Lewis and Rhoads, 2015; Park
and Latrubesse, 2015; Trevethan et al., 2015), the detailed mixing pat-
terns and processes and underlying flow physics that may be operative
in such conditions have not been fully documented. Previous studies of
river confluences have thus not addressed the hydrodynamics of conflu-
ent meander bends where the tributaries possess different densities.
Therefore, themain goal of the present study is to evaluate the influence
of tributary density differences on the hydrodynamic behavior and
mixing patterns at a river bend confluence.

2. Location of the field site

This paper details a study of the confluence of the Tercero (T) and
Saladillo (S) rivers that is located in the Carcarañá River basin, southeast
Córdoba Province, Argentina (32°54′55″S; 62° 19′29″W; Fig. 2). The
drainage area of the basin upstream of the confluence (of both tribu-
taries) is 50,900 km2 (9700 km2 in the Tercero River basin and
41,200 km2 in the Saladillo River basin). The confluence studied herein
is located on a meander bend with a radius of 65 m, where the Tercero
River has an annual mean discharge of 27 m3 s−1, a mean depth of
0.93 m, and an average width of 40 m, and the Saladillo River has an
ander bend confluence (after Roberts, 2004).



Fig. 2. The confluence between the Tercero and Saladillo rivers. The satellite image was taken on 10/14/2013. The figure shows the trajectory of the boat during the bathymetric survey,
CTD measurement points and location of cross sections where flow discharge and hydraulic parameters were measured using ADCP. T = Tercero; S = Saladillo; C = Carcarañá.

Fig. 3. Conductivity plotted against discharge for the Tercero and Saladillo rivers (from
Díaz-Lozada, 2014 and updated with data to November 2016).

101H.S. Herrero et al. / Geomorphology 304 (2018) 99–112
annual mean discharge of 15 m3 s−1, a mean depth of 1.3 m, and an av-
eragewidth of 30m. The channel gradients of both tributaries are of the
order of 0.02%. The Saladillo River joins the Tercero River at an angle of
70° at the outer bank of the bend in the region of maximum curvature.

In the confluence studied herein, is not possible to define a dominant
tributary because the discharge of the tributaries depends on the hydro-
meteorological events in the basin and the regulation of the reservoirs
in the Tercero River, thus resulting in the Tercero River sometimes
forming the main tributary or vice-versa (Díaz-Lozada et al., 2015). In
this study, the Tercero River is defined as main stream and the Saladillo
River as the tributary. Hydropeaking occurs in the Tercero River basin
and produces changes in the flow discharge from the dams, but the
last reservoir maintains a uniform streamflow in the river. Statistically,
once a year the water level is above the level of the weir of the dams
and the flow peak arrives at the confluence around seven days later.
Previous observations of the confluence have also shown different hy-
drodynamic and mixing patterns dependent on the discharge of each
tributary (Herrero, 2014). When the discharge of the Saladillo River is
high, the confluence presents a behavior similar to that reported by
Riley and Rhoads (2012), withmixing lengths greater than those gener-
atedwhen the discharge of the Saladillo River is low.When the Saladillo
River flow discharge is low, it possesses a higher density than the
Tercero River due to dissolved minerals, which produces complex hy-
drodynamic patterns and a mixing length that is shorter than at high
Saladillo River discharges (Fig. 2).

The Tercero River watershed contains six reservoirs with a total res-
ervoir capacity of 1000Hm3 that have a strong influence on theflowdis-
charge of the river. The Saladillo River is the name of lower course of the
Cuarto River (also named Chocancharava River), and although the basin
does not contain any reservoirs, the river has been affected by changes
in land use, drainage of wetlands and construction of channels, which
produce an important seasonal variation in discharge (Díaz-Lozada
et al., 2015). The Saladillo River receives underground water in the
“Saladillo Wetlands”with high concentrations of chlorides, sulfates, ar-
senic andmagnesium,which produces a higher salinity, and thus densi-
ty, in the Saladillo River than the Tercero River at low and medium
discharges. The evolution of water conductivity with flow discharge of
the Tercero and Saladillo rivers at the confluence (Fig. 3) shows that
the Saladillo River presents, in many cases, a higher conductivity than
the Tercero River, which thus results in the Saladillo River possessing
a higher density than the Tercero River. Temperature differences are
not important at the junction (temperature differences b 10%).
3. Methods

The field measurements were conducted on August 13, 2013, when
flows in the Tercero and Saladillo rivers were 19.9 m3 s−1 and
10.5 m3 s−1 respectively. To quantify discharge in each tributary, as
well as characterize the flow at different measurement sections, a YSI/
SonTek RiverSurveyor S5® 3 MHz ADCP with four beam Janus configu-
ration was used. The main features of the SonTek RiverSurveyor S5
(Sontek, 2013) are: (a) discharge measurement profiling range (dis-
tance) from 0.3 to 15 m; (b) the cell size is selected automatically
from 0.02 to 0.5 m according to the water velocity and depth; in this
study cell sizes of 0.02 m and 0.10 m were selected automatically by
the instrument; and (c) five transducers - four 3.0 MHz beams at a 25°
slant angle for velocity and depth measurements and one 1.0 MHz ver-
tical beam for depth measurement.



Table 1
Hydraulic parameters measured with ADCP.

Parameter Unit Tributary Value

Flow discharge (Q) [m3 s−1] Tercero 19.9
Saladillo 10.5

River width (W) [m] Tercero 40
Saladillo 33

Cross section area (A) [m2] Tercero 38
Saladillo 42

Mean flow depth (H = A / W) [m] Tercero 0.9
Saladillo 1.3

Mean velocity (U) [m s−1] Tercero 0.52
Saladillo 0.25

Reynolds number (Rei) Dimensionless Tercero 4.7 × 105

Saladillo 3.3 × 105

Froude number (Fri) Dimensionless Tercero 0.18
Saladillo 0.07

Density (ρ) kg m−3 Tercero 1000.4
Saladillo 1003.0

Momentum ratio (Mr) Dimensionless 0.25
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Eight cross sections were measured within the confluence area (S, T
and C sections in Fig. 2). Each cross section in the Carcarañá River was
made with one transect. Four transects (N12 min of measurement)
were made in each cross section of each tributary to obtain adequate
discharge data according by the methodology proposed Mueller et al.
(2013). These data were used to calculate several parameters, such as
cross-sectional area and mean flow velocity, at each cross section.
Using these parameters and density values, the Froude number (Fri),
Reynolds number of the tributary “i” (Rei), the momentum ratio (Mr)
and discharge ratio (Qr) were calculated from:

Fri ¼ Uiffiffiffiffiffiffiffiffiffi
g Hi

p ð1Þ

Rei ¼
Ui Hi

ν
ð2Þ

Mr ¼ ρSQSUS

ρTQTUT
ð3Þ

Qr ¼
QS

QT
ð4Þ

where Ui (m s−1) is the mean streamwise flow velocity “i”, S is for the
Saladillo River (considered the tributary in this study) and T is for the
Tercero River (considered the main stream), Hi (m) is the mean depth
of the tributary “i” (S or T), g (m s−2) is acceleration due to gravity, ν
(m2s−1) is the water kinematic viscosity, ρ is the water density
(kgm−3), andQ is the discharge (m3 s−1). Local vertical profiles of den-
sity in each tributarywere computed using UNESCO's empirical method
(Fofonoff and Millard, 1983) with data of water temperature and salin-
ity (calculated using the conductivity and temperature data) collected
by the YSI/Castaway CTD. Local vertical profiles of water temperature
and electrical conductivity, corrected for temperature at 25 °C (due to
the fact that conductivity varies with temperature and it is thus neces-
sary express the conductivity at same temperature to enable compari-
son), were measured at ten different locations on each tributary and
within the mixing zone (Fig. 2).

At each cross section, the mean flow velocity fields were character-
ized using VMT (Velocity Mapping Toolbox; Parsons et al., 2013). VMT
is a computational program developed in Matlab® for processing and
visualization of data acquired along multiple transects in rivers or
other water bodies (Parsons et al., 2013). Maps of channel bathymetry
were prepared using a continuous recording of depth values using the
1 MHz vertical beam of the ADCP, along a zig-zag trajectory, including
upstream and downstream areas of the confluence (Fig. 2). These
depth valueswere then interpolated on a grid covering the area of inter-
est, using a kriging procedure at an average grid cell size of 3.2 × 3.7 m.

Thewater surface slopes of the Tercero and Saladillo rivers, aswell as
the downstream Carcarañá River (Fig. 5), were calculated from water
surface elevation values recorded along the centerline of the rivers
using a differential global positioning system (DGPS) recording at a fre-
quency of 1 Hz. TheDGPSwas referenced to a base station (RTK system)
located on the bank, allowing accuracies in the horizontal and vertical
directions of ±10 mm and ±20 mm, respectively.

To visualize the patterns of surface flow, Spot 6 and 7 (©CNES 2017,
Distribution Spot Image S.A.) and Ikonos images were used. The SPOT
pictures were provided by the Argentina National Space Activities
Comition (CONAE) and distributed by SPOT Image S.A. Spot 6 and 7 im-
ages have a spatial resolution of 6 m and 1.5 m on multispectral and
panchromatic modes, respectively. Ikonos images (obtained from Goo-
gle Earth®) have a 4 m resolution in multispectral mode. The images
were projected in UTM zone 20S with WGS84 and linear filtering tech-
niques in order to show the confluence flow patterns.

In addition to the principal survey period reported herein (08/13/
2013), when ADCP and CTD data were collected throughout the
junction, fieldwork on three other dates (06/07/2016, 03/08/2016 and
11/08/2016) collected flow discharge and CTD data in each tributary.
These data were used to calculate density differences and momentum
ratio, and these data aided interpretation of the flow mixing revealed
by satellite images taken on 06/17/2016, 03/12/2016 and 11/04/2016.

4. Results

4.1. Main characteristics of the tributary flows

Table 1 shows the hydraulic parameters for the hydrological condi-
tions studied herein (fieldwork 08/13/2013), where at this momentum
ratio (Mr = ρsQsUs/ρTQTUT = 0.25), the shear layer intersected the
outer bank of the bend a few meters downstream of the confluence
(84 m from the stagnation point to the shear layer intersection with
the outer bank, see Fig. 2). This indicates that the Saladillo River enters
the confluence underneath the Tercero River, thus forming a density
current.

The water surface slope of the Tercero River, herein taken as the
main stream for the analyzed condition, was 0.18‰ and remained con-
stant downstream of the confluence. A backwater effect was observed
on the lower momentum tributary (Saladillo River) for the analyzed
flow conditions. Profiles of electrical conductivity and temperature
were evaluated to quantify the density differences for these flow condi-
tions. Water temperature and electrical conductivity in the Tercero
River inflow were 10.9 °C and 1.8 mS cm−1, respectively, whereas
water temperature and electrical conductivity values in the Saladillo
River flowwere 9.9 °C and 7.7 mS cm−1, respectively (Fig. 4). The elec-
trical conductivity values in Saladillo River are therefore more than four
times greater than those in the Tercero River.

These values were then used to calculate the water density of each
tributary (Fig. 4) that shows the Saladillo River has a higher density,
but no vertical density gradients were present in either river.

4.2. Morphology of the confluence

The morphology of the confluence (Fig. 5) shows that the greatest
depths are on the left bank of the Saladillo River upstream from the con-
fluence (produced by human intervention consisting of an increase in
depth of one portion of the cross section to improve the discharge ca-
pacity of the river section), which attains a maximum depth of 3.4 m.
This zone ofmaximumdepth also links into a zone of scour in the center
of the junction, whose orientation approximately bisects the junction
angle. A region of slightly higher elevation is present on the left bank im-
mediately downstream of the downstream junction corner. Down-
stream of the confluence, the zone of maximum depth is located on



Fig. 4.Water conductivity, temperature and density profiles recorded on the incoming flows of the Tercero and Saladillo rivers (points P1 and P2, see Fig. 2 for locations).
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the outer (right) bank, typical of flow in bends, and this region of max-
imum depth moves to the center of the channel.

Regarding the bed composition, the grain size distribution was de-
termined by sieving and the hydrometer method (Díaz-Lozada, 2014)
using the unified soil classification system (USCS). The results obtained
for the Saladillo River and the Carcarañá River show a D50 of 0.1 mm,
corresponding to silty sand.

4.3. Depth-averaged flow velocities

Depth-averaged flow velocities for eight cross sections in the conflu-
ence (Fig. 6) show that the core ofmaximumvelocity is located near the
Fig. 5. Bathymetry of the
inner bank of the bend (T, C1 and C2 sections). Maximum velocities are
observed near the outer bank of the bend (C3 and C4 sections), thus
showing typical bend flow hydrodynamics. In sections S and C1, low ve-
locities are observed upstream of the shear layer, due to the existence of
a stagnation zone at theupstream junction corner and the effect of back-
water within the Saladillo River. The location of the shear layer is de-
fined by the strong velocity gradient between the two flows, and
marks the line at which the denser Saladillo River flow enters the con-
fluence underneath the less dense Tercero River flow. Flow deflection
is present where the flows join, as manifested downstream of the con-
fluence by the change in direction of the velocity vectors of the converg-
ing flows. In cross sections C1 and C2, the velocity vectors have not yet
confluence region.



Fig. 6. Depth-averaged velocity vectors in the zone of the confluence of the Tercero and Saladillo rivers.
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become completely aligned with the river direction, but at cross
sections C3 and C4, they are completely aligned. These results pro-
vide no evidence of recirculation of flow, or flow separation, down-
stream of the lower junction corner, although the presence of a bar
in this region may negate the production of flow separation (Best,
1988).

In order to examine the difference between near-bed and outer flow,
we also present the depth-averaged flow vectors for two regions of flow
(from the surface to a depth of 1.2 m and from the depth of 1.2 m deep
to basal cell; Fig. 7) to investigate any differences in flow direction be-
tween these two regions. This plot shows that flow coming from the
Saladillo River at cross section C1 moves across channel near the bed,
moving across the region of scour. This flow pattern is a manifestation
of the denser fluid from the tributary forming an underflow that
moves across channel, in an area thatmay be expected to display helical
flows at the junction center.
4.4. Analysis of cross-sectional flow field

Thedirection offlow in the confluence zone (Fig. 8) shows that at cross
sections C1 and C2 the Saladillo River enters the confluence and flows un-
derneath the Tercero River, and that the shear layer moves to the inner
(left) bank at greater depths due to the density difference. This hydrody-
namic pattern is also observed in cross section C3 (Fig. 8) where the
shear layer near the water surface is closer to the outer bank of the bend.

The cross-sectional velocity fields clearly show that as the Tercero
River enters the confluence, its flow is similar to that in a meander
bend. At cross section T, the core of maximum velocities in the Tercero
River is located on the inner (left) bank (Fig. 9T), with a typical flowpat-
tern of secondary velocities (near-surface flow outward and near-bed
flow inward), as calculated using the ZSDmethod (Zero Secondary Dis-
charge; Parsons et al., 2013). Upstream of the confluence, the Saladillo
River has low velocities (Fig. 9S). In section C1 (Fig. 9), the core of



Fig. 7. Depth-averaged flow vectors for two regions of flow (A) from surface to 1.2 m and (B) 1.2 m – basal cell.

Fig. 8. Flow direction with respect to the principal mean flow in direction in each cross section.
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maximum velocity is still located at the inner bank of the bend, but the
secondary current vectors show that the Saladillo River flows under-
neath the Tercero River and produces an acceleration of secondary cir-
culation in that zone. Furthermore, the intrusion of the Saladillo River
intensifies the secondary currents generated by the flow within this
curved channel. In cross section C2, the acceleration of the secondary cur-
rent produced by the Saladillo River adds to the typical pattern of second-
ary flow present in bends. Downstream at cross section C3 (Fig. 9), the
core of maximum velocity starts to move to the outer bank of the bend,
and by cross section C4 this core is located at the outer bank. In cross sec-
tion C4, a strong outward near-surface, and inward near-bed, flow can be
observed. Secondary circulation has reversed fromcross sections C4 to C5,
and is not explained by the density differences but rather by the slight re-
versal in curvature throughC4 to C6. Farther downstream, at cross section
Fig. 9. Velocity magnitude in the cross sections, with the secondary curren
C6 that is located on a straight reach, themaximum velocities become lo-
cated near the center of the cross section.

5. Discussion

5.1. Mixing processes downstream of the confluence

According to Fischer et al. (1979), the mixing length required to
achieve a maximum deviation of 5% in the value of the concentration
of a scalar (temperature, conductivity) can be given by:

Lm ¼ 0:3
UW2

εt
ð5Þ
t vectors calculated using the ZSD (Zero Stream Discharge) method.



Fig. 9 (continued).
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whereU andW are themean velocity andwidth of the river downstream
of the confluence, respectively. The transverse mixing coefficient, εt is
computed for a river bend according to Fischer et al. (1979) as:

εt ¼ 25
U2H2

R2u� ð6Þ

where H is the mean depth downstream of the confluence, R is the bend
radius and u⁎ is the shear velocity that is computed as:

u� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g � H � Sf

q
ð7Þ

where g is acceleration due to gravity and Sf is the energy (water surface)
slope.

The values of all these parameters at the study site are summarized
in Table 2, and have been used to estimate the complete transverse
mixing length. The water surface slope was assumed equal to that mea-
sured downstream of the confluence.
Table 2
Hydraulic parameters measured downstream of the confluence and used to compute the
theoretical mixing length.

Parameter Unit Value

R [m] 65
U [m/s] 0.55
H [m] 1.1
W [m] 49
Sf [m/m] 0.00018
u⁎ [m/s] 0.044
εt [m2/s] 0.055
Lm [m] 7278
In order to evaluate the mixing length downstream of the conflu-
ence experimentally, water temperature and electrical conductivity
profiles were recorded at different locations (Fig. 10). Profile P3 (lo-
cated in the shear layer, see Fig. 2) shows that the three deeper
points, located in cross section C1, have a conductivity value equal
to the incoming flow of the Saladillo River (7.7 mS cm−1) and this
value decreases to 2.4 mS cm−1 at the water surface. A similar be-
havior is present at profile P4 close to the outer bank of bend and lo-
cated in the shear layer, and this characteristic is due to the intrusion
of higher density flow from the Saladillo River underneath the lower
density flow from the Tercero River. Profiles P5 and P6 show that
vertical mixing has been reached in P5, but not slightly farther across
channel at P6 where it is still possible to see the intrusion of the
Saladillo River.

Profiles P7 and P8, located in cross section C5, show that a com-
plete vertical mixing has been reached due to the similarity of the
conductivity values in each vertical profile, but the transverse
mixing is not complete because there is a significant difference be-
tween the conductivity values registered in both profiles. Finally, in
profiles P9 and P10 (cross section C6), the conductivity and tem-
perature values are uniform in both the vertical and transverse di-
rections, indicating that complete mixing has been achieved in the
Carcarañá River approximately 450 m downstream of the apex of
the confluence.

The estimated required length to achieve complete mixing using
Eqs. (4), (5) and (6) is 7.28 km, and one order of magnitude larger
than the observed length of 450 m. However, the relationships pro-
posed by Fischer et al. (1979) assume (i) uniform flow and constant ve-
locities in the entire domain, and (ii) complete mixing in the vertical
direction and no density differences between the converging flows,
which are not applicable at this channel junction.

Since the Saladillo River flows underneath water from the Tercero
River, vertical mixing occurs first, with a characteristic time scale
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much lower than the transverse mixing (with a river width of 40 m
and mean depth of 0.9 m, Tz/Ty = 1975.3 εt/εv where Tz and Ty are
the times to achieve complete mixing in vertical and transverse di-
rection, and εt and εv are the transverse and vertical dispersion
Fig. 10.Water electrical conductivity and temperature profiles recorded at di
coefficients). Such vertical mixingmay be encouraged by the second-
ary flows present at the confluent meander bend.

To quantify the effects of density differences in estimating mixing
downstream from a confluence, the buoyancy flux (Bf), defined as the
fferent locations downstream of the confluence (see Fig. 2 for locations).
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buoyantweight of fluid passing through a cross section per unit time re-
ported by Fischer et al. (1979), can be used:

Bf ¼
Δρ
ρ

� g � Qe ð8Þ

where ρ is the receiving water body density (Tercero River herein), Δρ
is the density difference between the tributaries and Qe is the effluent
discharge (Saladillo River herein). These parameters give rise to two di-
mensionless groups:

Bf

H � u�3 ð9Þ

Bf

W � u�3 ð10Þ

that summarize the relationship between the stabilizing influence of ef-
fluent per unit depth and width, respectively, and the available mixing
capacity in the receiving water body. Results obtained in laboratory by

Prych (1970) show that if B f

H�u�3 b 5, the effects of density differences
are negligible in transverse mixing, and laboratory measurements by

Schiller and Sayre (1973) indicate that if B f

W�u�3 b 1, vertical mixing is in-
dependent of density difference effects.

From the hydraulic parameters measured downstream of the con-
fluence for the flow condition detailed herein at the Tercero - Saladillo
river confluence (see Table 2), and a density difference between the
Table 3
Discharge anddensity of each tributary of the confluence (for 06/07/2016, 03/08/2016 and
11/08/2016).

Parameter Unit Tributary Value

06/07/2016 Flow discharge (Q) [m3 s−1] Tercero 45.7
Saladillo 68.2

Density (ρ) [kg m−3] Tercero 1000.6
Saladillo 1003.2

03/08/2016 Flow discharge (Q) [m3 s−1] Tercero 122.4
Saladillo 224.4

Density (ρ) [kg m−3] Tercero 997.8
Saladillo 998.9

11/08/2016 Flow discharge (Q) [m3 s−1] Tercero 23.2
Saladillo 119.4

Density (ρ) [kg m−3] Tercero 998.9
Saladillo 1000.4
tributaries of 2.61 kg m−3, the values of these dimensionless groups

are B f

H�u�3 ¼ 2866:80N5, and B f

W �u�3 ¼ 64:35N1. These values thus demon-
strate that the effects of the density difference are not negligible, and
could explain the observed rapid mixing between these tributaries.

5.2. Confluence flow patterns at other hydrological conditions

Table 3 shows the flow discharge and density values measured in
each tributary for three additional hydrological conditions (06/07/
2016, 03/08/2016 and 11/08/2016). At all these times, the discharge of
the Saladillo River was greater than the Tercero River (Mr N 1), opposite
to the conditions characterized in detail above. On 06/07/2016, the den-
sity of the Saladillo Riverwas important in yielding amomentum ratio a
little greater than unity, and produced a shear layer that intersected the
outer bank of the bend a fewmeters downstream of its entrance (140m
from the stagnation point to the shear layer intersection with the outer
bank, see Fig. 11-A) on 08/13/2013. In the surveys of 03/08/2016 and
11/08/2016, the density of the Saladillo River is larger than the Tercero
River, and the momentum ratio is significantly N1 that causes the shear
layer to move toward the center of the confluence on 03/08/2016
(Fig. 11-B) or near to the inner bank of the bend on 11/08/2016
(Fig. 11-C).

Comparison between the conceptual model of confluent meander
bend flow proposed by Roberts (2004; Fig. 1) and the hydrodynamic
patterns observed herein (when the density differences are important,
and the momentum ratio is b1) show several similarities and differ-
ences. In both cases, a stagnation zone exists near the apex of the conflu-
ence, but the model of Roberts (2004) indicates a region of flow
separation downstream of the lower junction corner, a feature that
was not observed herein. However, it should be noted that Roberts
(2004) used sediment-free channels and that in the present study this
region was characterized by a bar with higher elevation than the sur-
rounding bed. In the unequal density confluent bend at themomentum
ratio studied herein, the shear layer intersected the outer bank of the
Saladillo River, and therefore the only way that the Saladillo River
flow could enter the confluence was underneath the Tercero River.
Due to flow of the Saladillo River underneath the Tercero River, a zone
of eddies erupting on the flow surface was generated, which likely af-
fected flow mixing at the confluence. In this zone, vertical mixing of
the Saladillo Riverwater produces an acceleration of themixing process.
Suchmixing is not reported in themodel of Roberts (2004) because this
feature is generated by the difference density between tributary in-
flows. When the discharge of the Saladillo River is high and the



Fig. 11. Images of the Tercero (Ctalamochita) and Saladillo river confluence on: (A) 06/17/
2016, with fieldmeasurements on 06/07/2016; (B) 03/12/2016, with field measurements
on 03/08/2016, and (C) 11/04/2016, with field measurements on 11/08/2016.
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momentum ratio is greater than unity, the confluence presents a behav-
ior similar to that reported by Riley and Rhoads (2012).

The principal difference between the present results and those at the
equi-density confluent meander bend reported by Riley and Rhoads
(2012) is that in this previous study the shear layer lied in the center
of the junction, shifted in position with changing momentum ratio,
and did not intersect the bank edge. In a case where the shear layer in-
tersects the bank for equal density tributaries, the tributary flowwould
be blocked, causing an even greater backwater effect until there was
enough pressure gradient to force the shear layer away from the outer
bank. In the present study, the density difference leads to plunging
flow and a somewhat limited backwater effect. Thus, in the Tercero -
Saladillo river confluence, when the momentum ratio is low (b1) the
shear layer intersects the outer bank of the bend and, due to the density
differences, the Saladillo River flows underneath the Tercero River. In
comparison with the results of Lane et al. (2008) at the confluence of
the Paraná and Paraguay rivers (where density differences are produced
by the high sediment concentration of the Paraguay River), the mixing
was more rapid when the discharge of the Paraguay River was high be-
cause in this condition the river has a greater sediment concentration
and density, and thus forms an underflow beneath the Paraná River.
When the discharge of the Saladillo River is low (a higher concentration
of dissolved minerals and thus higher density difference), the hydrody-
namic patterns are quite different and the mixing between the tribu-
taries is faster in contrast with the results obtained by Lane et al.
(2008) where the density difference occurs due to the high sediment
concentration.

The results presented herein may hold important implications for
the dispersal of sediment andmorphodynamics of such sites. The ability
of the dense underflow to create sediment transport across the post-
confluent channel may provide a flow and sediment dynamics different
to traditional models of junction flow (Best and Rhoads, 2008) either in
the presence or absence of bed topography such as steps at the mouths
of the tributary channels. Existing models of confluent flow often argue
for the presence of helical, secondary flow cells, whether produced by
water surface superelevation at the junction center, streamline curva-
ture in the confluence or the effects of topography (e.g., Mosley, 1976;
Best, 1988; Rhoads and Kenworthy, 1995; Rhoads, 1996; Best and
Rhoads, 2008). Our data (Figs. 8 and 9) shows the movement of fluid,
and thus potentially sediment in suspension and bedload transport,
across channel. This may potentially negate, or modify, the presence of
secondary ‘helical’ flow cells from this tributary and allow sediment
transport, as bedload or suspended load, across the confluence and
not segregated in pathways around the junction center as has been sug-
gested in past work where density differences are absent (Best, 1988;
Boyer et al., 2006). Indeed, at cross section C1 (Fig. 7), the basal flow
can be seen to bemoving across channel in the area of scour where pre-
vious work has suggested segregation of sediment from each tributary
(Best, 1988; Boyer et al., 2006). These flow patterns may thus also
have a significant influence on the mixing of nutrients and pollutants
in regions where density underflows are present.

6. Conclusions

The confluentmeander bend of the Tercero and Saladillo rivers gen-
erates different hydrodynamic patterns depending on the flow dis-
charge and water density in each tributary. When the discharge of the
Saladillo River is high, density differences are low and the momentum
ratio is greater than unity, and the hydrodynamic processes in the con-
fluence are similar to those reported by Riley and Rhoads (2012) for an
equi-density confluent meander bend. However, when the discharge of
the Saladillo River is low, or close to the mean flow discharge, the mo-
mentum ratio is low and density differences between the tributaries in-
crease, due to a high dissolved salt concentration in the Saladillo River.
This causes the hydrodynamics and mixing processes to differ substan-
tially to those reported by Riley and Rhoads (2012), as the Saladillo
River generates an underflow that spreads the more saline flow across
channel. In this case, mixing between the two flows is more rapid de-
spite the lower momentum ratio, thus illustrating the potential impor-
tance of density differences in determining the rate of mixing at such
confluent meander bends. The mixing length observed at the Tercero-
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Saladillo river confluencewas one order of magnitude smaller than that
estimated using the theoretical approach of Fischer et al. (1979), due to
the lack of inclusion of density differences between the tributaries, and
assumptions of uniform flow and full mixing in the vertical in the theo-
retical treatment. This highlights the need formore completemethodol-
ogies for predicting mixing rates and lengths at such sites of complex
flow dynamics.
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