

  jmse-11-02317




jmse-11-02317







J. Mar. Sci. Eng. 2023, 11(12), 2317; doi:10.3390/jmse11122317




Article



Qualitative Study of the Transport of Microplastics in the Río de la Plata Estuary, Argentina, through Numerical Simulation



Alejandra Elisei Schicchi 1,*, Diego Moreira 2, Patricia Eisenberg 3 and Claudia G. Simionato 2





1



National Institute of Industrial Technology, Buenos Aires B1650WAB, Argentina






2



Department of Atmospheric and Ocean Sciences (DCAO), Faculty of Exact and Natural Sciences, CONICET—Centro de Investigaciones del Mar y la Atmósfera (CIMA), Instituto Franco-Argentino de Estudios sobre el Clima y sus Impactos (IFAECI)—IRL 3351—CNRS-CONICET-IRD-UBA, University of Buenos Aires, Buenos Aires 1428, Argentina






3



Institute for Environmental Research and Engineering, 3iA, University of San Martín (USAM), Buenos Aires CP 1650, Argentina









*



Correspondence: aelisei@inti.gob.ar







Citation: Elisei Schicchi, A.; Moreira, D.; Eisenberg, P.; Simionato, C.G. Qualitative Study of the Transport of Microplastics in the Río de la Plata Estuary, Argentina, through Numerical Simulation. J. Mar. Sci. Eng. 2023, 11, 2317. https://doi.org/10.3390/jmse11122317



Academic Editors: Christophe Maes and Bruno Sainte-Rose



Received: 27 October 2023 / Revised: 29 November 2023 / Accepted: 2 December 2023 / Published: 7 December 2023



Abstract

:

Information about the sources, sinks, dynamics, and how environmental variables affect the transport of microplastics (MPs) from continental deposits to marine systems is still limited. Most of the knowledge about the distribution of plastic in the oceans comes from the use of numerical models to understand the routes of MPs moving in aquatic systems. The Río de la Plata (RdP) is an estuary located on the eastern coast of South America and is one of the most anthropized watercourses in the region. In this study, the trajectory of MPs in the RdP was examined through the implementation, for the first time for the region, of numerical simulation models. The impact of the estuary’s hydrodynamic characteristics, winds, and MP morphological properties on their trajectory was investigated. The simulations produced demonstrated a high correlation between the hydrodynamics of the Río de la Plata and the trajectory of positively buoyant MPs. The wind was identified as a significant driving force in the simulation of MP motion dynamics. Modifications in the size of the MPs have more influence on the trajectory than their morphology. The results constitute an initial step toward understanding the dynamics of these emerging pollutants in one of South America’s most important basins.
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1. Introduction


Microplastics (MPs) are ubiquitous on a global scale, infiltrating every corner of the planet, from the Antarctic currents to the Arctic seafloor [1]. Recognized by the United Nations Environment Program as a pressing global pollution concern [2], marine ecosystems serve as significant repositories for MPs contamination, with an estimated 5.25 trillion plastic pieces adrift in the world’s oceans. MPs infiltrate marine environments through sources such as surface runoff, aquaculture, and fisheries [3], of which around 75–80% come from land-based plastics [4]. Additional inputs arise from aquatic activities, including fishing nets [5].



Once in the marine environment, plastics persist for years. They undergo fragmentation due to photochemical and mechanical processes, resulting in the formation of MPs [6]. These environments also invite microbial colonization of MPs surfaces, promoting biofilm development [7]. This biofilm not only alters MPs density but also harbors human pathogens [7] and enhances the ability of MPs to accumulate persistent organic pollutants, heavy metals, and even antibiotics [3]. Due to their small size, MPs are bioavailable throughout the food web, leading to ingestion by various organisms and subsequent transport to distant regions [8]. The ingestion of MPs can result in issues ranging from false satiation and mechanical damage to organism morbidity and mortality [2], while they may also potentially act as carriers of chemical pollutants [9] and cause toxicity via various mechanisms [10]. In addition, MPs enter the human body through food consumption, with traces found in blood, placenta, lungs, and feces [11]. Given their ubiquity, understanding MPs generation, flow-retention dynamics, origin–trajectory relationships, and deposition patterns is crucial [2]. Given that empirical data are scarce, understanding how plastic is distributed in the oceans relies primarily on numerical simulations [12]. There is limited understanding of the complex movements that are required to formulate effective management strategies, especially in coastal regions [13]. Numerical modeling helps to elucidate the “why”, “where”, and “how” of plastic entry into aquatic systems, enabling better comprehension of its impact on aquatic environments and biodiversity [14]. In the simulation of plastic transport, two principal approaches exist: the Eulerian framework, commonly used in sediment studies, and the Lagrangian framework [12]. Lagrangian simulations employ pre-calculated Eulerian velocity data, derived from observations or models, to compute virtual particle paths by integrating the varying velocity field over time [12]. The Lagrangian approach is based on the introduction of virtual particles freely moving through the hydrodynamic field simulated by ocean circulation models. It is most commonly used to study the transport of marine debris, including MPs [12,15,16] at both global and regional scales [9,17,18,19,20]. In parallel, experimental exercises have been carried out to track the position of the plastic debris by post-processing images taken by a video camera, as another way of studying this problem, helping to validate numerical model results. These experimental measurements demonstrate that wave-induced Lagrangian drift of plastic particles in intermediate water depths is strongly influenced by particle size and density, causing particles to float or sink for relative densities lower and higher than water [21]. Floating particles remain at the surface due to buoyancy, and there is no evidence of any other influence of particle inertia on the net drift. Non-suspended particles move close to the bottom with lower velocities than the movement of suspended particles near the surface [21]. The motion of floating particles is affected solely by wave orbital motion, whereas non-floating particles at the bottom of the flume are predominantly due to characteristics of the wave orbital motion at the bed [22]. Also, experimental measurements of beaching times for buoyant microplastic particles released have shown that all particles were transported in the onshore direction, eventually becoming beached [22]. In Passalacqua et al. [23], the transport of particles of nylon was investigated under different hydrodynamic conditions by processing video frames using computer vision techniques for the detection and analysis of connected pixels. The results showed that blob analysis is a useful technique for studying the movements of sets of non-buoyant plastic particles until they fall into the breaking zone; they are then mobilized out of the camera frame.



The track marine plastic debris (TrackMPD) model, based on the particle tracking on analysis toolbox (PaTATO) framework, facilitates 3D transport modeling of MP marine debris [24]. The TrackMPD stands out itself by its capacity to integrate a particular algorithm for calculating settling velocities of spherical and cylindrical particles in contrast to other Lagrangian models [24]. This approach has been effectively implemented in several areas of the world ocean. In Jervis Bay, the application of TrackMPD resulted in accurate estimation and prediction of marine plastic debris sources [24]. In the Yalu River estuary, the tracker was used to examine sedimentation due to land reclamation impacts [25]. The study of MPs contamination faces challenges due to limited access to quantitative data [26], especially in developing areas such as Argentina, where high costs hinder MPs collection efforts. This work is set in the Río de la Plata Estuary (RdP), which drains the waters of the world’s fifth-largest fluvial basin [27] Also, RdP ranks second in South America in terms of drainage area and discharge flow rate [28]. Stretching across urban and industrial landscapes with major cities in Argentina and Uruguay along its margins, the RdP provides essential water supply to approximately 15 million people [27]. Despite its importance, observations of MPs in the RdP are still scarce. Pazos et al. (2021) [29] recorded monthly MPs presence over a year in a coastal area of the RdP, revealing February as the peak month with the highest MPs concentration (110 MPs m−3) in water and April (613 MPs m−2) in sediments. Nevertheless, considerable knowledge gaps persist. This gap extends to nearby regions, as exemplified by Arias et al. (2019) [30], who found MPs in the gastrointestinal tract of commercial fish species in Bahía Blanca estuary, where 48.9% were fibers and 30.6% pellets. The purpose of this study is to conduct an initial exploration of MPs dynamics in the RdP using numerical simulations. The TrackMPD_v.1 software will be used to identify and evaluate the effect of hydrodynamic forces on MPs transport, assess path changes resulting from morphological properties (type and size), and analyze changes in MPs trajectories with varying wind speeds and directions. Our simulation, which necessitates simplifications in hydrodynamic modeling and consideration of MPs properties, represents a fundamental advancement in understanding the motion of MPs in the RdP.



Study Area


The RdP spans between 34° and 36° S, and 55° and 58° W and constitutes the border between Argentina and Uruguay. It has a northwest to southeast orientation and a surface area of 35,500 km2 (Figure 1). The main characteristic is its shallowness (on average, 10 m) and funnel-shaped morphology. It is 327 km long, 40 km wide at its head, and 227 km wide at its mouth [27,31]. The RdP is a fluvial-marine environment, formed by the confluence of two of the most relevant rivers in South America, Paraná and Uruguay, discharging their waters into the Atlantic Ocean [32,33]. In the confluence between the strong discharge of the fluvial waters with the marine waters, an extensive mixing zone of mesohaline characteristics is generated [27]. It is a semi-permanent feature of the region [34]. Based on its geomorphological and dynamic characteristics, the RdP has been divided into three regions as described below [35,36,37].



Upper RdP: From the mouth of the tributary rivers to the imaginary line joining Punta Lara (Argentina) and Colonia del Sacramento (Uruguay), with fluvial waters and an average depth of less than 5 m.



Intermediate RdP: From the Punta Lara–Colonia de Sacramento line to the Punta Piedras–Montevideo line, with fluvial features, shallow sandbanks, and a depth of between 5 to 10 m.



Outer RdP: From Punta Piedras–Montevideo to Punta Rasa–Punta del Este, it is the deepest area with values of 15 to 20 m and mixohaline waters.



Water within the estuary is transported outwards. Its circulation is strongly influenced by bathymetry, the Earth’s rotation, continental discharge, tide, and wind [37]. This circulation affects the mean sea level and determines the net mass transport. In the upper and intermediate regions, the circulation is barotropic, dominated mainly by the discharge of tributary rivers (Figure 2b), but also by the tides and winds (Figure 3). The water flow is concentrated along the deeper north and intermediate channels, and as the freshwater plume reaches the central part, the Coriolis effect due to the Earth’s rotation causes the mass transport to be directed to the north. The circulation generated by the water mass transport is enhanced in high discharges and decreases accordingly in low discharges while maintaining the circulation pattern [38]. In the outer region the circulation becomes baroclinic, due to the density gradient produced by the encounter of river water with saline seawater [39,40]. Due to the shallow depth of the RdP, the currents in this region rapidly respond to winds, in particular to their direction, within 3 to 9 h [41]. The vertical structure of the currents can be explained in two modes or patterns. Winds with a dominant component perpendicular to the axis of the estuary (SW-NE) induce currents that decay vertically from the upper to the lower levels; this characteristic is a consequence of the geometry and bathymetry of the estuary [28]. Meanwhile, a wind component parallel to the axis of the RdP (NW-SE) produces a current reversal pattern, with an outflow of water mass in the upper layer and an inflow of water mass in the layers near the bottom of the river [37].



The total average flow is about 23,200 m3 s−1, with peaks of 90,000 m3 s−1 and troughs of 8000 m3 s−1 [42,43]. Freshwater in the RdP comes from several tributaries, although the two most important are the Uruguay and Paraná Rivers (Figure 1), which account for more than 97% of the water discharged to the RdP. The largest flow (around 70%) is contributed by the Paraná River, with two main branches: the Paraná Guazú-Bravo with 77% of the water transport, and the Paraná de las Palmas with 23% of the remaining flow [36,43]. The Matanza-Riachuelo Basin is considered among the most polluted rivers in Latin America and drains directly into the RdP [44]. The Lujan River joins the RdP estuary close to the Paraná de las Palmas; it transports high concentrations of a wide range of contaminants from industrial activities and urban wastewaters [45].



The RdP has a microtidal astronomical regime, characterized by diurnal inequalities and important differences between consecutive high tides/low tides. The tidal energy flow enters through the SE sector of the mouth, propagating from S to N with higher amplitudes toward the coast and decreasing toward the interior of the estuary [41], behaving as a Kelvin wave forced at the shelf. The topography of the estuary modifies the wave as it propagates along the estuary, reducing the celerity and wavelength and causing the tidal wave to decay due to the bottom friction [27]. The semidiurnal lunar component (M2) is the most significant for the system [38]; it is characterized by two high tides and two low tides during the lunar day, with very little difference in height between them, as the semidiurnal tide overlaps the diurnal tide [38]. The amplitude of this component reaches 0.65 m on Samborombón Bay and is reduced to 0.27 m in Buenos Aires [27]. Wind affects the dynamics at all scales in the RdP, being the main forcing agent of the circulation [28,37,46]. Through shear stress, wind modifies the propagation velocity of the tidal wave and the degree of vertical mixing and generates waves, displacing significant volumes of water [28]. The general circulation of the atmosphere in the area is controlled by the influence of the South Atlantic semi-permanent high-pressure system [47]. The anti-clockwise circulation advects warm and humid air from subtropical regions over the estuary [47]. On the other hand, cold fronts arrive from the south with a period of 4 days associated with convective storms called “Pamperos”. This way, the area is characterized by the alternation of winds from NE to SW, with intervals of a few days [28,48,49]. Due to the general orientation of the RdP (NW-SE) and its shallow depth, only wind waves propagating from the SE sector can reach the interior of the estuary. Therefore, in the upper zone, wind waves are mostly locally generated [50]. The most frequent wave period range is around 3–4 s, with significant heights between 0.20 and 0.60 m [34]. Long-period waves from the deep waters of the Atlantic Ocean are damped and break as they enter inside the RdP [50].





2. Methods


2.1. Numerical Model


2.1.1. Hydrodynamic Simulation


The modular structure of TrackMPD involves the configuration of three initial data modules that allow the user to carry out simulations. The first module involves the integration of hydrodynamic data specific to the study area. This includes fixed parameters such as domain (area covered, number of grid points, resolution), bathymetry (depth), and number of vertical layers (σ, sigma vertical layers). Additionally, time-varying parameters including current speeds (u, zonal, and v, meridional velocities) and free surface elevation (xe) are essential components. These conditions were established using results from the model for applications at a regional scale (MARS) [51], developed by the Dynamics of the Coastal Environment Department (DYNECO) at the French Research Institute for the Exploitation of the Sea (IFREMER). Designed for coastal regions, MARS comprehends processes spanning diverse spatio-temporal scales, applicable to environments such as lagoons, beaches, bays, estuaries, continental shelves, and open oceans [51,52], effectively describing timescales ranging from hours to decades. The MARS model has been implemented, calibrated, and validated for the study area described above [34,46,53,54,55,56]. It operates within two nested domains. The largest, with lower resolution, covers the southwestern region of the South Atlantic Ocean from 69.35 to 45.5° W and 25.5 to 54.8° S; the resolutions are of 0.1° in latitude (~10 km) and 0.15° in longitude (~12 km), with one vertical layer. This model is used to provide boundary conditions to the smaller scale/higher resolution model. This latter domain, spanning from 32.9 to 38.139° S and 60.67 to 50.62° W, is tailored to the RdP and its adjacent shelf, employing a horizontal resolution of 0.027°(~3 km) and 10 sigma layers in the vertical to accurately represent study site vertical structure.



TrackMPD employed results from the second domain. Currents were sourced from MARS model outputs, necessitating the configuration of core drivers in the RdP: continental discharge, tide, wind, and waves. Data on continental water discharge from key tributaries, namely Paraná Guazú, Paraná de las Palmas, and Uruguay, were obtained from the “Sistema Nacional de Información Hídrica de la Nación” (accessed on 1 October 2022) and daily discharge estimates from the National Water Institute (INA, accessed on 1 October 2022). Considering their relevance to urban pollution contribution [27,57], discharge data from the Luján and Riachuelo rivers were also integrated. The resultant mean water discharge value amounted to 26,567 m3 s−1, marginally surpassing historical averages reported in other studies [42,43,58].




2.1.2. Tracking Model


The trajectories of the MPs were determined by implementing the numerical model TrackMPD, which takes a comprehensive 3D approach that includes various physical processes and MPs behavior, depending on their dynamic properties. This approach distinguishes TrackMPD from other numerical models, which treat the MPs as neutral particles traversing the surface layers, neglecting their dynamic properties and adopting a two-dimensional approach [24]. TrackMPD’s potential lies in its flexibility to incorporate velocity currents in a variety of formats and to extend the Lagrangian advection-diffusion model to include realistic particle behavior such as windage, beaching, degradation, and more [24]. Equation (1) represents the horizontal position (  X  ) of a particle at time   t + ∆ t   in the TrackMPD [25]:


  X   t + ∆ t   = X   t   + U ∆ t + R  2   K   h   ∆ t   



(1)




where   U = ( u , v )   is the horizontal current vector,     K   h     the diffusion coefficient (1 m2 s−1), and   R   is a random number generated per time step with an average and standard deviation from 0 to 1.



The vertical position (  Z )   at time   t + ∆ t   is depicted by Equation (2):


  Z   t + ∆ t   = Z   t   + w ( t ) ∆ t  



(2)




where   Z   t     is the original vertical location of the particle at time t. Furthermore, Equation (3) provides the particles’s vertical velocity:


  w   t   = w   t   −   w   s     t   +   R  2   K   v   ∆ t    ∆ t    



(3)




where w is the vertical velocity, ws settling velocity and Kv is a vertical diffusion coefficient (1 × 10−5 m2 s−1). Drawing from recent experimental research, TrackMPD predetermines specific MPs behaviors, each defined by physical properties (density, shape, and size). For the purpose of this study, as a first approach, and to evaluate a simplified simulation, the “beaching” option was chosen, while the “re-suspension” option was excluded. The “beaching” approach implies that MPs reaching the coast do not re-enter the system and remain retained in the area. Conversely, “re-suspension” suggests that MPs settling on the RdP floor are trapped there. Our study uses behavior B1, corresponding to MPs with a density lower than 1 g dm−3 with     w   s     = 0, and behavior B3, polymers with a density greater than 1 g dm−3, and allows the geometry to be specified [24]. For B1, the polymer density is the only input, while for B3 the size and shape of the MPs are also required. Biofouling, degradation, and biofilm formation are not considered in either behavior. The settling velocity for the B3 behavior is governed by Equations (4) and (5), depending on the particle shape.



The B3 behavior establishes the settling velocity as follows.
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For sphere











     w   s   =   υ   2 R         d   *     3     ( 38.1 + 0.93       d   *       12   7     )   − 7 / 8     



(4)
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For cylinders











    w   s   =   π   2     1   υ       (   ρ   p     –   ρ   w   )     ρ   w       2   R L   55.238   L + 12.691    



(5)




    d   *     is the dimensionless particle diameter (    d   *   = 2 R   ( g (   ρ   p   −   ρ   w   ) /   ρ   w     v   2   )   1 / 3    ),     ρ   p     the particle density,     ρ   w     the water density (same units as     ρ   p    ),    υ   te water kinematic viscosity (10−6 m2 s−1), g the gravity acceleration (  m     s   − 2    ), R radius (m), L (m).



Throughout this work, particles were released at the water surface in all simulations. To initiate MPs simulations, representative regions of the river were selected, with emphasis on anthropogenic areas of substantial impact. Four points were chosen, as outlined in Table 1 and depicted in Figure 2a. These locations include points close to the tributary river mouths, the Buenos Aires city coast, urban regions contributing to anthropogenic pollution, and close to Colonia del Sacramento. It was decided not to release the MPs in positions close to the coast to avoid them, due to hydrodynamic effects, from being stranded there in a short time.





2.2. Model Configuration


2.2.1. Hydrodynamic Effects


In order to assess the impact of each forcing factor (continental discharge, tide, wind, and waves) on the trajectory of MPs, four simulations were conducted. These simulations will be referred to as “Hydrodynamic Cases.” In each case, the forcing factors were introduced one at a time and varied in each hourly model step, as did the actual system conditions. In this way, the complexity of the simulation was gradually increased. Case I was run with continental discharge only; Case II was run again, adding the tides to the liquid discharge. The simulation was repeated with Case III adding the wind effect to the previous run. Finally, a real simulation was run with all active forcings (continental discharge + tide + wind + waves). For the trajectory simulations, the B1 behavior was selected. The user defines the polymer density as the only input parameter associated with plastic properties, without considering morphology or size. This behavior is restricted to plastics with density values less or equal to 1 g cm−3. It is the simplest behavior of TrackMPD, allowing us to concentrate on how the estuary’s hydrodynamics influence MPs trajectories by working with buoyant particles. The “re-suspension” option was excluded, and the “beaching” option was also chosen, so the test ends when MPs reach the coast. For these simulations, polypropylene (PP) was selected as the polymer. PP has a density of 0.84 g cm−3 [59]. The selection of this material is based on two primary reasons. Firstly, PP constitutes 19.2% of the annual global plastic production, primarily used for manufacturing containers and packaging for various items [60]. Additionally, according to Rodriguez et al. (2020) [61], 70% of plastics collected on Uruguayan coasts were identified as PP. They observed the highest density mean concentration of 292 items m−2 at one of the distant sites from the urban center of origin, suggesting that marine influences play a crucial role in plastic distribution. Moreover, the type of plastic found (171 pellets m−2) indicated a prevalence of marine inputs.



The TrackMPD simulations cover a period of 30 days, as this duration represents the estuarine flushing time of the RdP [38,39,57,62]. The time step for current velocities (u, v) and free sea surface elevation (xe) was set at 1 h intervals. For these simulations, the water density value was predetermined by the TrackMPD model, maintaining a constant value of 1 g cm−3, due to the fact that the upper and intermediate RdP are not influenced by the salt wedge located in the intermediate-exterior estuary [39]. The current speeds and sea surface height were obtained from the MARS model for one entire month and run in the TrackMPD simulations. These MARS solutions were analyzed in previous works by [46,56,62].




2.2.2. Dependence on Winds


Since winds have a substantial impact as a forcing agent on the water column in the RdP [28], and in order to understand the wind’s effect on the simulation of MPs trajectories, the month of the run was partitioned into three time periods (Figure 3a).



The selection of the three periods was based on the wind speeds recorded during the chosen month. As can be seen in Figure 3a, the wind stress     ( τ   s x   ,   τ   s y   ) =   ρ   a   C   d   s      (     u   w n d     2   +     v   w n d     2   )    (   u   w n d   ,     v   w n d   )   where (    τ   s x    ,     τ   s y    ) are the wind stresses on the surface in zonal and meridional directions (around 0.01 and 0.005 N m−2, respectively). During the first days of the month, the winds were weak and became stronger from the 7th day onwards. The first 7 days were covered by simulation W-I starting on the first day of the month with a period of 30 days. Simulation W-II starts on the 7th, with the first 4–5 days of strong winds, shifting from north-northwest to southwest directions. Finally, simulation W-III starts from the 19th to the 30th with calm conditions. The time step for all the simulations was one hour and was performed under the same hydrodynamic conditions (Case IV), behavior (B1), and PP material, with the “beaching” option and “re-suspension” option excluded. These conditions were chosen to highlight the importance of wind effects within the complicated RdP hydrodynamics by assuming a calm period alongside complex hydrodynamic scenarios. Figure 3b, correspond to the hydrodynamic conditions near the mouth of the RdP, in the upper RdP at coordinates latitude: 34.36° S, longitude: 58.29° W. Figure 3b shows the current vector over the month (vertical average) with south-southeast main direction, U = 0.15 m s−1 (zonal velocity) and V = −0.1 m s−1 (meridional velocity). Figure 3c shows the sea surface height for the same site where the effect of the tide can be appreciated, and the effect of the wind increasing the level at moments of greatest intensity and SE direction (7th and 27th). This positive storm surge effect is characteristic of the estuary and is called “sudestada”.




2.2.3. Effect of Morphology


To assess the morphology of MPs within trajectories, the B3 behavior of TrackMPD was selected for a new series of simulations. This choice was founded on the capability to alter the geometry of MPs without introducing additional variables to the system, such as degradation or biofilm formation. The simulation was conducted using polystyrene (PS). The tabulated density of PS ranges from 1.04 to 1.07 g cm−3 [59]. For this study, a density of 1.04 g cm−3 was chosen for both shapes and sizes. PS constitutes 10% of the world’s plastic production [60]. In construction, where weight reduction of structures is crucial, PS beads are often used in lightweight concrete, primarily for housing and building components. Although PS does not exist in a fiber form, considering density alone, it exhibits similar bibliographic density to some textile polyamides like Nylon Qiana (1.04 g cm−3) and the more well-known Nylon 6.6 (1.14 g cm−3).



Two geometries were examined: spherical and cylindrical (to mimic fibers), with two sizes chosen for each. For spheres, radii of 150 μm (according to Equation (4), ws = 103 × 10−5 m s−1) and 10 μm (ws = 0.5 × 10−5 m s−1) were selected. For cylindrical shapes, a radius of 150 μm with a length of 3000 μm (according to Equation (5), ws = 439 × 10−5 m s−1) and a size of 10 μm radius with 200 μm length (ws = 1.98 × 10−5 m s−1) were employed. These dimensions and geometries were adopted based on the studies by Pazos et al. (2021) [29] where almost 20% of the discovered plastics fell within the 500–100 μm size range, and the work of Ender et al. (2015) [59], which simulated spheres ranging from 1000 to 10 mm. All the simulations ended when MPs reached the coast option, and the “re-suspension” option was also excluded.






3. Results


3.1. Hydrodynamic Simulation Cases


3.1.1. Hydrodynamic Case I: Effect of the Continental Discharge


The four released MPs were primarily influenced by the continental discharge from tributaries within the estuary (Figure 4a). MP1, released at the mouth of the Uruguay and Paraná Guazú-Bravo tributaries, exhibited the strongest response to the discharge. It followed the longest trajectory among the group, almost reaching La Plata City. The time taken for MP1 to reach the coast was relatively short, approximately 70 h. In the absence of other driving forces, MP1 moved swiftly in an almost straight path toward the outer region of the RdP. MP2 moved southward and reached the coastline within 40 h, near the city of Buenos Aires. MP3, located close to the northern Punta Lara coast, displayed a trajectory roughly parallel to the estuary’s axis, arriving at the southern coast in 35 h. On the other hand, MP4, released near Colonia del Sacramento along the northern RdP coast, moved southeastwards and reached the coast in about 65 h, indicating the occurrence of robust outflow-generated currents. Overall, the motion patterns of all MPs were aligned with the barotropic circulation prevalent in the upper section of the estuary.




3.1.2. Hydrodynamic Case II: Effect of the Continental Discharge Plus Tides


The simulation was repeated by introducing tide in addition to the continental discharge for the same time period (Figure 4b). The outcomes for MP1 illustrate a trajectory that was notably impacted by the tributary discharge, yet exhibiting cyclical shifts attributed to the ebb and flow of tides. Consequently, MP1 reached the northern coast within a short span of time. In contrast, MP2 and MP3 displayed a classic tidal ebb-and-flow pattern in their movements, extending their permanence within the water for an extended duration. These MPs eventually arrived at the southern coast after approximately 528 h, near Buenos Aires city. Lastly, MP4’s trajectory also underwent alterations, with its journey culminating near the city of Colonia de Sacramento.




3.1.3. Hydrodynamic Case III: Effect of the Continental Discharge Plus Tides Plus Winds


The simulation involved the addition of wind forcing to Case II (Figure 4c). MP1 displayed a predominantly easterly direction and a residence time of 54 h. Despite this, the trajectory was primarily impacted by the continental discharge, along with the northeasterly wind vectors observed during the initial days of November (as depicted in Figure 3). Nonetheless, the trajectory exhibited evident ebb-and-flow motions. For MP2, a residence time of 267 h was noted before it reached the Uruguayan coast. In the first 60 h, MP2 moved in a north-northeasterly direction. Subsequently, at 168 h, the movement shifted toward a south-southeasterly direction. Eventually, the trajectory changed course once more, moving northward until it reached the coast. MP3 and MP4 started their motion in a northerly direction under the influence of the wind, subsequently veering southwards until they reached the coast. Both trajectories were influenced by the continental discharge and tide, generating periodic inward and outward movements within the RdP, albeit with an overall outward movement from the estuary. The wind significantly altered the trajectories of MP3 and MP4, distinctly deviating from the conditions of Case II. In this context, MP3 and MP4 remained within the estuary for 395 h and 365 h, respectively. The motion of these MPs also illuminated the impact of the wind pattern overlapping with tidal movement. Noticeably, a clear southeastwards net motion emerged (Figure 4c), attributed to wind stress vectors of approximately 5 N m−2 that appeared between the 48 and 72 h of that month.




3.1.4. Hydrodynamic Case IV: Effect of the Continental Discharge Plus Tides Plus Winds Plus Waves


The most complex and realistic simulation (Figure 4d) encompasses all the influencing factors of the system: continental discharge, tide, wind, and wind waves. MP1 and MP4, previously arriving at the Uruguayan coast in the hydrodynamic Case III, now make their way to the opposite coast, covering a larger distance that extends beyond the city of La Plata. MP2, however, continued to follow a south-southeasterly path, reaching the Argentinean (southern) coast and surpassing the distance traversed by the other MPs. In terms of motion, MP3 exhibited a path similar to its trajectory in the preceding hydrodynamic case (without wind waves), although it also covered a larger distance. Overall, the residence times for all MPs were extended in this simulation. MP1 remained in the water for approximately 400 h, whereas MP2, MP3, and MP4 spent around 165–167 h in the water before they eventually reached the coast. For these MPs, the complexity of their trajectories is evident, shaped by the ebb and flow of the tide, alongside displacements triggered by shifting wind directions. Additionally, the dynamics of locally generated waves induced by the wind played a role in influencing their paths.




3.1.5. Wind Dependence


To further understand the influence of wind on MPs trajectories, a dedicated investigation was conducted, initiating simulations under the three different wind strength and direction scenarios illustrated in Figure 3a. Figure 5a corresponds to W-I, the wind pattern with the highest variability and the longest simulation duration, resulting in the longest persistence of MPs in the water column. For MP1, the residence time was 400 h, while MP2, MP3, and MP4 had residence times of 167 h, 163 h, and 164 h, respectively. In this simulation, all four MPs traverse the vicinity of the city of La Plata and conclude their journey along the Argentine coast. Their motion aligns with the wind pattern: starting with a south-easterly motion, followed by a north-westerly shift midway through, and ultimately transitioning to a calmer trajectory toward the estuary’s outward direction.



In W-II (Figure 5b), the impact of wind intensity on MP2 and MP4 becomes evident. These two MPs exhibit extended persistence in this simulation, initially moving southeastwards and then shifting to a northeast direction, eventually concluding their journeys north of their starting positions. MP1, however, is promptly influenced by the southeast direction, arriving at the coast above the Colonia city line. Regarding MP3, its trajectory cannot be fully appreciated due to its swift arrival at the coast. The residence times were MP1: 77 h, while MP2: 85 h, MP3: 13 h, and MP4: 102 h. Simulation W-III (Figure 5c), initialized on the 19th, represents a period with moderate winds. Here, the influences of other factors, such as continental inputs, become discernible on MP2 and MP3. Their trajectories are nearly linear, extending out of the estuary. Unexpectedly, MP1 displays a trajectory opposite to what was anticipated, moving northward. This discrepancy is likely a result of the combined effects of the discharge currents and the tides in the tributary inlet sector. Lastly, MP4 experiences the shortest trajectories, reaching the Uruguayan coast. In this situation, the retention time was 99 h for MP1, 59 h for MP2, 45 h for MP3, and 13 h for MP4.





3.2. Morphology Effects


As previously mentioned, two different geometries were examined under Case IV, considering PS spheres and cylindrical tubes in two distinct sizes. For spheres, radii of 150 μm and 10 μm were chosen, while for cylinders, radii of 150 μm with a length of 3000 μm, and 10 μm with a length of 200 μm were selected. Each one has a particular settling velocity determined by Equations (4) and (5). But the vertical displacement (Equation (2)) also depends on the vertical velocity (w) and the vertical diffusion coefficient (Equation (3)).



Figure 6a shows the vertical motion in longitude, while Figure 6b shows the vertical motion in latitude, with a cylinder morphology of 150 and 3000 μm, a fiber morphology of 10 and 200 μm, a sphere morphology of 150 μm and a sphere morphology of 10 μm, and the MPs used in behavior B1 are those with buoyant trajectories. The trajectories shown in Figure 6a,b correspond to MP3, and the general behavior of MP1, MP2, and MP4 is similar. In both figures, larger morphologies with a radius of 150 μm reached the bottom of the estuary in less than 2 h with overlapping trajectories. On the contrary, smaller morphologies increase their persistence in the estuarine water column. The smaller spheres have a settling velocity of 0.5 × 10−5 m s−1 and remain in the estuary for almost 150 h. Figure 6a,b show that this particular size of sphere behaves similarly to a positively buoyant particle. This vertical movement also revealed the influence of the hydrodynamics of the system, manifested as ebb and flow due to tidal effects. The cylinder with the same radius, 10 μm, has a settling velocity of 1.98 × 10−5 m s−1 and took 48 h to reach the bottom, showing movements less influenced by hydrodynamic forces. On the other hand, the buoyant microplastic never reaches the bottom during the month of simulation, remaining in the first layer of the estuary, with trajectories strongly influenced by the hydrodynamics of the RdP.





4. Discussion


Throughout the analysis of the hydrodynamics simulations, a robust correlation between the hydrodynamics of the RdP and the trajectories of positively buoyant MPs becomes evident. This correlation is in line with the investigation into various influencing factors, continental discharge, the flood and ebb tidal cycle, and its tidal range (spring/neap) and wind effect [63].



MPs positioned in both the upper and intermediate regions of the RdP displayed paths in alignment with the barotropic circulation patterns of the upper estuary. In particular, MPs near the mouths of tributaries displayed trajectories largely influenced by the force of continental discharge, while those situated near the southern shore of the upper RdP exhibited ebb-and-flow movements that corresponded to the tidal patterns. This observation aligns with the findings of Lentz and Fewings (2012) [64], who previously discussed the complex circulation responsible for MPs transport. The simulation process highlighted that the circulation patterns of inner estuarine regions are more influenced by the wind direction than by its strength, characterized by a rapid response time of the currents ranging from 3 to 9 h [41]. This wind dependency underscores the significant correlation between the prevailing wind conditions during the analyzed period and the dynamics of positively buoyant MPs, as corroborated by Díez-Minguito et al. (2020) [65] and Van Sebille et al. (2020) [12], who found that the distribution and movement of MPs in the estuary were mainly influenced by wind forcing, which had a greater impact on circulation compared to density-driven and river flows. Finally, the random effect is included in the model (Equation (1)), modifying the final destination of microplastics, but it needs a more in-depth study to analyze this effect.



The motion within the water column for a particle is governed by its settling velocity (ws), wherein larger sizes result in higher fall velocities [66]. The work of Jalón-Rojas et al. (2019) [24] demonstrated that simulated MPs, particularly those of larger sizes, tended to settle close to their initial release point, leading to shorter horizontal trajectories. A positive relationship between diameter and ws was also noted by Katmullina and Isachinko (2017) [14], who observed accelerated settling velocities with increasing diameter under laboratory conditions with static fluids. Smaller particles were also observed to have longer residence times than larger particles, which is consistent with the observations of Elagani et al. (2017) [67], who found that the mean residence time of the smallest microplastic particles (1–30 μm) was orders of magnitude higher than the larger ones (100–1000 μm). As the settling velocity of MPs under laminar conditions depends on their weight and buoyancy forces, all large and dense particles have significantly higher settling velocities than the smaller and lighter microplastics [67]. The 10 μm spheres showed vertical motions more similar to buoyant particles, clearly influenced by the effects of estuarine turbulence. So the behavior of the MPs seems to be more influenced by the size than by the density of the microplastic. Given the high concentration of sediments in the RdP, even in the barotropic zones of the estuary, it would be interesting to study their behavior, taking into account flocculation effects. Studies have shown that positively buoyant microplastics of small size flocculate and settle with natural fine-grained suspended sediment (<20 μm) in river and estuarine waters [68].




5. Conclusions


Numerical models capable of reliably predicting the movement and behavior of MP particles in water are invaluable tools for identifying pathways, potential sources, and hotspots. In this research, we have taken a first step by applying two numerical models to investigate the trajectories of MPs in the RdP estuary. This effort represents an important first step to understanding the motion of these emerging contaminants in this complex environment. The simulation results have provided important insights into how the hydrodynamics of the RdP predominantly dictate the trajectories of MPs. Our results show that the horizontal movement of MPs is primarily influenced by tidal effects, whereas wind and wave patterns have a significant impact. In particular, near the water surface, wind direction and intensity play a crucial role in determining the main trajectory of MPs. The continental discharge has more influence on the microplastics released near the tributary mouth. In addition, the inherent characteristics of MPs—such as their type, morphology, density, and size—strongly influence their behavior. Larger or denser MPs quickly sink, whereas lighter and smaller particles tend to remain suspended. As this study represents an initial exploration in understanding the motion of MPs within the RdP, there are several alternatives for further investigation. They include exploring alternative microplastic behaviors, extending the length of simulations, investigating the dynamics of vertical motion, and considering scenarios of continuous microplastic release over time to analyze the random effect. Moreover, we propose initiating the collection of field samples to validate the characteristics and types of the selected MPs. In sum, the outcomes of this research contribute to crucial foundational knowledge in the field of MPs movement dynamics within estuarine environments. By enhancing our understanding of the complex interplay between hydrodynamics, particle properties, and external influences, we will be able to develop more accurate predictive models and strategies for managing the environmental impact of MPs pollution.
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Figure 1. Río de la Plata estuary and principal geographic locations. MODIS color image. (a) Upper region RdP, (b) intermediate region RdP, (c) outer region RdP. 
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Figure 2. (a) Initial location chosen for MPs trajectories simulation (Table 1) and bathymetry of the Río de la Plata (in m). (b) Monthly average currents (m s−1) near the surface (black arrows) and near the bottom (red arrow) indicating the mean flow pattern, over bathymetry (m). 
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Figure 3. (a) Wind stress vector (N m−2) for the modelated month. The light blue bars show at which time of the month the simulation was initialized. The first period starts on the first of the month, the second on the 7th, and the third on the 19th. All three end on the 30th of the chosen month. (b) Current vector, (c) surface height for a site in the upper RdP (34.36° S, 58.29° W). 
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Figure 4. Trajectories of the four MPs: (a) continental discharge; (b) continental discharge + tides; (c) continental discharge + tides + winds; (d) discharge + tides + winds + waves. The “x” indicates the release location and the red dot indicates the final position. The resulting trajectories are colored orange for MP1, green for MP2, blue for MP3 and purple for MP4. 
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Figure 5. Upper panels: MP trajectories, (a) W-I releasing on the 1st, (b) case W-II releasing on the 7th, (c) W-III releasing on the 19th. The “x” indicates the release location and the red dot indicates the final position. The resulting trajectories are colored orange for MP1, green for MP2, blue for MP3 and purple for MP4. 
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Figure 6. (a) Vertical motion for MP3 in longitude, (b) vertical motion for MP3 in latitude. Both with morphology of sphere 150 μm (blue), sphere 10 μm (green), cylinder 150–3000 μm (yellow), and cylinder 10–200 μm (red), buoyant (cyan). 
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Table 1. Initial location for the simulation of MPs trajectories in the TrackMPD (Figure 2a).
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	MPs
	Location: Lon, Lat
	Reference





	MP1
	58.3° W, 34.3° S
	Playa Honda, influenced by the tributary rivers’ discharge (Uruguay and Paraná Guazú-Bravo).



	MP2
	58.3° W, 34.5° S
	Playa Honda, influenced by the tributary rivers’ discharge (Uruguay and Paraná Guazú-Bravo).



	MP3
	58.1° W, 34.68° S
	Berazategui, near the plant of water effluent treatment (AySA).



	MP4
	57.88° W, 34.52° S
	Near Colonia del Sacramento.
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