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Abstract

The growing plastic pollution in aquatic environments causes threats to aquatic organisms and humans. To mitigate
the consequences of pollution, it is important to understand the behaviour of plastic transport. Estuaries act as
an interface between rivers and the sea, and therefore play a key role in transporting plastic to the sea. However,
plastic transport in estuaries is complex, due to plastic circulation by tides and wind, and trapping of plastic between
obstacles. Especially plastic estuary-to-sea export is still very uncertain. Existing mass-balance models are used to
estimate plastic in rivers or sediment in estuaries. This thesis presents a plastic mass-balance model that can be
applied to specific estuaries, and produces reliable export estimates. The daily plastic export from estuary to sea
was estimated to be 290 kg for the Rhine-Meuse Estuary (RME), and 19,431 kg for the Saigon Estuary, where the
discharge into the sea is 3.5 times larger for the RME, compared to the Saigon Estuary. The yearly plastic export
for the RME corresponds to an amount of 13.3 tonnes. These estimates fall within the uncertainty range of previous
studies. Deposition and remobilization resulted in the largest model fluxes, with magnitudes of 20 t/d for the RME
and 430 t/d for the Saigon Estuary. Moreover, the deposition of plastic is significantly higher (p = 0.001) on urban
riverbanks than on rural riverbanks, with the median deposition rate more than 5 times higher. At the same time, the
model is most sensitive to the uncertainty in parameters related to deposition. Our results demonstrate that with the
right measurements, making reliable estimates of estuary-to-sea export is possible. However, uncertainty in plastic
transport processes, like deposition and remobilization, has a large impact on the uncertainty of parameters and the
model. Automated sensors, specific field experiments, and the advancement of model structure can improve the
accuracy of the export estimates and further improve understanding of plastic dynamics in estuaries. By advancing
this understanding, we move closer to effective strategies that reduce the environmental footprint of plastic and
protect both ecosystems and human health.

Key Findings

• The daily plastic export from estuary to sea was estimated to be 290 kg for the Rhine-Meuse Estuary (RME),
and 19,431 kg for the Saigon Estuary. The yearly plastic export for the RME is 13.3 tonnes. For the Saigon
Estuary, a yearly plastic export could not be estimated because the longest period of continuous discharge and plastic
measurements was only three days. The export estimates for the RME fall within the uncertainty range of previous
estimates. For the Saigon Estuary, estimates from previous studies do not exist.

• Deposition and remobilization resulted in the largest fluxes compared to any other flux in the model, with magni-
tudes of 20 tonnes/day for the RME and 430 tonnes/day for the Saigon Estuary.

• Riverbank and floodplain plastic starts accumulating near the maximum water level limit after just one tidal cycle,
and keeps doing so over increasing time scales.

• Tidal fluctuations of water level and discharge are in phase, promoting plastic export from estuary to sea. This is
caused by high water levels (causing high river plastic concentration) during moments of high discharge, resulting in
high export.

• The plastic mass-balance model is most sensitive to the uncertainty in parameters related to deposition.
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1 | Introduction

1.1 Context and Motivation

By 2025, global plastic production will be between 500
and 600 million metric tons (Mt) yearly (El-Rayes et al.,
2023). If this large-scale production continues, we will
have produced 26,000 Mt by 2050 (Geyer et al., 2017).
However, (Geyer et al., 2017) found that only 35% of
these plastics are recycled, where 46% are dumped at a
land�ll or in the natural environment. Plastic residing
in water bodies causes threats to aquatic organisms and
human health (Al-Thawadi, 2020; Chae & An, 2017;
Van Emmerik & Schwarz, 2020; Witczak et al., 2024).
Upon ingestion, microplastics can �nd their way into
all tissues and internal organs (Witczak et al., 2024),
where they can lead to metabolic, morphological and
behavioural changes (Al-Thawadi, 2020). To mitigate
the e�ects of plastic in our waters, it is important to
understand how plastic moves through the hydrological
cycle.

Estuaries are among the most dynamic and com-
plex parts of the water cycle. 21 of the 30 world's
largest cities are located next to estuaries (Ashworth
et al., 2015), resulting in an increased plastic concen-
tration in estuaries (Lucie et al., 2024; Naidoo et al.,
2015). Anthropogenic pollution makes estuaries vul-
nerable, and increases the di�culty of predicting plastic
movement. Estuaries are complex due to the in�uence
of tides, resulting in changes in �ow direction (Núñez
et al., 2021). Tides can also generate estuarine mixing
fronts (Wang et al., 2022), which can degrade plastic
into smaller pieces due to their turbulence, and act as
accumulation hotspots. To gain a better understanding
of the behaviour of plastic in rivers and estuaries, plastic
measurement techniques have been developed. These
techniques include observation of plastic waste on river-
banks during �eldwork (Boonstra et al., 2023), or by
observing riverbank plastic from a boat (Wilhelm et al.,
2022). Plastic carried by the river can be observed visu-
ally on top of bridges (Schreyers, Van Emmerik, Bui, et
al., 2024; Van Emmerik et al., 2022), using cameras with
AI (Lieshout et al., 2020; Maharjan et al., 2022), using
sonar (Boon et al., 2023), or nets to capture the plas-
tic (Vriend et al., 2023). Moreover, �ow paths can be
captured by using GPS trackers (Lotcheris et al., 2024;
Tramoy et al., 2020). Such observations of plastic have
demonstrated that plastic circulates in estuaries, as op-

posed to direct downstream transport towards the sea
(López et al., 2021; Tramoy et al., 2020). The plas-
tic is circulated by tidal dynamics (Schreyers, Van Em-
merik, Bui, et al., 2024) or wind (Díez-Minguito et al.,
2020), and gets trapped in vegetation or anthropogenic
structures (Lotcheris et al., 2024). Moreover, cores of
sediments in estuaries have shown that more recent de-
posited sediment layers contain an increasing amount of
microplastics (Willis et al., 2017). This highlights the
capability of estuaries to circulate and store plastic.

The circulation of plastic in estuaries contributes to
the uncertainty of downstream plastic transport into the
seas. To better understand the transport of plastic in es-
tuaries, various modeling studies have been performed.
These are either 1) numerical simulation models (Cohen
et al., 2019; Santiago et al., 2024; Schernewski et al.,
2021), to track plastic particle movements, or 2) mass-
balance models, to keep track of import, export, and
internal transport while conserving mass. Plastic mass
balances have been calculated using estuarine data av-
eraged at a global scale (Biltcli�-Ward et al., 2022),
or by focusing on a speci�c river section outside the
estuarine zone (Rosa et al., 2023; Schreyers, Van Em-
merik, Hutho�, et al., 2024). Mass-balance models for
speci�c estuaries are already customary for di�erent ma-
terials, like salt (Maccready et al., 2002), and sediment
(Maldegem et al., 1993), providing insight into transport
dynamics in estuaries. Until now, an estuarine-speci�c
mass-balance model for plastic transport has not been
developed. Previous studies have shown that predicted
transport of plastic into the seas does not match with
the concentration in these seas (Roebroek et al., 2022).
An estuarine-speci�c mass-balance model could decrease
the uncertainty of estuary-to-sea transport by tracking
plastic transport, and quantifying the amount that �ows
into the sea.
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1.2 Research Goal and Questions

This thesis aims to increase the understanding of plastic
in estuaries, and estimate the plastic transport from es-
tuary to sea. To reach this objective, the following goal
was set:

Develop a tide-resolving plastic mass-balance
model that captures plastic transport in an estu-
ary.

To achieve this goal, several research questions need to
be answered:

(a) How can the sources, sinks and pathways of the
mass-balance model be estimated with measure-
ments from available observations?

(b) How sensitive is the mass-balance model to its pa-
rameters when applied to an existing estuary?

(c) How can we improve future research and measure-
ments using the results of the mass-balance model?

To answer these questions, a tide-resolving
estuarine-speci�c mass balance model for macroplastic
was developed (� 2.5 cm) (Blettler et al., 2018), us-
ing knowledge from existing mass balances, estuarine-
speci�c plastic measurements, and literature. In the
model, the estuary is represented as a box. This box in-
cludes storage terms, connected with �uxes representing
the sources, sinks and pathways of plastic in an estuary.
To make the model tide-resolving, we investigated the
tide-related temporal patterns of plastic transport in the
estuaries. Since the availability of plastic measurements
in estuaries is often low, and some mechanisms, like tidal
dynamics, have not been included in a plastic mass-
balance model before, the quanti�cation of the �uxes
needed deduction from literature and simpli�cation of
processes. This simpli�cation leads to uncertainty in pa-
rameters. Therefore, we performed a sensitivity analy-
sis. Using this analysis, we were able to give suggestions
on which measurements should be prioritized in the fu-
ture, to decrease the uncertainty of this model and the
estimation of plastic transport from river to sea. Com-
pared to previous studies, this estuarine-speci�c plastic
mass-balance model can be applied to estuaries world-
wide, by using measurement data from di�erent estuar-
ies. We investigate this by applying the plastic mass-
balance model to two case studies: the Rhine-Meuse
estuary in the Netherlands, and the Saigon estuary in
Vietnam. This enables comparability and scalability of

the estuaries. Using this estuarine-speci�c plastic mass-
balance model, we aim to contribute to the understand-
ing of plastic dynamics in estuaries and their export of
plastic to the seas.
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2 | Methods

This chapter �rst describes the �eld site and data used
(Section 2.1). Afterwards, the methodology concerning
the plastic mass-balance model is described, by �rst ex-
plaining the conceptual model (Section 2.2, followed by
its implementation and parameterization (Section 2.3).
Finally, the analysis is described, including the calcula-
tion of the Export Ratio and Residence Time (Section
2.4), and the sensitivity analysis (Section 2.5).

2.1 Field Site and Data

The plastic mass-balance model will be applied to two es-
tuaries: the Rhine-Meuse Estuary (RME) and the Saigon
Estuary. These estuaries were chosen based on their
availability of plastic measurements. This section de-
scribes the two estuaries in Section 2.1.1, and the cor-
responding data in Section 2.1.2.

2.1.1 Field Site

Rhine-Meuse Estuary

The RME is located in the West of the Netherlands, and
is fed by the Meuse river and tributaries of the Rhine,
namely the Lek and the Waal (Figure 2.1a). The Meuse,
Lek, and Waal rivers account for 14%, 16% and 70%
of the discharge, respectively (Schreyers, Van Emmerik,
Hutho�, et al., 2024). The estuary has an open connec-
tion into the North Sea via the Nieuwe Waterweg and
also discharges into the North Sea via the Haringvliet
sluices. In between these waterways, a dense network of
distributaries can be found. Some of these distributaries
were connected due to the process of natural avulsion
during the second half of the Holocene (Pierik et al.,
2018). The combination of upstream river input, in-
coming tidal conditions at the Nieuwe Waterweg, and
sluice operation at the Haringvliet, results in a complex
hydrodynamic system.

Therefore, the plastic mass balance was calculated
for a smaller section of the RME. This section consists
of the downstream parts of the Nieuwe and Oude Maas,
and the Nieuwe Waterweg, debouching into the North
Sea (Figure 2.1b. This section was chosen to reduce
complexity while calculating the plastic mass balance.
However, it still includes important parts of the estuary,
such as the tidal in�uence from the estuary mouth and
discharge from upstream rivers. Moreover, the Nieuwe

Maas �ows through the city of Rotterdam. This is the
second largest city of the Netherlands, with 670 thou-
sand inhabitants in 2024 (Gemeente Rotterdam, n.d.).
It has been shown that plastic is more present in waters
near cities (Naidoo et al., 2015). This also applies to the
waters near the city of Rotterdam, having the highest
plastic transport rate along the Rhine river (Kuizenga et
al., 2023). Between the city of Rotterdam and the river
mouth, the port of Rotterdam is located. This port is
partly located at the banks of the study area. It is listed
as number 10 of the biggest container ports in the world
(World Shipping Council, n.d.), and transships 439 mil-
lion tonnes of goods each year (Port of Rotterdam, n.d.).
Therefore, there is a potential of spillage from the port
that can introduce plastic into the system. Overall, the
study area e�ectively captures the variability of an urban
estuary mouth.

Saigon Estuary

The Saigon River estuary (Vietnamese: Sông Sài Gòn)
is located in the South of Vietnam (Figure 2.2a). The
225km river has its source in Cambodia, and drains a
catchment area of 4717 km2 (Camenen et al., 2021).
The river �ows through Ho Chi Minh City (HCMC),
where multiple canals discharge the city's catchments
into the river. The Saigon River �ows into the Dong
Nai River, which empties into the South Chinese Sea.
The river is mainly driven by tidal �ows, which makes
the river even more complex. The discharge ranges from
-2,000 to 2,000 m3/s, and the tidal range is between -2
and 1.5 m (Camenen et al., 2021).

The plastic mass-balance model was applied to the
14 km downstream stretch of the Saigon River, as shown
in Figure 2.2b. This section was selected based on the
available measurements. The upstream river boundary is
the Thu Thiem Bridge, and the downstream river bound-
ary is the outlet into the Dong Nai River. Therefore, the
model area is located within the HCMC boundaries. The
plastic in�ow from HCMC into the river is large, with an
input of 350 to 7270 grams of plastic per inhabitant each
year, on a population of over 8 million people (Lahens
et al., 2018). The amount of plastic is higher than for
the RME, resulting in the ability to test the versatility
of the model.
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Figure 2.1: Rhine-Meuse Estuary. a) RME with respect to the Netherlands, and its three feeding rivers: the Lek,
the Waal, and the Meuse. b) RME. Out�ow through the Nieuwe Waterweg and the Haringvliet. The red ellipse
shows the area to which the plastic mass-balance model was applied. This includes the Nieuwe Waterweg, and the
downstream parts of the Nieuwe Maas and the Oude Maas. The green box, orange circle, and purple circle indicate
measurement locations of data used.

Figure 2.2: Saigon Estuary. a) Saigon Estuary with respect to the South of Vietnam b) Saigon Estuary in the
Southern part of HCMC. Out�ow to the Dong Nai. The red ellipse shows the area to which the plastic mass-balance
model was applied. The orange circle indicates the Thu Thiem Bridge, where all measurements have been taken.
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