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Abstract 
Emerging contaminants (ECs) are highly mobile, persistent, and interact across the atmosphere, terrestrial， aquatic systems, and the biosphere, making coastal zones particularly vulnerable to pollution. A comprehensive understanding of EC impacts requires conceptual frameworks that capture the complex dynamics of ECs in coastal environments. This study develops an advanced analytical framework, the continuum- and mass-balance (CMB), which illuminates EC dynamics along the land-sea continuum and synthesizes the associated challenges in coastal zones worldwide. Interconnected human, environmental, and biological drivers collectively govern the generation, transport, retention, accumulation, transformation, and degradation of ECs. CMB emphasizes the urgent need for advanced monitoring and waste-treatment technologies, as well as expanded research on the ecological and ecotoxicological risks posed by ECs. EC pollution in coastal zones, already a substantial barrier to achieving United Nations Sustainable Development Goal targets, is expected to intensify as emission sources grow and treatment capacities remain limited.
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2.1. Introduction
Coastal zones, vital interfaces between terrestrial and marine ecosystems, are among the most dynamic and densely inhabited environments. According to the United Nations, 40% of the global population lives within 100 km of the coast, with 25% residing in low-lying coastal areas less than 10 m above sea level (UN, 2021). They play a crucial role in the global economy, attracting nearly 50% of international tourists and supporting a wide range of industrial, recreational, and ecological functions (Câmara et al., 2021). For instance, in 1985, economic activities within the coastal zone contributed an estimated 1.5 trillion USD, accounting for about 31% of the United States’ gross national product. The coastal zone has become more important over time (Luger, 1991). Ecologically, coastal and marine ecosystems host an extraordinary diversity of life, estimated at around 2 million known species, accounting for nearly 9% of all described marine organisms (Mora et al., 2011). However, these ecosystems are increasingly vulnerable to the compounded pressures of urbanization, industrialization, population growth, and global trade, which have intensified pollution and environmental degradation (Creel, 2003; Câmara et al., 2021).
Although human activities in coastal regions are a primary source of pollution, up to 80% of marine pollution originates from land-based sources, such as agricultural runoff, wastewater discharge, and industrial effluents (UN, 2021). Historically, the scientific focus on coastal contamination centered on conventional pollutants such as hydrocarbons, nutrients, and heavy metals, well exemplified by the 1978 Amoco Cadiz oil spill on the Brittany coast, which revealed the devastating impact of petroleum hydrocarbons on marine habitats (Berne et al., 1980). However, in recent decades, attention has shifted toward a newer class of threats known as emerging contaminants (ECs) (Vidal-Dorsch et al., 2012; Câmara et al., 2021; Daliri et al., 2022; Szopińska et al., 2022; Jucyte-Cicine et al., 2024).
 ECs are synthetic and naturally occurring chemical compounds that are not routinely monitored or regulated under current environmental laws but are increasingly recognized for their potential ecotoxicological and human health risks. These include pharmaceuticals, personal care products, industrial chemicals, pesticides and herbicides, surfactants and detergents, micro- and nanoplastics, and endocrine-disrupting compounds (Morin-Crini et al., 2022; Mani et al., 2023; Varatharajan et al., 2025). For instance, over 600 pharmaceutical compounds have already been detected in aquatic environments worldwide, often at concentrations ranging from nanograms to micrograms per liter (Küster and Adler, 2014). The “emerging” status of ECs arises not only from their relatively recent detection but also from advances in high-resolution analytical technologies that have enabled the identification of previously undetectable trace compounds (Morin-Crini et al., 2022).
The driving forces behind the ever increasing complexity of EC contamination stem from the widespread use and improper disposal of chemicals, which have diversified and expanded their environmental sources. Yet, insufficient understanding of their complex behavior restricts the predictive capacity needed to evaluate their ecological consequences (Câmara et al., 2021; Morin-Crini et al., 2022; Varatharajan et al., 2025). This calls for cross-disciplinary approaches that utilize advanced computational tools, including artificial intelligence (AI) systems for detecting and screening ECs (He et al., 2022), predictive models to illuminate dispersal mechanisms, especially those occurring at unexpectedly rapid rates (Mani et al., 2023), and large language models to consolidate, synthesize, and analyze global data on EC dynamics (Yang and Arakawa, 2025).
ECs are primarily addressed using investigational techniques (e.g., laboratory assays and mesocosms) and static models (e.g., steady-state approximations and empirical relationships) that often overlook the dynamic interactions within interconnected systems (Câmara et al., 2021; Morin-Crini et al., 2022; Varatharajan et al., 2025). Thus, combining literature-based synthesis with analytically derived equations that incorporate the generation, interaction, accumulation, and degradation of ECs is valuable and particularly recommended for studying highly dynamic environments (Varatharajan et al., 2025). A comprehensive review of the literature provided an overview of both unregulated and regulated effluents, establishing a solid foundation for understanding the occurrence, behavior, and transport of ECs across diverse ecosystems. The review also identified several unresolved issues that limit a complete understanding of EC dynamics, particularly along the sea-land continuum.
 AI was utilized as an analytical reasoning tool to achieve conceptual validation and maintain logical coherence, independent of empirical datasets and computational simulations. Specifically, two large language models, GPT-5 (OpenAI, 2025) and DeepSeek-V3 (Liu et al., 2024), were used to verify interrelationships among model parameters, ensure mathematical coherence, and enhance interpretive precision. These two models represent advanced tools for reasoning and analytical control, introducing features such as hierarchical routing, expanded context windows, improved tool integration, and enhanced agentic behavior (Leon, 2025; Yang and Arakawa, 2025). 
This study aims to develop an advanced analytical framework, the continuum- and mass-balance (CMB), which illuminates EC dynamics along the land-sea continuum and offers insights into the potential challenges posed by ECs in coastal zones globally. The article is organized into four sections. The first section introduces the rationale, methodological approach, objectives, and the study's significance. The second section, which integrates methods and results, presents a system of ordinary differential equations that describes the mechanisms governing EC dispersal using the mass-balance principle. It also offers insights into the temporal patterns of ECs, contrasting winter and summer conditions and human- and non-human-influenced environments, particularly in coastal zones worldwide. The third section discusses the findings in the context of land-sea interactions, technological aspects, and ecological implications, with particular reference to two Sustainable Development Goals: clean water and sanitation (SDG 6) and life below water (SDG 14). The fourth and final section summarizes the main conclusions of the study (Fig. 2.1). The significance of this study lies in its potential to address ECs, particularly in ecological contexts where tracking their environmental impacts requires a comprehensive understanding of contaminant dispersal pathways and mechanisms.
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2.2. Environmental sources of ECs
2.2.1. Unregulated effluents
Untreated municipal wastewater serves as both an illegal and substantial source and a major pathway for introducing ECs into environments (Morin-Crini et al., 2022; Varatharajan et al., 2025). In many regions, wastewater is discharged directly into rivers without adequate treatment, leading to the increasing accumulation of ECs, particularly in coastal environments that act as sinks (Morin-Crini et al., 2022). Primary anthropogenic sources contributing to this contamination include domestic sewage; industrial effluents from chemical and manufacturing processes; stormwater runoff carrying urban contaminants; and inadequate waste management practices, including improper disposal of solid and liquid wastes (Varatharajan et al., 2025). The significance of this issue at both the global scale and in coastal settings is highlighted by Szopińska et al. (2022), who investigated the occurrence of ECs along the western shore of Admiralty Bay on King George Island, Antarctica, an isolated region far from permanent human settlements. More than 170 ECs were identified, with contamination mainly connected to research activities, specifically pharmaceuticals and personal care products originating from personnel at the Arctowski Station. Individual ECs show highly variable concentrations, with benzotriazole at 6,340 ng L⁻¹, caffeine at 3,310 ng L⁻¹, naproxen at 2,653 ng L⁻¹, ketoconazole at 760 ng L⁻¹, diclofenac at 747 ng L⁻¹, ibuprofen at 477 ng L⁻¹, and acetaminophen at 332 ng L⁻¹.
ECs in the environment arise through complex, interconnected mechanisms. Distinguishing the contributions of human behavior and technological limitations in these mechanisms is vital for identifying the key factors shaping EC dynamics (Varatharajan et al., 2025). For instance, observations from the western shore of Admiralty Bay on King George Island, Antarctica, provide a baseline to confirm that technological limitations are a key driver of EC distribution. At the same time, the data underscore the importance of research operations, which not only contribute to EC release but also advance the treatment technologies needed to retain ECs fully. Unregulated effluents result from two main human-driven behaviors. First, unintended practices, including small-scale activities such as operations at research stations, lead to the release of ECs because personnel rely on pharmaceuticals and personal care products for disease prevention, and conventional wastewater systems have limited capacity to retain these contaminants fully (Szopińska et al., 2022). Second, deliberate or poorly managed practices, including large-scale activities in highly pressurized coastal zones and urban areas, lead to the release of ECs because the high costs of legally disposing of large volumes of waste often exceed the fiscal capacities of households and industries (Varatharajan et al., 2025).
2.2.2. Regulated effluents 
Conventional wastewater treatment, which serves as both a legal and skillful approach to waste management, is also recognized as a source of ECs (Morin-Crini et al., 2022; Varatharajan et al., 2025). In coastal zones, ECs from conventional wastewater treatment plants are widespread, as treatment processes often fail to thoroughly remove harmful organic and inorganic compounds (Vidal-Dorsch et al., 2012; Daliri et al., 2022; Jucyte-Cicine et al., 2024). The treatment process generally involves several sequential steps. First, wastewater passes through mechanical sedimentation (primary treatment) to remove coarse solids and settleable particles. It then undergoes biological treatment (secondary treatment) using activated sludge processes, where microorganisms degrade organic matter and reduce nutrient loads. Lastly, the treated water flows through secondary sedimentation tanks to separate biomass and clarify the effluent before discharge (Jucyte-Cicine et al., 2024).
Global research efforts consistently demonstrate that regulated effluents are major contributors to EC occurrence and distribution. In line with these findings, this study examines three representative cases to clarify the current status of the issue and to conduct analyses in accordance with Fig. 2.1. Vidal-Dorsch et al. (2012) noted the inefficient municipal wastewater treatment as a source of ECs by analyzing the occurrence and concentrations of 56 ECs in effluents and seawater near discharge points from the four most significant publicly owned treatment works in southern California over one year. In municipal effluents, the most frequently detected compounds included naproxen, gemfibrozil, atenolol, and tris(1-chloro-2-propyl)phosphate, with concentrations exceeding 1 µg L⁻¹. Some pharmaceuticals showed an inverse relationship with treatment level, while temporal variations remained minimal. In receiving seawater, gemfibrozil and naproxen were detected most frequently, at 0.0009 µg L⁻¹ and 0.0007 µg L⁻¹, respectively. Fewer ECs were observed at the reference station, and overall concentrations were lower than at the outfall sites, confirming that the reduction in contaminant levels achieved through advanced wastewater treatment is not consistently reflected in receiving coastal waters. 
Building on this evidence, Daliri et al. (2022) investigated the release of ECs, particularly antibiotic residues, from urban wastewater discharged into the coastal settings of the Persian Gulf through two major wastewater treatment plants in Bandar Abbas, southern Iran. Monitoring conducted between December 2020 and February 2021 revealed elevated concentrations of amoxicillin at 335.17 µg L⁻¹ and azithromycin at 288.17 µg L⁻¹. Similarly, Jucyte-Cicine et al. (2024) investigated micropollutants, including plasticizers and hormones, in wastewater from two treatment plants located in popular Lithuanian resorts along the southeastern Baltic Sea coast. Monitoring over one year, both before and after treatment, absolutely confirmed that coastal wastewater treatment plants contribute to the release of endocrine-disrupting micropollutants. Detected concentrations of phthalic acid esters ranged from below the analytical detection limit to 166.7 µg L⁻¹, highlighting the variability and persistence of these compounds in treated effluents. 
Global research efforts on ECs consistently show considerable overlap, particularly regarding the technological challenge in achieving complete removal of ECs from wastewater (Vidal-Dorsch et al., 2012; Daliri et al., 2022; Jucyte-Cicine et al., 2024). Varatharajan et al. (2025) further note that this challenge is expected to intensify as both the diversity and volume of ECs in wastewater continue to increase. The key challenge is not that treatment technologies fail to remove ECs entirely, but that these contaminants behave unpredictably once discharged into marine environments. Notably, environmental processes such as dilution, mixing, degradation, and interactions with suspended sediments can substantially alter both their composition and spatial distribution (Vidal-Dorsch et al., 2012). Post-discharge alterations further complicate the challenge, notably by increasing ecological and health risks (Jiang et al., 2014; Polidoro et al., 2022; Impellitteri et al., 2023; Wu et al., 2023).
2.3. Continuum-based modeling of EC dynamics 
2.3.1. Parametric variables 
In research on ECs, coastal zones are conceptually viewed as the terminal point of the land-sea continuum (Liu et al., 2023). Yet, in reality, they are dynamic interfaces where atmospheric, terrestrial, subsurface, and marine systems interact through complex feedback loops (Fig. 2.2a). Moreover, the position of coastal zones along the land-sea continuum makes these environmental systems particularly vulnerable to the accumulation and persistence of ECs (Vidal-Dorsch et al., 2012; Daliri et al., 2022; Szopińska et al., 2022; Jucyte-Cicine et al., 2024). Conceptually, the occurrence of ECs in coastal zones can be understood through a combination of factors that extend beyond simply recognizing sources and pathways of their releases. Coastal zones act as convergence zones, receiving inputs from surface runoff and rivers, groundwater, and atmospheric deposition, all of which transport ECs derived from domestic, industrial, agricultural, or urban activities, either individually or in combination. Therefore, a continuum-based approach that incorporates three key parameters, contaminant flux, water residence time, and contaminant fate (Fig. 2.2b), may offer a more realistic mechanistic explanation for the occurrence and removal of ECs in coastal systems than relying solely on the terminal-point concept (Liu et al., 2023).
The contaminant flux, defined as the rate at which contaminants enter, move through, and leave a coastal system, is a key parameter that directly determines the distribution of ECs. Flux governs the immediate delivery and transport of effluents, shaping where and how rapidly ECs spread within the coastal system. For instance, river discharge, stormwater runoff, and direct effluent inputs all contribute to contaminant flux, influencing how quickly and extensively ECs are delivered to coastal waters. The water residence time, defined as the duration that water and its accompanying effluents remain within the coastal system before being exchanged with the open ocean, indirectly influences EC distribution. Mechanistically, water residence time determines how long ECs remain available for mixing, transformation, and accumulation. For instance, coastal zones with long residence times, such as semi-enclosed bays or estuaries, tend to retain contaminants for extended periods, increasing the potential for accumulation and ecological impacts. The contaminant fate, defined as the final disposition and the physical, chemical, and biological transformations that effluents undergo in the coastal zones, indirectly influences EC distribution by determining how ECs persist, transform, or are removed from the coastal system. Natural removal processes, including sedimentation, bioaccumulation by organisms, and chemical and microbial degradation, dictate whether ECs persist, settle, transform, or are removed from the system. For instance, hydrophobic ECs preferentially bind to suspended sediments and settle into benthic zones, whereas more reactive compounds undergo rapid degradation, reducing their persistence in the water column.
[bookmark: _Hlk214125725]Although contaminant flux, water residence time, and contaminant fate provide a mechanistic basis for understanding the occurrence and removal of ECs in aquatic environments, these parametric variables are highly sensitive to disturbances. Evidence from typhoon monitoring clearly demonstrates this sensitivity. Huang et al. (2020) reported that sewage system overflows during a typhoon in Haikou, southern China, resulted in elevated concentrations of ECs in surface waters. Similarly, Hong et al. (2024) showed that typhoons markedly alter the environmental behavior of ECs by increasing hydrodynamic energy, thereby mobilizing previously buried contaminants, enhancing cross-estuary transport, and accelerating flushing. Disturbances introduce substantial variability into EC dynamics by increasing the sensitivity of key modeling parameters. Several mechanisms contribute to this variability. First, they sharply increase the contaminant flux by enhancing surface runoff, river discharge, and effluent inputs. Second, disturbances may shorten water residence time by accelerating exchanges between coastal and marine waters, thereby altering EC retention and accumulation. Third, strong currents, storm surges, or dredging can resuspend sediments, remobilizing previously buried ECs and limiting their bioavailability. Fourth, temperature anomalies, hypoxia, and salinity fluctuations associated with disturbances can alter chemical and microbial transformation rates, influencing EC persistence. Fifth, disturbances, including algal blooms and abrupt shifts in benthic communities, can alter bioaccumulation and biotransformation processes, further affecting EC fate. Lastly, anthropogenic disturbances, such as accidental industrial discharges and temporary reductions in wastewater treatment efficiency, can cause sudden spikes in EC concentrations, disrupting the normal dynamics of flux, residence time, and fate.
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Fig. 2.2. CMB analytical framework for EC dynamics. (a) Schematic diagram of key variables. (b) Schematic diagram of AI-structured parameters.
2.3.2. Mass-balance equation
Conceptually, the mass budget of ECs, which accounts for all inputs, outputs, generation, accumulation, and consumption (Eq. 2.1), offers possibilities for budgeting even when ECs are in non-reactive forms (Eq. 2.2). As an application of the mass-balance principle, the mass budget of ECs is grounded in the law of conservation of mass, which states that matter can neither be created nor destroyed. Within any well-defined system, the total mass of a substance entering must be balanced by the mass leaving, accumulating, or being transformed through internal processes (Himmelblau and Riggs, 2012; Nandagopal, 2023). 
The mass-balance for ECs can generally be expressed as Eq.2.1:
     (2.1)
where,  represents the mass entering the system, is the mass leaving the system,  refers to the net change in mass within the system over time,  accounts for any mass produced internally (e.g., through chemical reactions or biological processes), and  denotes mass removed or transformed within the system. 
For non-reactive ECs, in which neither generation nor consumption occurs, the Eq.2.1 simplifies to:
     (2.2)
As illustrated in Fig. 2.2 and Eqs 2.1 and 2.2, the mass budget of ECs offers opportunities to integrate all relevant physical, chemical, and biological processes and to develop a CMB analytical framework to quantitatively capture EC dynamics along the land-sea continuum. Notably, CBM provides predictive insight into source-to-sink pathways by systematically capturing the generation, transport, retention, accumulation, transformation, and degradation of ECs. The application of CMB requires the explicit definition of system boundaries: (1) the spatial domain, such as a river reach between two monitoring stations; (2) the temporal scope, for example, a 72 h storm event; and (3) the environmental phases, including the dissolved aqueous phase and suspended sediments. Its proper implementation can be understood through four key aspects of EC dispersal, as illustrated in Fig. 2.2: system boundaries, multiple output pathways, biogeochemical reactivity, and dynamic loads.
The system boundaries emphasize the importance of precisely defining spatial and temporal limits to ensure accurate tracking of EC inputs from both point sources (e.g., wastewater treatment plants) and non-point sources (e.g., agricultural runoff). The multiple output pathways underscore the equation’s ability to represent various routes of EC dispersal, including downstream transport, volatilization, and subsurface infiltration, thereby enabling a comprehensive evaluation of EC movement under diverse hydrological and physicochemical conditions. The biogeochemical reactivity underscores the potential to quantify the generation, interactions, and degradation of ECs, thereby capturing compound-specific transformation processes. For instance, the photodegradation of pharmaceuticals such as diclofenac and the microbial transformation of pesticides such as atrazine are key mechanisms that influence EC persistence and environmental behavior. The dynamic loads reflect the equation’s ability to capture loading of recalcitrant compounds such as perfluorooctanoic acid under steady-state conditions, while also simulating transient pulses triggered by episodic disturbances, including combined sewer overflows and heavy rainfall events.
2.3.3. CBM applied to the entire continuum
As shown in Fig. 2.2a and formalized in Eq. 2.2, EC dynamics, framed within a mass-balance approach, can be described as processes involving the generation, transformation, and transfer of ECs from sources to terminal receptors (Fig. 2.2a). Along the entire land-sea continuum, EC dynamics unfold across four hierarchically structured source compartments, primary (S1), secondary (S2), tertiary (S3), and quaternary (S4), as well as a coastal receptor compartment. The interactions among these compartments are governed by human activities, contaminant interactions, and environmental processes, represented respectively as human-driven EC generation (HEG), EC-driven EC interactions (ECI), and environment-driven EC interactions (EEI) (Fig. 2.2a).
Human-mediated or upstream sources (S1) act as the initial entry points of ECs into the environment. These sources include wastewater effluents, industrial discharges, and urban and agricultural runoff, collectively introducing ECs through HEG. Once released, ECs are transported through several pathways. Deposition (Pathway 1) governs the movement of ECs from the air or water column to sediments, primarily via sedimentation and adsorption. Overflow (Pathway 2) represents intermittent fluxes triggered by disturbances such as storm events, urban drainage overflow, and tidal surges, producing short-term but substantial downstream transfers. Leaching and accumulation (Pathway 3) capture the infiltration of ECs into soils and subsurface layers, from which they may later re-enter surface waters or aquifers. Receptor pathways (Pathway 4) deliver ECs directly from human and natural systems to terminal receptors, including coastal waters and oceanic benthic zones (Fig. 2.2a).
Secondary sources (S2) represent interaction-mediated reservoirs that arise from the alteration and remobilization of ECs. For instance, ECs adsorbed onto suspended sediments become secondary sources when resuspension occurs under turbulent flow and tidal mixing conditions. These processes are governed by ECI, whereby interactions among diverse ECs, as well as between ECs and co-occurring contaminants, alter their degradation pathways, partitioning behavior, and bioavailability. Combined effects of sorption, photolysis, and biodegradation modify the persistence of ECs, while interactions with co-occurring contaminants may either enhance or suppress the behavior of individual compounds (Fig. 2.2a).
As ECs migrate farther from their origin, tertiary (S3) and quaternary (S4) sources represent distance- and spatially mediated processes. Tertiary sources include subsurface transport, estuarine mixing, and plume dispersion zones that extend the distribution of ECs across broader spatial scales. Quaternary sources, such as intertidal sediments and nearshore benthic layers, function as long-term sinks where deposition and burial dominate, although periodic resuspension or bioturbation can reintroduce stored contaminants into the coastal water column. The coastal receptor (Mc) ultimately receives integrated inputs from all preceding compartments, reflecting the combined effects of hydrological, chemical, and biological transformations (Fig. 2.2a).
As specified by Eq. 2.2, applying the mass-balance principle to the full continuum yields a system of equations that describe the time-dependent changes in contaminant mass  for each compartment (µg or ng). 
For each compartment  (where , the rate of change in EC mass over time can be expressed as:
     (2.3)
where, is the total EC mass (µg),  denotes the local generation rate of ECs within compartment  through HEG (µg d⁻¹),  and  represent transfer fluxes between compartments (µg d⁻¹), and  represents removal or degradation of ECs (µg d⁻¹)  through photolysis, microbial transformation, or burial. 
Assuming first-order kinetics, the transfer fluxes between compartments are given by:
     (2.4)
where  is the first-order transfer rate constant (d⁻¹). 
In accordance with Eq. 2.4, the general form of the governing equation (Eq. 2.3) can be applied to each EC source to represent the dynamics within individual compartments.
For the primary source (S1):
     (2.5)
For the primary source (S2):
     (2.6)
For the tertiary source (S3):
     (2.7)
For the quaternary source (S4):
     (2.8)
For the coastal receptor compartment (Mc):
     (2.9)
where  denotes the offshore removal or dilution flux (µg·day⁻¹). 
Each transfer rate constant  can be expressed as the sum of contributions from the four pathway types:
     (2.10)
where,  represents depositional transfer (d⁻¹),  represents overflow transfer that varies with storm or tidal intensity (d⁻¹),  describes leaching and accumulation processes (d⁻¹), and  corresponds to receptor transfer pathways (d⁻¹).
The influence of HEG, ECI, and EEI can be incorporated directly into the model to reflect real-world feedback and environmental modulation. HEG contributes to the generation term , which may vary with population density, industrial activity, or temporal patterns of effluent discharge. ECI alters degradation and partitioning processes, introducing non-linear behavior into . In particular, biodegradation may follow a Michaelis-Menten kinetic form:
     (2.11)
where  is the maximum degradation rate (µg d⁻¹) and  (µg) is the half-saturation constant representing the EC concentration at which degradation proceeds at half the maximum rate. EEI reflects the influence of environmental parameters such as temperature (°C), salinity (ppt), and turbidity (NTU) on transfer and degradation kinetics. The temperature dependence of transfer coefficients can be expressed as:
     (2.12)
where  is the baseline transfer rate constant (d⁻¹) and  is a dimensionless environmental correction factor that increases during high-energy events such as storms or high tides.
Under steady-state conditions, when the temporal change in mass becomes negligible (), the equilibrium concentration of ECs in the coastal compartment can be estimated as:
     (2.13)
where  is the steady-state coastal concentration (µg m⁻³ or µg L⁻¹),  is the total incoming mass flux (µg d⁻¹) from upstream sources,  is the adequate volume of the coastal water body (m³), and  (d⁻¹) is the overall removal rate constant representing degradation, burial, and export to offshore regions.
2.3.4. CBM applied to the terminal continuum
As shown in Fig. 2.2a and formalized in Eq. 2.2, EC dynamics along the land–sea continuum are inherently dynamic. At the terminal continuum, these dynamics can be understood not only in terms of the generation, transformation, and transfer of ECs from their sources to coastal receptors, but also in relation to the environmental transitions that occur along the coastal gradient. The coastal gradient, defined as the transitional zone in which land-based biogeochemical processes gradually shift to marine-dominated processes, marks the downstream extent of the land-sea continuum. As revealed in Fig. 2.2a, coastal zones are unique environmental settings where ECs delivered from upstream sources are temporarily retained, transformed through physical, chemical, and biological processes, and redistributed via multiple pathways, including deposition, overflow, leaching, and direct transfer to receptors.
The concentration of ECs in the coastal zone, , can be expressed as:
     (2.14)
where  represents the concentration of ECs in the coastal water body (ng L⁻¹ or mg m⁻³),  is the flow rate of each input source  (m³ d⁻¹),  is the EC concentration from each source  (ng L⁻¹ or mg m⁻³), and  is the volume of the receiving water body (m³). 
The total flux of ECs entering the coastal system can be expressed as:
     (2.15)
where  denotes the mass rate of EC input from all sources (mg d⁻¹). 
If  is expressed as flux density (per unit area), Eq. 2.15 can be rewritten as:
     (2.16)
where   represents the areal flux of ECs (mg m⁻² d⁻¹), and   is the surface area of the coastal receiving zone (m⁻²).
Coastal ecosystems often have limited hydrodynamic flushing compared to the open ocean, which can intensify the retention and bioaccumulation of ECs in sediments and biota. The water residence time, , is therefore a key parameter governing EC persistence within a semi-enclosed coastal system. It is conceptually defined as the average time a water parcel remains in the system and can be estimated as:
     (2.17)
where  is the volume of the coastal water body (m³) and  is the total effective outflow rate (m³ d⁻¹). Longer residence times promote higher EC concentrations by reducing water renewal, which limits dilution and slows contaminant export. A first-order approximation for  in well-mixed systems is the sum of dominant, measurable fluxes: 
     (2.18)
where   is the net tidally driven exchange (m³ d⁻¹) and  is the river discharge (m³ d⁻¹). However, this simplified formulation neglects other substantial pathways that alter the system’s water balance and flushing efficiency. For a more rigorous assessment,  must satisfy a steady-state mass balance, equaling total inflows minus volumetric losses. This comprehensive balance accounts for all major sources and sinks, defining the net oceanic outflow  (m³ d⁻¹) as:
     (2.19)
where ​ and​ are groundwater seepage into and out of the system (m³ d⁻¹),  is the gross oceanic inflow, for instance, from flood tides or currents (m³ d⁻¹),  is the evaporation rate (m d⁻¹),  is the system’s surface area (m²), and  is the rate of anthropogenic water extraction (m³ d⁻¹). Therefore, Eq. 2.17 can be explicitly expressed as:
     (2.20)
Longer residence times in coastal systems promote higher concentrations of ECs because reduced water renewal limits dilution and slows EC removal. Consequently, the fate and distribution of ECs in coastal environments are strongly influenced by processes such as sedimentation, bioaccumulation, and degradation. These processes can be conceptually described using a mass-balance approach, which accounts for inputs, outputs, and internal transformations within the system. The general form of the mass-balance equation for a specific EC in a controlled volume of a coastal water body can be written as:

     (2.21)
where,  represents the concentration of ECs in the water column (µg L⁻¹), which is measured by sampling at various depths across the coastal water body.  is the total volume of the coastal water body (m3), determined from bathymetric data and surface area measurements.  and  are the volumetric inflow and outflow rates (m³ d⁻¹), including tidal exchange  and river discharge , typically measured using flow gauges or hydrodynamic models.  is the EC concentration in the inflowing water (µg L⁻¹), obtained from water samples upstream of the coastal system. The first-order rate constants describe the processes of sedimentation (d⁻¹), bioaccumulation  (d⁻¹), and degradation  (d⁻¹).
The sedimentation rate constant  quantifies the removal of ECs from the water column to the sediment. It can be estimated experimentally using controlled settling experiments:
     (2.22)
where,  is the initial concentration of the EC in water (µg L⁻¹),  is the concentration after time (µg L⁻¹),  is the duration of the experiment (d).
The bioaccumulation rate constant describes the uptake of ECs by aquatic organisms. It can be determined using bioassays with organisms exposed to known contaminant concentrations:
     (2.23)
where,  is the initial concentration of the EC in water (µg L⁻¹),  is the EC concentration in water after a period  of exposure, accounting for the fraction accumulated by organisms. Alternatively, Eq. 2.21 can also be derived using the bioconcentration factor:
     (2.24)
where  is the uptake rate (d⁻¹) and  is the elimination rate (d⁻¹).
Degradation rate constant  accounts for both chemical and microbial alterations of ECs. It can be estimated from time-series concentration measurements under controlled experimental conditions using Eq. 2.21. Degradation experiments may be conducted under dark or illuminated conditions to isolate photodegradation, or in sterile and non-sterile water to distinguish microbial contributions. For multiple ECs acting simultaneously (say , , ..., ), the general form of the mass-balance equation is applied separately to each compound, unless there are interactions. Thus, for compound , Eq. 2.21 can be written as:
     (2.25)
Each EC has its own rate constants (, , and ) depending on its physicochemical and biodegradation properties. In cases where competitive sorption, co-metabolism, or inhibition between ECs occur, additional cross-terms (e.g., ) need to be incorporated into the model to represent these interactions.  represents the interaction rate constant between ECs   and . For instance, assume three ECs (A, B, and C) coexist, each with its own inflow, outflow, and degradation constants. The overall system can be expressed as a set of coupled differential equations:
     (2.26)
2.3.5. Limitations
Although Eq. 2.2 establishes a foundational framework for EC dynamic analysis. Its implementation in real-world scenarios can be constrained by several challenges. First, accurately determining parameters, such as sedimentation, biodegradation, and transformation rate constants, is challenging because they vary widely with environmental factors, including temperature, light intensity, microbial community composition, and the physicochemical properties of the contaminants. Second, ECs rarely exist in isolation. They frequently interact through processes such as competitive sorption, co-metabolism, or inhibition. These complex interactions are challenging to quantify and are rarely incorporated into conventional model formulations. Third, spatial and temporal heterogeneity in coastal water bodies introduces uncertainty, as hydrodynamic conditions, salinity, and the distribution of organic matter vary with depth and season, challenging the assumption of a well-mixed control volume. Fourth, degradation processes yield secondary compounds that may be more persistent or toxic than the original ECs, making it difficult to represent degradation pathways accurately. Fifth, the limited availability of high-resolution monitoring data can hinder model calibration and validation, thereby increasing uncertainty in predictive outcomes. Lastly, degradation rates are strongly influenced by factors such as photodegradation and seasonal variations in light and biological activity. Accounting for these effects requires more complex modeling to avoid oversimplification.
4. Environmental dynamics of ECs in coastal zones
In line with the concepts illustrated in Fig. 2.2, EC dynamics in coastal zones are controlled by a variety of factors that vary across spatial and temporal scales. Despite limited understanding of these factors and the underlying mechanisms, recent studies have provided insights into how they govern the distribution and behavior of ECs in coastal zones. These factors often act simultaneously, interacting to govern the transport, transformation, and ultimate fate of ECs in coastal zones. Spatial patterns of ECs are shaped by the combined effects of anthropogenic, geomorphological, and hydrodynamic factors (Zhang, 2017; Wang et al., 2020; Liu et al., 2023; Qiao and Wang, 2025). Temporal patterns, in contrast, are driven by meteorological factors, marine monsoonal climatic factors, and episodic events such as typhoons and floods (Lo et al., 2020; Ravishankar et al., 2023; Jia et al., 2025; Qiao and Wang, 2025).
4.1. Factors controlling of the spatial distribution of ECs in Coastal Zones
4.1.1. Anthropogenic factors
Anthropogenic sources, including municipal wastewater discharges, agricultural runoff, aquaculture operations, and industrial discharges, are primary sources of ECs (Morin-Crini et al., 2022; Mani et al., 2023; Varatharajan et al., 2025). In line with the concepts illustrated in Fig. 2.2, anthropogenic factors (HEG) explain why EC concentrations often peak near urbanized estuaries, river mouths, and industrialized coastal areas. This perspective is supported by Wang et al. (2020), who linked the spatial distribution of microplastics in Hangzhou Bay, China, to human activity and coastal habitats. Overall, microplastic concentrations were relatively low, averaging 0.14 ± 0.12 items m⁻³ in surface water, 84.3 ± 56.6 items m⁻³ dry sediment, and 0.25 ± 0.14 to 1.4 ± 0.37 items ind.⁻1 in biota. Pronounced spatial variability emerged across the bay, with the southern region, located near dense industrial and urban land-use areas, showing the highest microplastic abundances. In contrast, the central and northern regions, dominated by mariculture, fisheries, and mineral and energy activities, exhibited consistently lower levels of microplastics. Regarding particle characteristics, pellets were the most common shape in surface waters, whereas fibres prevailed in the sediment and biota. In terms of polymer composition, surface waters were primarily composed of low-density polypropylene and polyethylene, whereas rayon predominated in sediments and biota.
4.1.2. Geomorphological factors and coastal habitats
Geomorphological factors, including shoreline shape, sediment composition, and seafloor topography, strongly influence the transport and fate of ECs. Coastal habitats, including tidal flats, mangroves, and seagrass meadows, act as extensions of geomorphological features and serve as natural buffers, effectively retaining ECs through enhanced sedimentation and biogeochemical transformations. In line with the concepts illustrated in Fig. 2.2, the combined influence of geomorphological factors and coastal habitats explains why ECs frequently accumulate in sheltered and depositional zones (Zhang, 2017; Qiao and Wang, 2025).
Regarding the role of geomorphological factors in EC dynamics, Zhang (2017) analyzed nearshore microplastic transport mechanisms and identified six key mechanisms. First, buoyant microplastic particles undergo surface drifting, driven by wind, waves, and coastal currents, which govern their horizontal transport across the water surface. Second, vertical mixing of microplastics occurs through turbulence, wind-driven Langmuir circulation, and thermal gradients, allowing particles to move through the subsurface water column. Third, beaching and stranding result when microplastics accumulate along the shoreline due to tidal cycles, wave action, and coastal morphology. Fourth, sediment-associated transport relocates microplastics along or within the seafloor via bedload and suspended load processes. Fifth, deposition and retention in benthic sediments occur when microplastics settle and accumulate in areas with fine sediments, high organic matter, or sheltered geomorphic features. Lastly, biogeochemical interactions modify microplastic properties through biofouling, flocculation, ingestion by organisms, and degradation, influencing particle density, aggregation, and long-term fate.  
Regarding the role of coastal habitats in EC dynamics, Qiao and Wang (2025) examined how typhoons transform estuarine mangroves into sources of microplastics to the ocean. Surface water from the Shenzhen River and sediments from estuarine mangroves (Shenzhen–Hong Kong, China) were analyzed following Typhoons Saola (August 22–September 3, 2023) and Haikui (August 27–September 6, 2023) as well as during periods of stable hydrodynamic conditions. The analysis revealed that microplastic abundance in sediments was substantially higher during low-flow conditions (11,153 n kg⁻¹) than after typhoon events (1,134 n kg⁻¹), with only 10 % of particles retained. During typhoon events, river microplastic flux peaked at 21,816 n s⁻¹, showing that strong flows and increased river discharge can rapidly carry microplastics downstream. These extreme hydrodynamic conditions also re-mobilized particles previously settled in the mangroves, facilitating their redistribution along the river and enhancing their transport to the ocean.
4.1.3. Hydrodynamic factors
Hydrodynamic factors, including current velocity, tidal range, and wave energy, play a critical role in governing the transport, dilution, and deposition of ECs. Estuarine and semi-enclosed bays, with restricted water exchange, often experience enhanced contaminant accumulation due to weaker flushing and longer residence times. Conversely, open coastlines and high-energy shorelines typically exhibit lower EC concentrations, as stronger mixing promotes dilution, dispersion, and degradation. In line with the concepts illustrated in Fig. 2.2, hydrodynamic factors explain why EC loads frequently peak in inner estuaries, lagoons, and harbor zones before gradually declining toward offshore waters. This interpretation is supported by Liu et al. (2023), who studied halogenated flame retardants (HFR) along a salinity gradient in the highly polluted micro-tidal Xiaoqing River estuary (Laizhou Bay, China). HFR dynamics were governed by hydrodynamic factors, with decabromodiphenyl ethane predominating at a median concentration of 3340 pg L⁻¹, followed by decabromodiphenyl ether at 1370 pg L⁻¹. Seasonal variations affected transport pathways: summer tributary inflows delivered HFRs downstream, while winter sediment resuspension increased suspended particulate matter and enhanced HFR retention. Concentrations varied inversely with diurnal tidal oscillations, highlighting the regulatory effect of tide-driven mixing. Tidal asymmetry during ebb flow elevated suspended particulate matter, promoting particle adsorption and increasing HFR levels throughout the estuary. Spatial heterogeneity was controlled by point-source locations and flow velocity gradients, resulting in localized concentration peaks. Particle-bound HFRs were partially exported to adjacent coastal waters, whereas others settled in low-energy depositional zones, restricting seaward transport.
4.2. Factors controlling the temporal distribution of ECs in coastal zones
4.2.1. Climatic factors
Climatic factors, such as rainfall intensity, wind patterns, and temperature variability, are major modulators of EC dynamics in the atmosphere and in terrestrial and aquatic environments. In line with the concepts illustrated in Fig. 2.2, they explain why concentrations of ECs often fluctuate sharply across seasons. Although this observation is widely accepted, it is particularly well supported by Jia et al. (2025), who investigated atmospheric microplastics in the coastal megacity of Shanghai, China, and reported pronounced temporal variability in concentrations. The annual average concentration was 0.08 P m⁻³, with elevated levels observed in winter and throughout the dry season (October–March). The most prevalent polymer, polyethylene terephthalate (42.86 %), and the dominant particle type, fibers (~82 %), showed distinct seasonal differences in their occurrence. Industrial emissions, oxidative atmospheric processes, marine aerosols, and biomass burning largely drove the seasonal dynamics of microplastics. Notably, meteorological factors and marine monsoonal climatic factors played a crucial role in shaping microplastic dynamics, with low winter wind speeds facilitating particle accumulation, whereas wet-season southeasterly monsoons and precipitation enhanced particle removal and interactions with marine aerosols.
4.2.2. Cascade effects of climate extremes
Climate extreme events such as typhoons, floods, and droughts act as powerful modulators of EC dynamics in the atmosphere and in terrestrial and aquatic environments. In line with the concepts illustrated in Fig. 2.2, they explain why concentrations of ECs often fluctuate sharply during catastrophic events. Although broadly accepted, this observation is particularly well supported by Lo et al. (2020) and Ravishankar et al. (2023), who demonstrated how one disturbance triggers subsequent disturbances. Lo et al. (2020) assessed the impacts of Typhoon Mangkhut (7–18 September 2018) on microplastic deposition along Hong Kong beaches. They found that mean abundances increased from 188 items kg⁻¹ sediment before the cyclone to 335 items kg⁻¹ afterward. Deposition patterns for both macro-debris and microplastics were highly site-specific, shaped by wind direction, storm surge intensity, local topography, site orientation, and proximity to urban areas. Similarly, Ravishankar et al. (2023) evaluated microplastic dynamics in coastal groundwater in Chennai, India, before and after severe flooding (November 2023 vs. February 2024). Results showed an average 62% increase in microplastic concentrations post-flood, with some sites rising from 14 particles L⁻¹ to over 37 particles L⁻¹. Spatial hotspots were concentrated in densely urbanized and industrial zones, especially where sewage and stormwater channels intersected with shallow aquifers.
5. Implications of findings and priorities for intervention
5.1. Challenges and considerations in monitoring EC dynamics
The AI-assisted mass-balance modeling (Fig. 2.2), operationalized through Ordinary Differential Equations (Eq. 2.2), establishes a clear mechanistic basis for tracking EC dynamics along the land-sea continuum. These approaches effectively capture the coupled processes governing inputs, internal transformations, and downstream exports, demonstrating that model-based analysis can reliably represent real-world EC behavior (Liu et al., 2023). Nevertheless, achieving operational accuracy demands more than computational precision; it requires an analysis of EC dynamics that accounts for land-sea interactions, technological limitations, biotic interactions, and regulatory factors (Varatharajan et al., 2025). 
Land-sea interactions, defined as the processes governing the movement of water, sediments, and associated contaminants from terrestrial to coastal and marine environments, constitute a key mechanism driving EC dynamics in coastal zones (Liu et al., 2023). Exchange boundaries shift dynamically with tides, water column stratification, riverine inflows, and the presence of coastal habitats, thereby altering both the direction and magnitude of EC fluxes. These transition zones repeatedly expand and contract, redistributing ECs among water, sediment, and biotic compartments (Zhang, 2017; Liu et al., 2023; Qiao and Wang, 2025). Such variability introduces uncertainty into model boundary conditions, complicating accurate long-term forecasting of EC dynamics (Liu et al., 2023). 
Technological limitations, characterized by the inability of current monitoring tools to detect and quantify ECs (Varatharajan et al., 2025) and the limited efficiency of existing treatment systems in entirely removing ECs from waste (Vidal-Dorsch et al., 2012; Daliri et al., 2022; Jucyte-Cicine et al., 2024), represent a significant challenge for a better understanding of EC dynamics in coastal zones (Liu et al., 2023). For instance, remote sensing, though widely used to monitor spatial patterns of environmental contaminants, cannot directly detect ECs in sediment layers because its resolution and detection methods are insufficient to capture vertical gradients. Consequently, EC detection relies primarily on laboratory-based chemical analyses, which present additional challenges, including limited instrument sensitivity, restricted spatial coverage, and sparse data availability. 
Biotic interactions, defined by complex relationships among organisms such as predation, competition, and symbiosis, pose substantial challenges in analyzing EC dynamics because they affect the uptake, transformation, and redistribution of ECs across trophic levels (Varatharajan et al., 2025). For example, zooplankton grazing on microplastics can alter the concentration and spatial distribution of ECs across coastal and marine ecosystems (Bermúdez et al., 2025). Through interactions with organisms, ECs alter habitat structure, pose bioaccumulation risks, and propagate through food webs, creating feedbacks that complicate the analysis of EC dynamics. Additionally, degraded habitats retain ECs for extended periods, while trophic transfer concentrates them in higher organisms (Varatharajan et al., 2025).
Regulatory factors, characterized by inconsistent enforcement at both national and global levels, pose a substantial challenge to fully understanding EC dynamics in coastal zones. For instance, gaps in waste regulations, combined with limited monitoring, particularly during scientific research activities and extreme climatic events, allow untreated effluents to enter coastal waters, thereby complicating the challenges posed by technological limitations (Huang et al., 2020; Szopińska et al., 2022).
Overall, the complexity of EC dynamics underscores the urgent need to advance modeling approaches that align with real-world systems. Advancing EC research requires a comprehensive understanding of the pathways by which ECs circulate, including atmospheric processes (transport and deposition), geological processes (weathering, soil erosion, and sedimentation), hydrological processes (riverine and coastal flows), and ecological processes (species interactions and habitat dynamics). Advanced sensing technologies, real-time monitoring systems, and AI-enhanced methods would enable comprehensive tracking of EC dynamics across temporal gradients extending from short-term pulses to multi-year trends; spatial gradients extending from atmospheric and upland sources to coastal sinks; and vertical gradients spanning terrestrial systems, from topsoil to underlying bedrock, and aquatic systems, from the water column to underlying multi-layered sediments.
5.2. Water quality and United Nations SDGs
SDGs 6 (“Clean Water and Sanitation”) and 14 (“Life Below Water”) call for universal access to clean water and the protection of marine ecosystems (Salmon et al., 2024). EC loads detected in treated effluents discharged into coastal zones clearly indicate that current treatment technologies and the overall capacity of global wastewater systems fall short of the requirements to protect water quality and marine ecosystems (Vidal-Dorsch et al., 2012; Daliri et al., 2022; Jucyte-Cicine et al., 2024). Beyond the issue of ECs, global wastewater treatment remains insufficient. In 2020, only 56% of household wastewater received safe treatment, and industrial wastewater treatment rates were even lower, falling short of 30% in many low-income countries (UN-Habitat, 2021; UN-Water, 2022). Current production and consumption patterns also diverge sharply from the ambitions of SDGs 6 and 14. For instance, plastic inputs into aquatic environments, estimated at 9–23 Mt yr⁻¹ in 2016, are projected to nearly double by 2025 (MacLeod et al., 2021). The global burden of plastic pollution is projected to intensify, with an estimated 2.15 Gt accumulating by 2050 due to landfill leakage and degradation (Schwarz et al., 2023). This trajectory in the plastic crisis is closely linked to the rapid expansion of municipal solid waste generation, which is projected to increase from 1,999 Mt in 2015 to 3,539 Mt by 2050 (Chen et al., 2020). Thus, ECs in coastal zones represent a substantial barrier to achieving the targets of SDGs 6 and 14 (Garduño-Jiménez et al., 2025) for two key reasons. First, conventional wastewater treatment systems are not designed to remove ECs, allowing substantial fractions to bypass treatment barriers and enter aquatic environments undetected. Second, these technological limitations are compounded by systemic governance gaps, including insufficient regulatory oversight and fragmented monitoring frameworks. These shortcomings underscore the need for coordinated policy reforms, modernization of waste treatment infrastructure to enhance EC removal, and the adoption of integrated monitoring strategies aligned with the objectives of SDGs (Varatharajan et al., 2025).
6. Conclusions
ECs in coastal zones present a substantial environmental challenge due to their mobility, persistence, and simultaneous interactions with multiple environmental and biological systems. Their capacity to disperse across atmospheric, terrestrial, aquatic, and biological systems underscores the need for analytical frameworks that resolve their complex dynamics within coastal zones. The analytical frameworks developed in this study, CMB, depict EC dynamics as a sequence of cascading processes governed by tightly linked human, environmental, and biological drivers. These drivers act across temporal, spatial, and vertical dimensions, collectively shaping how ECs are generated, transported, retained, accumulated, transformed, and degraded along the land-sea continuum. Primary and secondary sources capture direct releases of ECs and subsequent re-emissions driven by interactions within environmental compartments. In contrast, tertiary and quaternary sources broaden their influence by facilitating spatial redistribution, long-term accumulation, and legacy storage in the environment. The four principal pathway categories, deposition, overflow, leaching, and receptor pathways, reflect the key mechanisms governing the movement, transformation, and transfer of ECs. A successful integration of HEG, ECI, and EEI variables in CMB provides a mechanistic and quantitative foundation for simulating EC dispersal with high spatial and temporal resolution. This is particularly important in coastal zones, where concentrated human activities, sensitive ecosystems, and fluctuating hydrological regimes intensify EC transformation and associated ecological and health risks. CMB emphasizes the urgent need for advanced monitoring and waste treatment technologies, alongside expanded ecological and ecotoxicological research on ECs. Moreover, EC pollution in coastal zones, a substantial barrier to achieving SDGs 6 and 14, is expected to intensify as emission sources grow and treatment capacities remain insufficient.
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Leaching/accumulation (k leachl)

(
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4. receptor/terminal (k_recl)

[S2] Secondary (dependent/interactions)<ECI (EC-driven interactions)
(Same pathway types between S2&S3 etc.)

ECI modifies transformation/partitioning (e.g., sorption,
photolysis, and biodegradation)

[S3] Tertiary
i (distance-mediated)

[S4] Quaternary
l (spatially-mediated/nearshore sediments, and intertidal)

[Coast] Coastal receptor
A (water column, sediments, and biota)

-------- EEI (Environmental-driven EC interactions)
(environment-driven modifiers: salinity, temperature, turbidity,
tides, and storms)

EEI modifies rate constants (e.g., temperature, tidal pumping,
and storm resuspension)




