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Abstract

Microplastics have emerged as contaminants of concern in groundwater systems, yet their
transport behaviour and fate in subsurface environments remain insufficiently understood.
This thesis investigates microplastic occurrence and transport in groundwater through an
integrated approach combining field observations, laboratory experiments, and numerical

modelling.

Field sampling was conducted across Chennai's aquifer systems during pre-monsoon and
post-monsoon periods . Microplastics were detected at all sampling locations, with
concentrations increasing between campaigns . Sandy formations showed higher
concentrations compared to clayey zones . Fibres dominated the morphological assemblage,
with polyvinyl chloride, polyethylene, and polypropylene as the most frequently identified

polymers .

Laboratory column experiments investigated transport behaviour across four sand grain sizes
spanning fine to coarse fractions . Fine and medium sand exhibited delayed breakthrough
with substantial hydraulic conductivity reductions, while coarse sand demonstrated early
breakthrough with minimal hydraulic impact. Physical straining was identified as the
primary retention mechanism, with particle-to-pore-throat size ratios serving as a controlling

parameter .

A numerical model incorporating advection-dispersion equations with retention terms for
attachment, detachment, and straining reproduced experimental patterns with strong
agreement between predicted and observed breakthrough curves . The model accounted for
porosity and permeability evolution during particle accumulation . The findings indicate that
grain size distribution governs both microplastic transport efficiency and hydraulic

consequences in porous media .

The convergence of field, laboratory, and modelling results supports the identified transport
mechanisms and provides a basis for assessing aquifer vulnerability to microplastic

contamination.
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Chapter 1 Introduction

1.1 Plastic Pollution and Environmental Fate
1.1.1 Global Trends in Plastic Production and Use

The proliferation of plastic materials represents one of the most profound anthropogenic
alterations to the Earth’s material cycles in the modern era. Evidence of widespread
microplastic occurrence throughout our environment has mounted significantly over the past
decade, raising urgent questions about potential health hazards and mitigation strategies
(Zhang et al., 2020). The ubiquity of these materials stems from their durability, versatility,
and low production costs, which have driven exponential growth in global plastic production
since the mid-20th century. This growth trajectory shows minimal signs of deceleration

despite increasing awareness of environmental consequences.

The persistence of plastic pollution has become increasingly concerning as annual plastic
waste generation continues to outpace waste management infrastructure development,
particularly in developing economies. Current estimates suggest that between 4 and 12
million metric tons of plastic waste enter aquatic environments annually (Alimi et al., 2018,
Jambeck et al. 2015), representing only a fraction of total plastic waste mismanagement
globally. Single-use plastic products constitute a significant portion of this waste stream,
with packaging materials alone accounting for approximately 40% of plastic production
(Jambeck et al., 2015). This progressive accumulation has transformed plastics from
beneficial consumer products into persistent environmental contaminants with complex

distribution patterns across terrestrial, freshwater, marine, and atmospheric compartments.
1.1.2 Environmental Persistence and Fragmentation Processes

The environmental longevity of plastic materials stems from their synthetic polymer
composition, which renders them highly resistant to natural degradation processes. These
synthetic polymers exhibit exceptional durability in environmental settings, with
degradation timeframes often measured in decades or centuries rather than months or years
(Chamas et al., 2020). Rather than complete biodegradation, environmental plastics typically
undergo fragmentation into progressively smaller particles through the combined effects of
photodegradation, mechanical abrasion, thermal stress, and biological interactions

(Andrady, 2017).
Roma Tre University 8



This fragmentation process represents the primary pathway through which larger plastic
debris is transformed into microplastics, conventionally defined as plastic particles <5 mm
in size (Frias & Nash, 2019). The degradation continuum extends further into the nanoscale
range, producing nanoplastics with distinct environmental behaviours and toxicological
profiles (Gigault et al., 2018). Twenty years after the first publication that used the term
“microplastic,” our understanding of these degradation processes continues to evolve, with
recent research highlighting the complex interplay between polymer type, environmental
conditions, and resulting fragmentation rates (Hartmann et al., 2019). The persistence of
these materials establishes a concerning environmental legacy that will continue to influence
ecosystem functioning long after potential reductions in plastic production or improved

waste management practices.
1.1.3 Terrestrial and Aquatic Fate Pathways

The environmental fate of plastic pollution involves complex transport mechanisms across
interconnected environmental compartments. Microplastics originate from multiple sources
and follow diverse pathways through the environment, including atmospheric deposition as
an increasingly recognized transport vector (Allen et al., 2019). In aquatic systems,
microplastics can enter directly through point sources such as wastewater treatment effluents
or indirectly through the gradual degradation of larger plastic debris (Horton et al., 2017).
Hydrodynamic processes subsequently influence their distribution, with factors such as
particle density, size, and shape determining settling behaviours and transport distances

(Kooi et al., 2018).

Terrestrial environments serve as both repositories and conduits for microplastic pollution,
with agricultural soils, urban areas, and industrial zones functioning as significant
environmental reservoirs (Xu et al., 2020). The soil-water interface represents a critical
transition zone, where hydrogeological processes mediate the vertical transport of
microplastics from surface environments into subsurface aquifers. This vertical migration
has significant implications for groundwater quality, as these crucial freshwater resources
increasingly face contamination from microplastic pollution (Re, 2019). The persistence and
mobility of microplastics across these diverse environmental compartments highlight the
interconnected nature of terrestrial and aquatic fate pathways in the global distribution of

plastic pollution.
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1.1.4 Long-Term Ecological Impacts

The long-term ecological consequences of microplastic pollution remain incompletely
understood, though mounting evidence suggests multifaceted impacts across trophic levels
and ecosystem functions. Toxicological studies have documented adverse effects in aquatic
organisms exposed to microplastics under laboratory conditions (Wright et al., 2013), with
mechanisms of harm including physical injury, inflammatory responses, oxidative stress,
and disrupted energy allocation (Anbumani & Kakkar, 2018). These effects manifest across
biological scales, from molecular and cellular alterations to population-level impacts, though

the environmental relevance of laboratory exposure concentrations continues to be debated.

Of particular concern is the potential for microplastics to function as vectors for associated
contaminants, including persistent organic pollutants, heavy metals, and plastic additives
such as plasticizers and flame retardants (Rochman et al., 2014). The capacity for
microplastics to bioaccumulate within food webs introduces additional concerns regarding
trophic transfer and biomagnification effects (Setdld et al., 2014). The ecological risk
assessment is further complicated by the heterogeneous nature of environmental
microplastics, which vary considerably in polymer composition, size distribution,
weathering state, and associated contaminant profiles (Koelmans et al., 2016). This
complexity necessitates integrated approaches to evaluating the long-term ecological

implications of microplastic pollution across diverse environmental settings.
1.2 Microplastics Pollution: Sources and Significance
1.2.1 Primary vs Secondary Microplastics

Microplastics are conventionally categorized as environmental contaminants consisting of
synthetic polymer particles <5 mm in size, with further classification based on their origin
as either primary or secondary microplastics (Frias & Nash, 2019). Primary microplastics
are manufactured at microscopic sizes for specific applications, including industrial
abrasives, drilling fluids, and personal care products (Lassen et al., 2015). These particles
enter the environment in their manufactured form through direct release pathways, including
wastewater discharge, industrial effluents, and accidental spillage during production or

transport.
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In contrast, secondary microplastics result from the environmental degradation and
fragmentation of larger plastic items (Andrady, 2017), representing the predominant fraction
of environmental microplastic pollution. This degradation occurs through various
weathering processes, including photodegradation, mechanical abrasion, thermal oxidation,
and biological degradation (Song et al., 2017). The distinction between primary and
secondary microplastics has important implications for pollution control strategies, as
primary microplastics can be regulated through manufacturing restrictions and product
reformulations, while secondary microplastics necessitate broader interventions targeting
plastic waste management and environmental remediation. The relative contributions of
these sources vary considerably across environmental compartments and geographical
regions, reflecting differences in consumption patterns, waste management infrastructure,

and environmental conditions affecting degradation rates.
1.2.2 Sources in Urban, Agricultural, and Industrial Settings

The sources of microplastic pollution exhibit distinct profiles across urban, agricultural, and
industrial landscapes. Urban environments generate significant microplastic loads through
multiple pathways, including wastewater treatment effluents, stormwater runoff,
atmospheric deposition, and direct littering (Dris et al., 2015). Personal care products
containing microbeads have received particular attention as direct sources of primary
microplastics in urban wastewater streams (Napper et al., 2015), though recent regulatory
restrictions in many countries have reduced this specific contribution. Synthetic textile fibers
released during domestic laundering represent another significant urban source, with
individual washing cycles capable of releasing thousands of microfibers (De Falco et al.,

2019).

Agricultural settings introduce microplastics through multiple vectors, including plastic
mulching films, controlled-release fertilizers with polymer coatings, and the application of
biosolids containing municipal wastewater residues (Hurley & Nizzetto, 2018). Industrial
sources encompass plastic manufacturing facilities, wastewater from textile processing, and
abrasive blasting operations using plastic media (Galloway et al., 2017). The relative
significance of these varied sources remains incompletely quantified, particularly for
groundwater systems where source apportionment is complicated by the filtering effects of

soil matrices and the potential for long-term accumulation. The heterogeneous nature of
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these sources contributes to the complex composition profiles of environmental

microplastics, necessitating multifaceted monitoring and mitigation approaches.
1.2.3 Relevance to Environmental Hydrogeology

The intersection of microplastic pollution with environmental hydrogeology represents an
emerging research domain with significant implications for groundwater resource
management. As crucial freshwater sources, groundwater systems face increasing
contamination pressure from microplastic pollution (Panno et al., 2019), challenging
conventional paradigms of aquifer vulnerability and contaminant transport. The relevance
of microplastics to hydrogeological research emerges from several considerations, including
the documented occurrence of microplastics in groundwater samples worldwide, the
potential for long-term accumulation in aquifer materials, and the unique transport

behaviours of particulate pollutants in porous media.

Hydrogeological factors including hydraulic conductivity, groundwater flow velocities, and
aquifer heterogeneity significantly influence the mobility and distribution of microplastics
in subsurface environments (Kataoka et al., 2019). The physical and chemical properties of
microplastic particles, including size distribution, surface charge, and aggregation potential,
further modulate their interactions with aquifer materials through filtration, straining, and
sorption processes (Rochman, 2018). Understanding these interactions requires integration
of hydrogeological principles with emerging knowledge of microplastic environmental
behaviour, creating new interdisciplinary challenges for contaminant hydrogeology. The
potential for microplastics to alter aquifer hydraulic properties or influence the mobility of
co-occurring contaminants further underscores the relevance of these emerging pollutants to

environmental hydrogeology.
1.2.4 Emerging Concerns in Groundwater Systems

The emerging recognition of microplastics as groundwater contaminants has generated
specific concerns regarding their potential impacts on these critical freshwater resources.
Groundwater, as a crucial drinking water source for approximately half the global
population, faces increasing pollution pressure from microplastic contamination, raising
questions about potential human exposure through drinking water consumption (WHO,

2019). The detection of microplastics in groundwater systems contradicts traditional
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assumptions about the filtering capacity of soil and aquifer materials, suggesting that
conventional protection paradigms may inadequately address particulate contaminants in the

micro- and nano-size ranges (Panno et al., 2019; Koelmans et al., 2019).

Particular concerns include the potential for microplastics to alter aquifer hydraulic
properties through clogging mechanisms, the possibility for long-term accumulation in
aquifer materials with limited remediation options, and the uncertain interactions between
microplastics and other groundwater contaminants (Eerkes-Medrano et al., 2019). The
detection of microplastics in groundwater also raises fundamental questions about
subsurface plastic pollution residence times and the potential for aquifers to function as long-
term repositories and secondary sources of microplastic pollution (Re, 2019). These
emerging concerns necessitate dedicated research attention to elucidate the unique aspects

of microplastic contamination in groundwater environments.
1.3 Microplastics in Aquatic Systems
1.3.1 Transport Mechanisms in Rivers, Lakes, and Oceans

The transport of microplastics through aquatic systems involves complex interactions
between particle properties and hydrodynamic processes across freshwater and marine
environments. In riverine systems, microplastic transport is primarily governed by flow
velocity, channel morphology, and particle characteristics, with particles exhibiting distinct
sorting patterns related to density, size, and shape (Nizzetto et al., 2016). Higher-density
polymers such as polyethylene terephthalate (PET) demonstrate greater deposition in
sedimentary environments, while lower-density polymers like polyethylene and
polypropylene exhibit increased mobility and potential for downstream transport (Besseling

etal., 2017).

In lacustrine environments, thermal stratification, wind-driven currents, and seasonal mixing
patterns influence the vertical and horizontal distribution of microplastic particles (Ballent
et al.,, 2016). Marine systems demonstrate additional transport complexities related to
oceanic currents, thermohaline circulation, and wave-driven processes, resulting in the
documented accumulation of microplastics in oceanic gyres, deep-sea sediments, and coastal
environments worldwide (Van Sebille et al., 2015). The analysis, prevention, and removal

of microplastics pollution in water represent major environmental challenges (Alimi et al.,
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2018), requiring integrated understanding of these diverse transport mechanisms across
interconnected aquatic systems. The transport of microplastics between surface water bodies
and groundwater systems through hyporheic exchange and groundwater-surface water
interactions remains poorly characterized but potentially significant for comprehensive

understanding of environmental microplastic fate.
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Figure 1: Conceptual Model Detailing Microplastics: Source-to-Sink Pathways via
Hydrological and Atmospheric Transport.

1.3.2 Ecological and Toxicological Effects

The ecological and toxicological implications of microplastics in aquatic systems encompass
a spectrum of biological effects across organizational levels. Laboratory studies have
demonstrated the toxicity of microplastics to various aquatic organisms, with documented

effects including reduced feeding efficiency, altered growth rates, reproductive impairment,
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and behavioural changes (Anbumani & Kakkar, 2018). Mechanistically, these effects may
result from physical injury, inflammatory responses, oxidative stress, altered gut microbiota,
or disrupted energy allocation (Wright et al., 2013). The toxicological profile of
environmental microplastics is further complicated by their capacity to sorb and transport
co-contaminants, including persistent organic pollutants, heavy metals, and endocrine-

disrupting compounds (Rochman et al., 2014).

This vector function potentially enhances the bioavailability of these associated
contaminants to aquatic organisms. Toxicity also varies considerably with microplastic
physical and chemical properties, including polymer type, size, shape, weathering state, and
associated additives (Hahladakis et al., 2018). Smaller particles generally demonstrate
enhanced toxicity due to increased bioavailability and cellular uptake potential, with
nanoplastics presenting distinct toxicological concerns related to their ability to penetrate
biological membranes and tissues (Triebskorn et al., 2019). Ecological impacts extend
beyond direct toxicity to include habitat alteration, changes in community composition, and
potential for trophic transfer through food webs, though field-based evidence for population

and ecosystem-level effects remains limited (Burns & Boxall, 2018).
1.3.3 Detection and Monitoring Techniques

The development of reliable detection and monitoring techniques for aquatic microplastics
represents a significant methodological challenge in environmental research. The field
currently lacks fully harmonized methods and materials (Primpke et al., 2020), contributing
to challenges in data comparability and quality assurance. Extraction of microplastics from
complex environmental matrices requires specialized techniques tailored to sample
characteristics with methods including density separation, filtration, digestion of organic
matter, and visual sorting (Miller et al., 2017). Analytical identification typically employs
spectroscopic techniques such as Fourier-transform infrared spectroscopy (FTIR) and
Raman spectroscopy, which enable polymer identification through characteristic spectral

patterns (Képpler et al., 2016).

Complementary techniques include thermal analysis methods such as pyrolysis-gas
chromatography/mass spectrometry (Py-GC/MS) and thermogravimetric analysis (TGA),
which provide compositional information through thermal decomposition patterns
(Diimichen et al., 2015). Sampling approaches for aquatic systems encompass water column
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sampling using nets and pumps, sediment sampling with grab samplers and corers, and biota
sampling for assessing biological uptake (Masura et al., 2015). Monitoring programs for
aquatic microplastics must address numerous methodological considerations, including
representative sampling designs, contamination prevention protocols, recovery efficiency
assessments, and appropriate quality control measures (Koelmans et al., 2019). The ongoing
development of standardized methodologies represents a crucial requirement for generating
comparable data on microplastic occurrence, distribution, and temporal trends in aquatic

systems.
1.3.4 Knowledge Gaps in Aquatic Microplastic Research

Despite two decades of microplastic pollution research, significant knowledge gaps persist
regarding the behaviour and impacts of microplastics in aquatic systems. Primary among
these gaps is the limited understanding of smaller microplastic fractions (<20 pum) and
nanoplastics, which present substantial analytical challenges but potentially enhanced
environmental risks due to increased bioavailability (Gigault et al., 2018). Temporal
dynamics of microplastic pollution remain poorly characterized, with limited long-term
monitoring data to establish baseline conditions and assess remediation effectiveness
(Wagner & Lambert, 2018). Mechanistic understanding of microplastic transport between
interconnected environmental compartments, particularly at the groundwater-surface water

interface, requires further development (Barnes et al., 2009).

Significant uncertainties persist regarding the ecological significance of observed laboratory
effects under environmentally relevant exposure scenarios, with field-based evidence for
population and ecosystem-level impacts remaining scarce (Burns & Boxall, 2018). The
potential for microplastics to alter microbial community structures and biogeochemical
processes in aquatic systems represents an emerging research domain with implications for
ecosystem functioning (Zettler et al., 2013). Additionally, the synergistic or antagonistic
interactions between microplastics and other environmental stressors, including climate
change parameters, warrant further investigation (Browne et al., 2015). Addressing these
knowledge gaps requires interdisciplinary approaches integrating hydrology, analytical
chemistry, ecotoxicology, and environmental modelling to develop comprehensive

understanding of microplastic behaviour in aquatic environments.

1.4 Microplastics in Groundwater: An Overview of Current Knowledge
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1.4.1 Evidence of Microplastics in Groundwater

The detection of microplastics in groundwater systems represents a relatively recent
development in environmental contaminant research, with systematic reviews documenting
their occurrence across diverse hydrogeological settings (Re, 2019; Koelmans et al., 2019).
Evidence of microplastic contamination has been reported from various aquifer types,
including alluvial, karst, and fractured bedrock systems, contradicting traditional
assumptions about the filtering capacity of soil and aquifer materials for particulate
contaminants (Panno et al., 2019). The reported concentrations of microplastics in
groundwater typically range from several particles per Liter to several hundred particles per
Liter, though methodological differences complicate direct comparisons between studies

(Koelmans et al., 2019).

The polymer composition of groundwater microplastics frequently reflects common
commercial polymers, including polyethylene, polypropylene, polyethylene terephthalate,
and polystyrene, with size distributions generally skewed toward smaller particles compared
to surface water samples (Re, 2019). Spatial distribution patterns of groundwater
microplastics show correlations with anthropogenic land use, with elevated concentrations
reported in urban and industrial areas relative to less developed regions (Eerkes-Medrano et
al., 2019). The presence of microplastics in groundwater resources intended for human
consumption raises concerns regarding potential exposure pathways and associated health
implications, though these remain incompletely characterized (WHO, 2019). The
documented occurrence of microplastics in groundwater across multiple geographical
regions establishes these particles as emerging contaminants of concern for groundwater

quality management and protection.
1.4.2 Analytical and Detection Methods

The detection and characterization of microplastics in groundwater present distinct
analytical challenges requiring specialized methodologies. Groundwater sampling and
analysis methods for microplastics must address the typically lower concentrations
compared to surface water environments, the smaller size distributions resulting from
filtration during subsurface transport, and the potential for sampling-induced contamination
(Koelmans et al., 2019). Current analytical approaches typically involve sequential steps of
sample collection, pre-treatment, microplastic separation, and identification. Sample
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collection methodologies must prevent contamination from sampling equipment and
atmospheric sources, often requiring metal or glass sampling equipment and clean-room

procedures (Hermsen et al., 2018).

Pre-treatment methods for groundwater samples may include filtration, density separation,
and oxidative digestion to remove natural organic matter (Masura et al., 2015). The
identification of microplastics in processed samples employs various analytical techniques,
including visual microscopy, spectroscopic methods (FTIR, Raman), and thermal analysis
(Py-GC/MS) (Képpler et al., 2016). Each analytical approach offers distinct advantages and
limitations regarding sensitivity, specificity, and practical application to environmental
samples. Method validation remains crucial, with recovery experiments, procedural blanks,
and reference materials providing essential quality assurance measures (Primpke et al.,
2020). The lack of standardized protocols for groundwater microplastic analysis presents
ongoing challenges for data comparability and reliability, highlighting the need for

methodological harmonization efforts within this emerging research domain.
1.4.3 Transport Modelling in Porous Media

Understanding and predicting microplastic transport in groundwater systems requires
adaptation of existing colloid transport models to account for the unique characteristics of
these particulate contaminants. Transport modelling of microplastics in porous media must
address multiple physical processes, including advection, dispersion, attachment,
detachment, straining, and size exclusion (Bradford et al., 2015). The application of colloid
filtration theory provides a theoretical framework for predicting microplastic retention in
porous media, with key parameters including collector efficiency, attachment efficiency, and
retention capacity (Tufenkji & Elimelech, 2004). These parameters are influenced by
microplastic properties (size, shape, surface charge, hydrophobicity) and aquifer
characteristics (grain size distribution, mineralogy, organic matter content, solution

chemistry) (Rochman, 2018).

Experimental studies under controlled laboratory conditions have demonstrated complex
transport behaviours, with smaller microplastic particles typically exhibiting enhanced
mobility compared to larger fractions (O’Connor et al., 2019). The development of
numerical models for microplastic transport in groundwater systems remains an emerging
research area, with challenges including the heterogeneous nature of environmental
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microplastics, the dynamic surface properties of weathered particles, and the complexity of
real-world aquifer systems (Keller & Lazareva, 2014). Continued refinement of transport
models represents an essential component for predicting microplastic fate in groundwater
environments and informing risk assessment frameworks for these emerging contaminants

in subsurface systems.
1.4.4 Hydrogeological Implications and Risk Assessment

The presence of microplastics in groundwater systems introduces several hydrogeological
implications requiring consideration within groundwater management frameworks. Potential
effects include alteration of aquifer hydraulic properties through particle accumulation and
pore clogging, particularly in finer-grained aquifer materials and near-well environments
(Kataoka et al., 2019; Re, 2019) . The long-term persistence of microplastics in groundwater,
potentially exceeding conventional contaminant timeframes due to limited degradation
under subsurface conditions, presents challenges for remediation planning and natural
attenuation assessments (Barnes et al., 2009). Risk assessment frameworks for groundwater
microplastics remain in early developmental stages, with significant data gaps regarding
exposure patterns, dose-response relationships, and vulnerability factors for different aquifer

types (WHO, 2019).

The development of hydrogeological vulnerability mapping for microplastic contamination
requires integration of traditional aquifer vulnerability factors with specific consideration of
preferential flow pathways, which may facilitate enhanced transport of particulate
contaminants (Kataoka et al., 2019). Groundwater-dependent ecosystems represent potential
ecological receptors for microplastic exposure, though research on these ecological impacts
remains limited (Groh et al., 2019). The implications of microplastic contamination for
groundwater treatment processes used in drinking water production warrant further
investigation, including potential effects on filtration efficiency, membrane fouling, and
disinfection efficacy (Mintenig et al., 2019). These diverse hydrogeological implications
highlight the need for integrated assessment approaches addressing both resource protection

and management considerations.

Roma Tre University 19



1.4.5 Research Gaps and Future Directions

Systematic reviews of microplastic pollution in groundwater have identified numerous
research gaps requiring attention to advance understanding of these emerging contaminants
in subsurface environments (Re, 2019; Koelmans et al., 2019; WHO, 2019). Fundamental
knowledge gaps include limited data on temporal trends and spatial distribution patterns of
groundwater microplastics across diverse hydrogeological settings (Koelmans et al., 2019;
Panno et al.,, 2019). Methodological challenges persist regarding the detection and
quantification of smaller microplastic fractions and nanoplastics in groundwater matrices,
with current analytical limitations potentially underestimating actual contamination levels
(Koelmans et al., 2019). The relative contributions of different contamination pathways,
including surface infiltration, well construction, subsurface infrastructure leakage, and
groundwater-surface water interactions, remain incompletely characterized (Panno et al.,

2019).

Mechanistic understanding of microplastic transport, retention, and potential transformation
in aquifer materials requires further development through combined laboratory and field
investigations (O’Connor et al., 2019). The potential for microplastics to influence microbial
communities and biogeochemical processes in groundwater systems represents an emerging
research domain with implications for natural attenuation processes and ecosystem
functioning (Zettler et al., 2013). Risk assessment frameworks specific to groundwater
microplastics need development, incorporating hydrogeological vulnerability factors,
exposure pathway analysis, and consideration of cumulative impacts with co-occurring
contaminants (WHO, 2019). These research gaps highlight the need for interdisciplinary
approaches integrating hydrogeology, analytical chemistry, material science, and
environmental modelling to advance understanding of microplastic contamination in

groundwater resources.
1.5 Thesis Objectives, Structure, and Novelty
1.5.1 Research Questions and Objectives

This thesis addresses fundamental questions regarding the occurrence, behaviour, and

implications of microplastics in groundwater systems through an integrated approach
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combining field investigations, laboratory experimentation, and numerical modelling. The

research is guided by the following specific objectives:

1. To study and characterise the occurrence, composition, and spatial distribution of

microplastics in groundwater.

2. To study transport of microplastics in porous media through controlled laboratory
experiments.
3. To develop and validate numerical models capable of predicting microplastic

transport in subsurface environments, incorporating boundary conditions derived from

laboratory experiments.

4. To use the combined field, experimental and modelling results to discuss possible

implications of microplastics for groundwater quality and aquifer behaviour.

These objectives address critical knowledge gaps in current understanding of microplastics
as groundwater contaminants, with findings intended to inform both fundamental

environmental science and applied water resource management.
1.5.2 Thesis Structure Overview

The thesis is organized into seven chapters that progressively develop the research narrative

from contextual foundation through empirical findings to synthesis and implications:

Chapter 1 introduces plastic and microplastic pollution, summarises current knowledge on

microplastics in groundwater, and states the research objectives and thesis outline.

Chapter 2 reviews the scientific literature on microplastics in groundwater, including
occurrence, analytical methods, transport in porous media and key knowledge gaps relevant

to this work.

Chapter 3 describes the field study design, sampling and analytical methods, and presents
results on the occurrence and spatial patterns of microplastics in groundwater in relation to

hydrogeological and land-use factors.

Chapter 4 presents column experiments on microplastic transport in saturated porous

media, including methods, results on retention and breakthrough, and their interpretation.
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Chapter 5 develops and applies numerical models for microplastic transport in porous
media, explains the modelling approach and parameterisation, and compares model results

with experimental data.

Chapter 6 brings together findings from the field, experimental and modelling components
and discusses their implications for groundwater quality and hydrogeology, as well as

limitations and future research needs.
Chapter 7 lists all references cited in the thesis in APA format.

Each empirical chapter (3-5) thus follows a self-contained structure with methodology,
results, and discussion sections specific to that research component, while maintaining

narrative coherence and progressive development of arguments across the thesis as a whole.
1.5.3 Novelty and Contribution to Environmental Hydrogeology
The contributions of this thesis are summarised below.

Firstly, the experimental investigation of microplastic transport mechanisms in porous media
generates empirical data on retention behaviours under environmentally relevant conditions,

which may offer useful insights for understanding subsurface microplastic dynamics.

Secondly, the development and application of numerical models specifically parameterised
for microplastic transport contributes to enhance the comprehension of the dynamics of

microplastics transport in groundwater.

The interdisciplinary approach integrating field observations, laboratory experimentation,
and numerical modelling aims to provide a clearer perspective on microplastic fate in
groundwater systems, with findings intended to complement existing research in this

emerging field.
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Chapter 2 — Literature Review

2.1 Occurrence and Transport of Microplastics in Groundwater
2.1.1 Entry Pathways and Contamination Sources

Microplastics, defined as plastic particles with dimensions between 1 um and 5 mm, have
emerged as ubiquitous environmental contaminants with an increasingly recognized
presence in groundwater systems. The pathways through which microplastics enter
groundwater are diverse and complex, reflecting the multifaceted nature of plastic pollution
in the environment (Wagner et al., 2014). Out of the estimated 8.3 billion tons of plastics
produced globally since the 1950s, approximately 79% has ended up in landfills or has
leaked into the natural environment, creating a pervasive contamination footprint that spans
terrestrial, aquatic, and atmospheric systems (Geyer et al., 2017). This massive volume of

plastic waste presents numerous pathways for infiltration into groundwater resources.

Microplastics can originate from both primary and secondary sources. Primary microplastics
are manufactured at the microscale and include plastic fibers, pellets, and microbeads used
in industrial applications and personal care products. Secondary microplastics form through
the fragmentation of larger plastic debris due to environmental weathering processes (Barnes
et al., 2009). The fragmentation process continues in the environment, with larger plastic

items breaking down into increasingly smaller particles over time (Thompson et al., 2004).

The entry of microplastics into groundwater systems primarily occurs through surface
infiltration, where contaminated surface water percolates through soil and sediment layers.
Urban runoff represents a significant pathway, carrying microplastics from roads, buildings,
and other infrastructure directly into groundwater recharge zones (Horton & Dixon, 2018).
Wastewater effluent discharge, even after treatment, contributes substantially to
groundwater microplastic contamination, as conventional treatment processes are not
designed to completely remove these particles (Sun et al.,, 2019). Land-based sources,
including agricultural activities utilizing plastic mulches and sewage sludge application,
create additional pathways for microplastic infiltration into groundwater systems (Nizzetto

et al., 2016).
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2.1.2 Particle Characteristics and Transport Behaviour

The physical and chemical properties of microplastics significantly influence their transport
behaviour in groundwater systems. Size distribution represents one of the most critical
factors, with smaller particles demonstrating enhanced mobility through porous media.
Microplastics in the environment display remarkable heterogeneity in their composition,
with polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET), and
polystyrene (PS) being among the most commonly detected polymers (Rochman et al.,

2013).

Particle shape and morphology also play crucial roles in transport dynamics. Microplastics
typically manifest as fragments, fibers, films, foams, pellets, and microbeads, with each
morphological type exhibiting distinct transport behaviours (Kooi et al., 2017). Fibers,
characterized by their high aspect ratio, demonstrate unique flow patterns compared to more
spherical particles, potentially leading to increased straining in pore throats (Rillig et al.,

2017).

The density of microplastic particles, which varies by polymer type, significantly influences
their vertical migration in groundwater. Lower-density polymers like polyethylene (0.91-
0.97 g/cm?) and polypropylene (0.85-0.94 g/cm?) exhibit greater buoyancy and potentially
greater mobility compared to higher-density polymers such as polyvinyl chloride (1.16-1.58
g/cm?®) (Andrady, 2011). However, these intrinsic density characteristics can be altered
through environmental processes including biofouling, weathering, and the adsorption of

organic and inorganic compounds (Kooi et al., 2017).
2.1.3 Hydrogeological Influences

The transport and fate of microplastics in groundwater are heavily influenced by the
hydrogeological characteristics of aquifer systems. Pore size distribution and connectivity
within aquifer materials establish fundamental controls on particle transport. Coarse-grained
aquifers with larger pore spaces generally facilitate greater microplastic mobility compared
to fine-grained systems (Bouwman et al., 2018). The hydraulic properties of aquifers,
including hydraulic conductivity, porosity, and specific yield, determine flow velocities and

residence times, thereby affecting the spatial distribution of microplastic contaminants.
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Aquifer heterogeneity presents particular challenges for predicting microplastic transport, as
preferential flow paths can significantly accelerate contaminant migration. Fracture
networks in consolidated rock aquifers and macropores in unconsolidated materials create
high-permeability conduits that bypass the filtering capacity of the porous matrix (Re, 2019).
Stratigraphic variations within aquifer systems, including the presence of confining layers,
influence vertical migration patterns and potential cross-contamination between aquifer

units (Keller et al., 2019) .
2.1.4 Environmental and Biogeochemical Modifiers

Environmental conditions and biogeochemical processes substantially modify microplastic
transport behaviour in groundwater systems. Groundwater chemistry, particularly ionic
strength and pH, influences particle-particle and particle-surface interactions through
electrostatic mechanisms (Dong et al., 2019) . Higher ionic strength conditions typically
promote particle aggregation and deposition through compression of the electrical double

layer, potentially reducing mobility (Bradford et al., 2015).

The presence of natural organic matter (NOM) creates complex effects on microplastic
transport. NOM can form coatings on both microplastic surfaces and aquifer materials,
potentially enhancing particle stability through steric hindrance mechanisms while
simultaneously altering surface charge characteristics (Erhayem & Sohn, 2014). Microbial
communities in groundwater systems interact with microplastic particles through biofilm
formation, which modifies surface properties and may enhance retention in porous media

(Rummel et al., 2017).

Temperature variations influence microplastic transport through effects on water viscosity,
microbial activity, and polymer degradation rates. Climate change-induced alterations in
groundwater recharge patterns and temperature regimes may therefore have significant

implications for long-term microplastic fate and transport (Wright & Kelly, 2017).
2.2 Field-Based Studies: Methods and Findings
2.2.1 Sampling Protocols and Equipment Limitations

Field investigations into groundwater microplastic contamination have employed diverse

sampling methodologies, each with distinct advantages and limitations. Groundwater
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sampling techniques for microplastic analysis typically involve modifications to established
hydrogeological sampling protocols to minimize contamination and ensure representative
results (Mintenig et al., 2019). Well sampling represents the most common approach,
utilizing either dedicated sampling pumps or bailers to collect groundwater samples from

monitoring or production wells (Re, 2019).

Sampling protocols generally incorporate careful quality assurance measures to minimize
contamination from equipment, personnel, and the surrounding environment. These
measures typically include field blanks, equipment blanks, and procedural blanks to quantify
potential contamination sources (Hermsen et al., 2018). The use of non-plastic sampling
equipment or equipment with verified polymer compositions distinct from environmental

microplastics remains critical for accurate analysis (Stock et al., 2019).

Sample volume requirements present significant challenges for groundwater microplastic
studies, with required volumes typically ranging from 1 to 20 Liters depending on expected
concentrations and analytical sensitivity. This volume requirement creates logistical
difficulties for remote sampling locations and deep wells with limited yield (Koelmans et
al., 2019). Filtration methodologies for sample concentration have evolved, with researchers
employing peristaltic pumps and in-line filtration systems to improve field collection

efficiency and minimize contamination (Stock et al., 2019; Mintenig et al., 2019)..
2.2.2 Detection Technologies and Analytical Challenges

The analytical identification and quantification of microplastics in groundwater samples
employ a multi-tiered approach combining visual, spectroscopic, and thermal techniques.
Visual identification using stereomicroscopy provides initial screening but suffers from
significant limitations including operator subjectivity and inability to confirm polymer
composition (Hidalgo-Ruz et al., 2012). These limitations are particularly pronounced for
particles smaller than 500 pm, where visual identification becomes increasingly unreliable

(Loder & Gerdts, 2015).

Spectroscopic methods, including Fourier-transform infrared spectroscopy (FTIR) and
Raman spectroscopy, have emerged as essential tools for polymer identification. Micro-
FTIR techniques allow for the analysis of particles down to approximately 20 um, while

Raman spectroscopy can achieve identification of particles as small as 1 pm (Képpler et al.,
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2016). These techniques provide detailed chemical fingerprints of individual particles but
face challenges including time-intensive analysis, interference from environmental matrices,

and limited automation capabilities (Primpke et al., 2018).

Thermal analytical methods, including pyrolysis-gas chromatography-mass spectrometry
(Pyro-GC-MS), enable bulk quantification of specific polymer types but sacrifice
information on particle size, shape, and individual particle composition (Diimichen et al.,
2015). Combined methodologies integrating multiple analytical techniques represent
emerging best practices, though standardization across studies remains limited (Felsing et

al., 2018).
2.2.3 Observed Patterns Across Aquifer Types

Field studies have revealed distinct patterns of microplastic occurrence across different
aquifer systems, though comprehensive understanding remains limited by the relatively
small number of investigations. Unconfined aquifers in urban and agricultural settings
generally exhibit higher microplastic concentrations compared to confined systems,
reflecting the influence of surface contamination sources and direct recharge pathways
(Panno et al., 2019). Shallow groundwater systems demonstrate particularly elevated

concentrations, with decreasing trends observed with depth in most studies (Mintenig et al.,

2019).

Aquifer lithology significantly influences observed microplastic distributions. Coarse-
grained aquifers comprised of sand and gravel typically show greater microplastic
penetration compared to fine-grained systems, reflecting the influence of pore size
distributions on particle filtration (Bouwman et al., 2018) . Fractured rock aquifers present
unique challenges, with evidence suggesting that fracture networks can facilitate rapid

transport of microplastic particles over significant distances (Panno et al., 2019).

Seasonal variations in microplastic concentrations have been observed in some studies,
potentially reflecting seasonal changes in recharge patterns, land use activities, and
hydrological conditions. However, long-term monitoring programs remain scarce, limiting
understanding of temporal dynamics and potential accumulation effects (Dioses-Salinas et

al., 2020).

Roma Tre University 27



2.2.4 Methodological Strengths and Limitations

Current field-based investigations into groundwater microplastic contamination exhibit both
significant strengths and substantial limitations. The primary strength of field studies lies in
their documentation of real-world contamination under natural hydrogeological conditions,
providing essential baseline data on occurrence, distribution, and potential risk (Rochman,
2018). The incorporation of multiple sampling locations enables spatial pattern analysis,
while integration with existing groundwater monitoring networks facilitates efficient data

collection (Koelmans et al., 2019).

However, significant methodological limitations constrain the interpretation and
comparability of field studies. The absence of standardized sampling, processing, and
analytical protocols creates substantial challenges for cross-study comparison and meta-
analysis (Hartmann et al., 2019). Sample contamination risks remain high throughout the
collection, transportation, and processing chain, potentially leading to false positives or

concentration overestimation (Wesch et al., 2017).

Analytical detection limits vary widely across studies, with particular challenges for smaller
microplastic particles (< 10 um) that may be numerically dominant but methodologically
difficult to quantify (Mintenig et al., 2018). The representativeness of sampling remains
questionable, with most studies collecting limited samples that may not capture spatial or
temporal heterogeneity adequately (Koelmans et al., 2020). These limitations highlight the
need for continued methodological refinement and standardization in groundwater

microplastic investigations.
2.3 Experimental Studies in Porous Media
2.3.1 Experimental Designs and Media Types

Laboratory-based experimental studies investigating microplastic transport in porous media
have employed diverse methodological approaches to simulate groundwater conditions.
Column experiments represent the most prevalent experimental design, utilizing packed
columns of various dimensions filled with well-characterized porous materials (O’Connor
et al., 2019). These setups allow for controlled investigation of transport parameters under
defined hydraulic and chemical conditions, though scaling issues present challenges for

field-scale extrapolation.
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Experimental media selection varies widely across studies, reflecting the diverse nature of
aquifer materials. Clean quartz sand represents the most commonly utilized medium due to
its well-defined properties and commercial availability (Mitrano et al., 2019). However,
more complex media incorporating natural sediments, clay minerals, and organic matter
have been increasingly employed to better approximate field conditions. The
characterization of media properties, including grain size distribution, porosity, hydraulic
conductivity, and surface charge characteristics, is essential for meaningful interpretation of

experimental results.

Microplastic particles used in transport experiments typically include both commercial
reference materials and environmentally extracted particles (Waldschldger et al., 2020).
Commercial materials offer advantages including well-defined size distributions, polymer
compositions, and surface properties, facilitating controlled parameter investigation.
Environmentally extracted particles, while more representative of field conditions, present
challenges in characterization and standardization (Enfrin et al., 2019). The selection of
microplastic types, sizes, and concentrations for experimental studies represents a critical
consideration, with implications for environmental relevance and mechanistic

understanding.
2.3.2 Flow Conditions and Transport Dynamics

Experimental studies have investigated microplastic transport under varying flow conditions
to simulate diverse groundwater environments. Flow rates typically range from slow Darcy
velocities representative of natural gradient conditions to accelerated flows simulating near-
well environments or preferential flow paths (Xu et al., 2018). The establishment of steady-
state flow conditions prior to particle introduction represents standard practice, though some
studies have explored transient flow effects to simulate recharge events or pumping

influences.

Breakthrough curve analysis serves as the primary method for characterizing transport
dynamics, with particle concentrations monitored in column effluent over time (Wang et al.,
2020). Early breakthrough relative to conservative tracers has been observed for some
microplastic types, potentially indicating size exclusion effects where particles are restricted

from smaller pores and thus travel preferentially through larger flow channels (Bradford et
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al., 2013).Retention profiles, determined through destructive sampling of experimental

columns, provide complementary information on spatial deposition patterns.

Transport experiments have demonstrated complex dependencies on particle properties, with
size, shape, density, and surface characteristics all influencing mobility (Waldschldger &
Schiittrumpf, 2020). Smaller particles generally demonstrate enhanced transport through
porous media, though particles below a certain threshold may experience increased
deposition due to diffusive transport to collector surfaces (Mitrano et al., 2021). Non-
spherical particles, particularly fibers, exhibit distinctive transport behaviours characterized

by complex orientation effects and mechanical straining.
2.3.3 Particle-Media Interactions

The interactions between microplastic particles and porous media surfaces fundamentally
control transport and retention behaviours. Attachment processes, where particles adhere to
media surfaces, represent a primary retention mechanism controlled by surface chemistry,
electrostatic interactions, and van der Waals forces . The DLVO theory (Derjaguin, Landau,
Verwey, and Overbeek) provides a theoretical framework for understanding these
interactions, though non-DLVO forces including hydrophobic interactions and steric effects

also significantly influence attachment behaviours.

Straining processes, where particles become physically trapped in pore throats or
constrictions, constitute another critical retention mechanism particularly relevant for larger
particles and in fine-grained media . The ratio of particle diameter to median grain size
(dp/d50) serves as an important parameter for predicting straining potential, with values
above approximately 0.05 associated with increased straining likelihood (Tufenkji &

Elimelech, 2004).

Ripening and blocking effects, where retained particles influence subsequent deposition,
have been observed in some experimental systems . Ripening occurs when retained particles
create favourable attachment sites for incoming particles, potentially accelerating deposition
rates over time. Conversely, blocking effects emerge when attached particles shield collector

surfaces from subsequent deposition, potentially decreasing retention rates.
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2.3.4 Chemical and Physicochemical Modifiers

Experimental studies have demonstrated that solution chemistry substantially modifies
microplastic transport behaviour in porous media. Ionic strength variations significantly
influence attachment efficiency, with higher ionic strengths generally promoting increased
deposition through electrical double layer compression (Cao et al., 2023). However, non-
monotonic relationships have been observed in some systems, potentially reflecting the

complex interplay between electrostatic interactions and other retention mechanisms.

Solution pH affects both particle and media surface charges, thereby modifying electrostatic
interactions and attachment behaviours (Ceylan et al., 2024). The point of zero charge (PZC)
for both particles and collector surfaces represents a critical parameter, with attachment
typically enhanced when particle and collector surfaces carry opposite charges (Liao et al.,
2025). Most microplastics exhibit negative surface charges at circumneutral pH values
typical of groundwater systems, though surface weathering and adsorbed substances can

substantially modify these properties.

Natural organic matter (NOM) creates complex effects on microplastic transport, potentially
both enhancing and inhibiting mobility depending on specific conditions (Chen et al., 2022).
NOM adsorption to microplastic surfaces typically increases negative surface charge and
provides steric stabilization, enhancing mobility. However, NOM can also form bridges
between particles and collectors or modify surface hydrophobicity, potentially enhancing

retention under certain conditions.
2.3.5 Applicability to Natural Systems

The extrapolation of laboratory experimental results to field-scale groundwater systems
presents significant challenges requiring careful consideration. Scale-dependent processes
represent a primary limitation, as column experiments typically employ centimetre to meter
scales that may not capture heterogeneities and preferential flow paths present at field scales
(Sudhakar et al., 2008). The use of simplified, homogeneous media in many experiments

fails to represent the complex, heterogeneous nature of natural aquifer materials.

Chemical simplifications in laboratory systems potentially limit field relevance, as
experimental solutions typically lack the complex mixture of dissolved species, colloids, and

microorganisms present in natural groundwater (Li et al., 2020). These components can
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substantially modify particle surface properties and collector interactions through

competitive adsorption, charge screening, and biological effects (Enfrin et al., 2020).

Despite these limitations, experimental studies provide essential mechanistic insights not
readily obtainable from field investigations. Controlled parameter variation enables the
isolation of individual factors influencing transport, facilitating the development of
predictive models and transport theories (O’Connor et al., 2019). The complementary nature
of laboratory and field approaches highlights the importance of integrated research strategies

incorporating multiple investigative scales.
2.4 Numerical Modelling Approaches for Microplastic Transport
2.4.1 Advection-Dispersion and Retention Models

Numerical modelling of microplastic transport in groundwater has largely adapted
approaches developed for colloid and nanoparticle transport, with modifications to account
for the unique properties of microplastic particles. The advection-dispersion equation with
additional terms for retention processes serves as the foundation for most modelling
approaches. This framework incorporates advective transport with water flow,
hydrodynamic dispersion, and various retention mechanisms including attachment,

straining, and ripening effects (Simunek et al., 2003).

One-dimensional models represent the most common implementation, particularly for
interpreting laboratory column experiments and developing parameter estimates (Bradford
et al., 2015). These models typically employ finite difference or finite element numerical
schemes to solve the governing equations, with boundary conditions defined to match
experimental or field conditions (Jin et al., 2019). While computationally efficient, one-

dimensional approaches fail to capture the spatial heterogeneity present in field settings.

Two- and three-dimensional models enable more realistic representation of field-scale
transport, incorporating spatial variations in hydraulic properties, flow fields, and retention
parameters (Praetorius et al., 2012). These approaches typically utilize numerical codes
originally developed for solute transport, modified to incorporate particle-specific processes.
The computational requirements for these models increase substantially with dimension and

resolution, creating practical limitations for highly detailed simulations.
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2.4.2 DLVO and Filtration Theory Applications

Theoretical frameworks from colloid science, including DLVO theory and filtration theory,
have been adapted to inform microplastic transport modelling. DLVO theory calculates
interaction energies between particles and collector surfaces based on van der Waals
attraction and electrostatic repulsion, providing a theoretical basis for attachment probability
calculations (Tufenkji & Elimelech, 2005). Extended DLVO approaches incorporate
additional interactions including hydrophobic effects, steric interactions, and Lewis’s acid-
base forces, potentially improving predictive capability for complex microplastic-media

systems.

Colloid filtration theory (CFT) provides a mechanistic framework for predicting particle
deposition rates based on transport to collector surfaces and attachment efficiency (Molnar
et al., 2015). Transport mechanisms include interception, gravitational sedimentation, and
Brownian diffusion, with relative importance varying by particle size and flow conditions.
Attachment efficiency parameters derived from DLVO calculations or experimental

measurements connect theoretical interaction energies to observable retention behaviour.

Modified filtration approaches incorporating additional retention mechanisms have been
developed to address limitations in classical CFT for environmental particles (Bradford et
al., 2012). These modifications include straining terms, ripening and blocking functions, and
depth-dependent retention parameters. While promising, these approaches remain limited by
parameter estimation challenges and the complex, heterogeneous nature of environmental

microplastics (Bradford et al., 2013) .
2.4.3 Machine Learning and AI-Based Models

Emerging machine learning and artificial intelligence approaches represent novel modelling
strategies for microplastic transport prediction. These data-driven methods utilize
computational algorithms to identify patterns and relationships within existing datasets,
potentially capturing complex, non-linear behaviours difficult to represent in traditional
mechanistic models(Reichstein et al., 2019). Neural networks, support vector machines, and
random forest algorithms have demonstrated particular promise for environmental transport

applications.
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The primary advantage of machine learning approaches lies in their ability to incorporate
multiple influencing factors without requiring explicit mechanistic understanding. This
capability proves particularly valuable for microplastic transport, where numerous particle
properties, environmental conditions, and media characteristics simultaneously influence
behaviour. Additionally, these methods can potentially integrate diverse data sources

including laboratory experiments, field observations, and remote sensing information.

However, significant limitations constrain current machine learning applications for
microplastic transport. The relatively limited availability of comprehensive datasets for
model training represents a primary challenge, particularly given the wide parameter space
relevant to microplastic transport (Zhong et al., 2021). Model interpretability remains
problematic, with many approaches functioning as “black boxes” that provide predictions
without mechanistic insights. Despite these limitations, hybrid approaches combining
mechanistic understanding with data-driven methods show promise for future modelling

efforts.
2.4.4 Validation Strategies and Limitations

Model validation represents a critical challenge for microplastic transport simulations, with
strategies varying according to modelling scale and purpose. Laboratory-scale models
typically undergo validation against controlled column experiments, with breakthrough
curves and retention profiles providing quantitative comparison metrics (Xu et al., 2019).
This approach enables detailed parameter calibration but may not adequately represent field-

scale processes and heterogeneities.

Field-scale validation employs comparison between model predictions and observed
microplastic distributions in groundwater systems (Mai et al., 2019). This approach faces
substantial challenges including limited field data availability, spatial and temporal sampling
constraints, and analytical uncertainties in microplastic quantification. Innovative
approaches utilizing environmental tracers or analogue particles with similar transport
behaviours may provide alternative validation strategies where direct microplastic

measurements are limited.

Fundamental limitations constrain current modelling capabilities regardless of validation

approach. Parameter uncertainty represents a primary limitation, with many critical
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parameters including attachment efficiencies, straining coefficients, and detachment rates
difficult to measure or estimate for environmental systems . The heterogeneous nature of
both microplastic particles and groundwater systems creates additional complexity difficult

to capture in current modelling frameworks.
2.5 Research Gaps
2.5.1 Long-Term Fate and Persistence

The long-term fate and persistence of microplastics in groundwater systems remain poorly
understood, representing a critical knowledge gap. While laboratory studies provide insights
into short-term transport and retention behaviours, the multi-decade to century timescales
relevant to plastic persistence exceed current experimental timeframes (Gewert et al., 2015).
The potential for continued fragmentation of retained particles into smaller size fractions,
including nanoplastics, represents a particular concern given the enhanced mobility and

potential toxicity of smaller particles.

Aging processes affecting microplastics in groundwater environments, including
photodegradation, biodegradation, and chemical transformation, require substantial
additional investigation (Lambert & Wagner, 2016). The subsurface environment,
characterized by limited light exposure, reduced oxygen availability, and distinctive
microbial communities, likely creates degradation patterns distinct from surface
environments. The transformation of polymer additives and sorbed contaminants during
long-term residence in groundwater presents additional uncertainties with potential

implications for risk assessment and management.
2.5.2 Source Attribution and Pathway Quantification

The quantitative attribution of groundwater microplastic contamination to specific sources
and pathways represents a significant research need. Current understanding relies primarily
on qualitative assessments based on particle characteristics and proximity to potential
sources (Dris et al., 2018). Polymer type provides some indication of source, but the
ubiquitous nature of many plastic types of limits specificity. Particle shape and size offer
additional clues, with fibers typically associated with textile sources and fragments with
degraded plastic waste, though considerable overlap exists between source signatures

(Zhang et al., 2021).
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The development of more specific source tracking methodologies represents an important
research direction. Chemical tracers associated with specific plastic formulations or
applications could potentially provide enhanced source discrimination (Rochman et al.,
2019). The application of isotopic analysis techniques, successfully employed for other
contaminants, may offer additional source attribution capabilities, though methodological

development remains limited (Zhu et al., 2018).

Pathway quantification presents similar challenges, with limited understanding of the
relative contributions of different transport routes including surface infiltration, artificial
recharge, surface water-groundwater interaction, and direct subsurface releases (Mintenig et
al., 2019). The development of integrated monitoring networks spanning surface water, soil,
and groundwater compartments represents a potential approach for improved pathway

characterization.
2.5.3 Methodological Standardisation

The lack of standardized methodologies for sampling, processing, and analysing
microplastics in groundwater represents a fundamental limitation for research advancement
and regulatory development. Current studies employ diverse approaches, creating
substantial challenges for data comparison, meta-analysis, and comprehensive risk
assessment (Koelmans et al., 2020). Sampling protocols vary widely in terms of volume,
filtration approach, and quality assurance measures, potentially creating systematic biases

between studies (Stock et al., 2019).

Analytical methodologies demonstrate similar diversity, with variations in extraction
procedures, detection techniques, size limitations, and reporting metrics (Primpke et al.,
2020). The lack of certified reference materials specifically designed for groundwater
microplastic analysis further complicates method validation and inter-laboratory comparison
(Felsing et al., 2018). The development of standardized protocols through international
standardization bodies, scientific societies, and regulatory agencies represents an essential

step toward more cohesive and comparable research outcomes.
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2.5.4 Detection Technology Limitations

Current analytical technologies for microplastic identification and characterization face
significant limitations, particularly for smaller size fractions most relevant to groundwater
transport. Visual identification methods, including stereomicroscopy, become increasingly
unreliable below approximately 500 um, creating substantial uncertainty for smaller
particles (Hidalgo-Ruz et al., 2012). Spectroscopic methods including FTIR and Raman
provide polymer-specific identification but face resolution limitations, with conventional

micro-FTIR limited to particles larger than approximately 20 um (Képpler et al., 2016).

The analysis of environmentally relevant size fractions, particularly particles below 10 pum,
requires advanced methodologies including Raman microscopy and field-flow fractionation
coupled with spectroscopic detection (Mintenig et al., 2018). These approaches remain
specialized, time-intensive, and not widely available to most research groups, creating a
significant technological barrier (Primpke et al., 2019). The detection and characterization
of nanoplastics (< 1 um) in groundwater presents even greater challenges, with current

methodologies largely inadequate for environmental concentrations (Gigault et al., 2018).

Automated analysis systems represent an important technological development, potentially
increasing sample throughput while reducing operator bias (Primpke et al., 2017). Machine
learning approaches for spectral interpretation and particle classification show particular
promise but require substantial reference datasets for algorithm training (Wander et al.,
2020). The integration of multiple complementary analytical techniques represents a

promising strategy for addressing current detection limitations.
2.5.5 Transport Mechanism Uncertainties

Fundamental uncertainties persist regarding the mechanisms controlling microplastic
transport and retention in groundwater systems. While filtration theory provides a theoretical
framework for particle deposition, its application to irregularly shaped, polydisperse, and
chemically complex microplastics presents significant challenges. The relative importance
of various retention mechanisms including attachment, straining, and ripening varies with

particle and system properties in ways not fully captured by current models.

The influence of particle characteristics on transport behaviour requires additional

investigation, particularly for environmentally weathered microplastics with complex
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surface properties (Rummel et al., 2017). The distinctive transport behaviours of non-
spherical particles, particularly fibers with high aspect ratios, remain poorly understood
despite their environmental prevalence (Waldschliger & Schiittrumpf, 2019). Size-
dependent transport phenomena, especially for smaller microplastics approaching colloid
size ranges, represent an additional area of uncertainty with significant implications for risk

assessment.

Scaling relationships between laboratory observations and field-scale transport represent a
critical knowledge gap (Koelmans et al., 2018). The influence of aquifer heterogeneity,
preferential flow paths, and transient flow conditions on microplastic transport requires
substantial additional research to develop predictive understanding applicable to diverse

hydrogeological settings.
2.5.6 Climate Change Interactions

The potential interactions between climate change and microplastic transport in groundwater
systems remain largely unexplored despite their potential significance. Altered precipitation
patterns may modify recharge dynamics and associated microplastic transport, with
increased extreme precipitation events potentially enhancing particle mobilization and
infiltration (Allen et al., 2019). Conversely, drought conditions may concentrate
contaminants and modify groundwater chemistry in ways that influence particle stability and

transport.

Temperature increases may modify microplastic properties through enhanced degradation
rates, potentially accelerating fragmentation into smaller, more mobile particles (Romera-
Castillo et al., 2018). Altered groundwater chemistry resulting from climate-induced
changes in water-rock interactions, redox conditions, or saline intrusion may influence
particle surface properties and attachment behaviours (Galloway et al., 2017). Additionally,
climate adaptation measures including increased groundwater extraction, artificial recharge,

and land use changes may create secondary effects on microplastic transport and distribution.

Research integrating climate projections with microplastic transport models represents an
important future direction, potentially providing insights into long-term contamination

trajectories and identifying vulnerable aquifer systems. The development of monitoring
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networks specifically designed to detect climate-microplastic interactions would provide

essential observational data to complement modelling approaches.

The ecological and human health implications of microplastic contamination in groundwater

systems remain poorly characterized, creating substantial uncertainty for risk assessment and
2.5.7 Ecological and Human Health Impacts

management. Groundwater ecosystems, including diverse microbial communities and
specialized invertebrate fauna, may experience direct exposure to microplastic particles with
potential consequences for community structure and ecological function (Griebler &
Avramov, 2015). These potential impacts remain largely unexplored despite the ecological

significance of groundwater systems and their contribution to broader ecosystem services.

Human exposure through groundwater-sourced drinking water presents additional concerns,
particularly for smaller particles potentially capable of translocation within organisms
(Wright & Kelly, 2017). The contribution of groundwater-derived microplastics to total
human exposure remains unquantified, limiting comprehensive risk assessment (Koelmans
et al., 2019). Additionally, the potential for microplastics to serve as vectors for other
groundwater contaminants, including sorbed organic compounds and heavy metals,

represents an emerging concern requiring further investigation (Hartmann et al., 2019).

Research integrating groundwater occurrence data with ecotoxicological and human health
studies represents an essential step toward comprehensive risk characterization. The
development of biomonitoring approaches specific to groundwater-derived microplastics
would provide valuable exposure data to complement occurrence studies and toxicological

assessments.
2.5.8 Remediation and Monitoring Challenges

The remediation of microplastic-contaminated groundwater presents substantial
technological and practical challenges that remain largely unaddressed in current research.
Conventional groundwater remediation approaches including pump-and-treat systems may
prove ineffective for microplastic removal due to particle characteristics and subsurface
distribution patterns (Rochman et al., 2015). Innovative treatment technologies specifically

designed for microplastic removal require development and field validation, potentially
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adapting approaches from water treatment including advanced filtration, adsorption, and

biodegradation (Enfrin et al., 2019).

Preventive management approaches represent an important complementary strategy,
focusing on source control and pathway interruption to limit future contamination (Prata et
al., 2019). The development of improved plastic waste management systems, biodegradable
polymer alternatives, and enhanced wastewater treatment technologies capable of
microplastic removal all contribute to preventive management (Geyer et al., 2017).
However, the long-term persistence of existing contamination necessitates remediation

approaches for heavily impacted systems.

Monitoring program development for groundwater microplastics faces similar challenges,
with questions regarding optimal spatial and temporal sampling strategies, analytical
methods, and reporting metrics (Stock et al., 2020). The integration of microplastic
monitoring with existing groundwater quality networks represents a practical approach,
though methodological differences may necessitate specialized sampling and analysis
protocols (Koelmans et al., 2019). The development of screening-level monitoring tools
capable of rapid, field-based assessment would substantially enhance monitoring

capabilities, though such technologies remain in early development stages.
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Chapter 3 —Microplastic Fieldwork Sampling and Analysis
3.1 Study Area Description

3.1.1 Geographical and Climatic Context

Chennai, the capital of Tamil Nadu, is located on the southeastern coast of India at 13.04°N and
80.17°E, in the northeastern part of the state. The study area covers the metropolitan region between
12.97714°N and 13.14286°N latitude and 80.23132°E and 80.29166°E longitude, corresponding to
the spatial distribution of the groundwater sampling locations. The city is situated on the Eastern
Coastal Plains and is characterized by a gentle topographic gradient with an average elevation of
about 6 m above mean sea level, locally increasing to around 60 m in the western sectors, which
together with the coastal setting exerts a strong control on groundwater flow and contaminant

migration pathways .

The climate is classified as tropical wet and dry (Aw) under the K&ppen system, with distinct wet
and dry seasons and relatively modest annual temperature variability. Mean annual temperatures
typically range from approximately 24.3 °C to 32.9 °C, although more extreme values have been
recorded during exceptional events, and relative humidity commonly lies between about 65% and
84%.These persistently warm and humid conditions, combined with strong solar radiation, can
favour physical and chemical weathering of plastic debris, which may in turn contribute to the

generation of microplastics in the urban environment.

The hydrological regime is strongly seasonal and dominated by the northeast monsoon, which
usually occurs from October to December and supplies most of the annual rainfall . Average annual
precipitation is on the order of 1,200 mm, but pronounced interannual variability has been
documented, including years with substantially higher totals, reflecting the influence of cyclonic
systems in the Bay of Bengal . Rainfall is often delivered in short, high-intensity events that generate
episodic runoff capable of mobilising accumulated surface debris, including plastics, into the
drainage network, whereas the contribution from the southwest monsoon is generally limited and
summer rainfall is typically negligible . Extended dry periods between monsoon seasons allow plastic
items to undergo photodegradation and mechanical weathering on exposed surfaces, which may

influence the timing and characteristics of microplastic release during subsequent storm events .

3.1.2 Geological and Geomorphological Features

The geological framework of Chennai comprises a suite of sedimentary formations dominated by
clay, shale and sandstone, underlain locally by crystalline basement rocks, resulting in a

heterogeneous subsurface that influences groundwater flow patterns and contaminant transport. On
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the basis of lithology and hydrogeological behaviour, three main zones are commonly distinguished:
sandy areas, clayey regions and hard-rock terrains . This heterogeneity creates spatially variable
pathways and storage domains for water and contaminants, including microplastics, within the

subsurface.

Sandy zones are mainly distributed along riverbanks and the coastal fringe, including
neighbourhoods such as Tiruvanmiyur, Adyar, Kottivakkam, Santhome, George Town and
Tondiarpet. These areas are characterised by relatively high infiltration rates, so that rainfall and
runoff can percolate rapidly through the permeable matrix, favouring vertical migration of dissolved
and particulate contaminants from the surface into shallow groundwater. Experimental work
indicates that microplastic particles, particularly in the fine size range (e.g., <300 pm), can migrate
through sandy sediments with relatively high hydraulic conductivities, with transport influenced by
preferential flow paths and macroporosity (Weber et al., 2021). Consequently, sandy sectors adjacent
to rivers and the coast may act as relatively vulnerable zones for microplastic transfer from surface

sources to groundwater.

Clayey regions are widespread across the metropolitan area, including areas such as T. Nagar, West
Mambalam, Anna Nagar, Perambur and Virugambakkam. These settings generally exhibit lower
vertical permeability but higher water-retention capacity, favouring the accumulation of water and
contaminants in the vadose zone and promoting lateral flow along preferential pathways during
intense rainfall events . Laboratory studies suggest that clay minerals can interact with microplastic
particles via electrostatic attraction and surface adsorption, which may retard vertical transport and
create temporary near-surface reservoirs of microplastics that can be remobilised during high-
magnitude recharge episodes (Wan et al., 2019). Such delayed-release behaviour could contribute to

pulses of microplastic transport during extreme rainfall.

Hard-rock terrains occur locally in areas such as Guindy, Velachery, Adambakkam and parts of
Saidapet, where crystalline basement rocks outcrop or are present at shallow depth. In these domains,
groundwater occurrence and movement are governed primarily by secondary porosity features,
including fractures, joints and weathered zones, resulting in anisotropic and heterogeneous flow
conditions . Research on microplastic transport in fractured media remains limited, but conceptual
models suggest that elongated particles such as fibres may experience either relatively efficient
advection along connected fractures or physical retention at constrictions, depending on the

relationship between particle size, shape and fracture aperture .

The geomorphological evolution of the Chennai region reflects the combined influence of fluvial,

marine and tectonic processes, producing a landscape that includes coastal plains, beach ridges,
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fluvial terraces and other marine-influenced landforms . Neo-tectonic activity and phases of marine
transgression and regression have shaped the present-day topography and sediment distribution,
while the overall gentle eastward slope of the coastal plain directs both surface drainage and
groundwater flow towards the Bay of Bengal. This large-scale gradient provides a general pathway
for land-derived contaminants, including microplastics, to move from inland recharge areas towards

coastal discharge zones via surface and subsurface routes.

3.1.3 Hydroclimatic Conditions and Drainage Systems

The hydroclimatic regime of Chennai is marked by strong seasonality, with the northeast monsoon
(October—December) typically contributing around 60—-80% of the annual rainfall through intense
storm events. These concentrated rainfall periods generate episodic high-magnitude runoff that can
mobilise debris accumulated on urban surfaces and transport it into the drainage network, whereas
intervening dry intervals favour accumulation and weathering of materials at the surface (Li et al.,
2020). During major storm events, surface runoff may locally infiltrate in more permeable zones,
representing a potential pathway for microplastic transfer from surface water to shallow groundwater

systems, especially where soil cover is thin or highly permeable (He et al., 2020).

The city’s drainage system is structured around two principal rivers, the Adyar and the Coovum,
which traverse the metropolitan area before discharging into the Bay of Bengal. The Adyar River
originates near the Chembarambakkam tank and flows eastwards for roughly 42 km through a
catchment of about 800 km? before entering the sea ( Veerasingam et al., 2016). Its flow is sustained
by a combination of monsoon runoff, baseflow and urban discharges, and in its lower reaches tidal
influence can extend several kilometres inland, creating an estuarine zone where salinity gradients
and hydrodynamic mixing affect the behaviour, aggregation and settling of particulate contaminants,

including microplastics (Veerasingam et al., 2016).

The Coovum River flows through the central urban corridor and is heavily impacted by wastewater
and urban runoff inputs, with severely degraded water quality and a predominantly intermittent flow
regime, particularly outside the monsoon period. Under low-flow conditions, contaminants,
including plastic particles, can accumulate in channel sediments and banks, and may be remobilised
during subsequent high-flow events associated with monsoon storms, producing pulses of

downstream transport that can coincide with periods of enhanced recharge and bank infiltration.

Additional drainage elements such as the Otteri Nulla and the Buckingham Canal contribute to the
overall connectivity of the urban hydrological network. The Buckingham Canal, an artificial

waterway running parallel to the coast, now functions largely as a conduit for wastewater, while the
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extensive beach system along the Chennai coast, including Marina Beach, forms an important
interface between terrestrial and marine zones where microplastics from riverine, urban and marine
sources can accumulate (Dowarah & Devipriya, 2019). Together, these surface water bodies and
coastal features create multiple pathways and temporary storage zones for microplastics within the

urban environment.

3.1.4 Implications for Groundwater Vulnerability and Microplastic Transport

The combination of geological, geomorphological and hydroclimatic characteristics in Chennai gives
rise to spatially variable groundwater vulnerability to microplastic contamination. Areas with highly
permeable sandy deposits and shallow water tables, particularly along river corridors and in coastal
fringe zones, are likely to be more susceptible to downward migration of microplastics from surface
sources, whereas clay-rich and hard-rock areas may exhibit more complex patterns of storage and
delayed release (Panno et al., 2019; Weber et al., 2021). Sandy riverbank and coastal sectors may
therefore act as key zones of concern for vertical infiltration, with relatively limited filtration

potential for small particles.

Seasonal monsoon dynamics introduce an important temporal component, as intense rainfall
episodes can mobilise plastic debris from urban surfaces and channelise it into drains and rivers,
from which it may infiltrate into adjacent aquifers, particularly in hydraulically connected alluvial
zones (He et al., 2020; Frei et al., 2019). In the present study, this seasonal influence is reflected in
the observed increase in total microplastic counts in groundwater samples from 249 particles in the
pre-monsoon campaign to 387 particles in the post-monsoon campaign across the sampled wells,
corresponding to an approximate increase of 55.4%. These values indicate modest but detectable
changes in groundwater microplastic abundance following monsoon conditions, consistent with the

role of storm-driven mobilisation and recharge processes.

Rivers and associated alluvial aquifers can function as important pathways for microplastic transport
and exchange between surface water and groundwater, particularly where bank infiltration and
induced recharge occur. Studies in other urban settings have reported elevated microplastic
concentrations in groundwater wells hydraulically connected to contaminated surface waters,
highlighting the potential for river corridors to act as conduits for subsurface contamination (Frei et
al., 2019; Panno et al., 2019). In Chennai, sandy alluvial stretches along the Adyar and Coovum

rivers may therefore represent critical zones for surface—groundwater microplastic linkages.

Tidal influence in the lower reaches of the Adyar and Coovum adds further complexity, as oscillating

water levels and changing salinity can modify the aggregation and settling behaviour of microplastics

Roma Tre University 44



in the estuarine zone, potentially creating localised depositional areas (Li et al., 2018; Veerasingam
et al., 2016). These estuarine processes may in turn influence the concentration and characteristics
of microplastics available for infiltration into nearby coastal aquifers. Superimposed on these natural
controls, urbanisation modifies surface permeability, drainage patterns and contaminant loading
through the expansion of impervious surfaces, altered runoff pathways and leakage from water
supply and sewerage infrastructure (Rochman, 2018). The resulting interaction of natural and
anthropogenic factors produces a spatially heterogeneous pattern of groundwater vulnerability to
microplastic contamination, with implications for the sustainable management of urban groundwater

resources in this rapidly developing coastal megacity.
3.2 Methodological Framework

This study applied a structured methodological framework to characterise microplastic
contamination in urban groundwater and related surface water systems using combined spatial,
temporal and analytical approaches (Koelmans et al., 2019; Stock et al., 2019). The framework
included clearly defined procedures for sampling, analysis and quality control to obtain reproducible

and comparable data on microplastics in the Chennai metropolitan area.

The approach was organised into three main phases. The first phase focused on spatial
characterisation through sampling across contrasting hydrogeological settings to examine how
geology, hydrological connectivity and land use relate to microplastic occurrence (Panno et al.,
2019). The second phase evaluated temporal variability using pre- and post-monsoon campaigns to
assess how seasonal hydrology influences microplastic mobilisation and redistribution (He et al.,
2020). The third phase comprised laboratory analysis using microscopy and Fourier-transform
infrared (FTIR) spectroscopy to identify microplastics, determine polymer types and describe

particle morphology in support of environmental interpretation (Primpke et al., 2018).

Roma Tre University 45



Step1 Step 2

SITE SELECTION Groundwater sampling Sar;z!e pr_eparation
(25 locations) and digestion
~
. & . § Digestion with
India Chennal Study Area & d C/&&_, A f 30% H,0,
SAMPLE COLLECTION o ‘
(Pre/Post-monson) prases S

ZnCl, NaCl,
Nal, CACL,

MPs on filter

¢ Analysis of
\ Microplastics in |
Groundwater &'

DRYING

(24 hours ambient) Step 4

Polymer
identification

Step 3
Visualisation

1

0
$

MICROSCOPIC ANALYSIS

{Visual identfication)

FTIR SPECTROSCOPY
(Polymer confrmation)
|

DATA ANALYSIS
(Statitical analysis)

Color and shape

Figure 3.1: Methodological Framework for Microplastic Analysis in Groundwater Systems
Flowchart illustrating the sequential analytical workflow: "Groundwater sampling — Sample
preparation and digestion — Visualisation — Polymer Identification — Analysis of Microplastics in

Groundwater"

Environmental characterisation combined geological zonation into sandy, clayey and hard-rock
areas, mapping of surface water—groundwater interactions, and documentation of urban settings and
infrastructure that may influence plastic inputs (Weber et al., 2021). Sampling protocols followed
established guidelines for avoiding contamination and maintaining sample integrity and were applied

consistently in both seasonal campaigns (Hermsen et al., 2018).

Microplastic analysis involved visual inspection under a microscope using predefined morphological
criteria, followed by FTIR spectroscopy for chemical confirmation of a subset of particles to reduce
the risk of misidentifying non-plastic material (Jung et al., 2018; Képpler et al., 2016). Data analysis
included basic spatial and temporal comparisons and exploration of relationships with environmental
variables using standard statistical methods such as paired comparisons and correlation analysis

(Veerasingam et al., 2016).

Quality assurance and quality control measures were implemented throughout, including procedural
blanks, documentation of potential contamination sources, and recovery tests using reference
microplastics to evaluate method performance (Brander et al., 2020; Mintenig et al., 2019). These
measures were intended to support the reliability of the dataset and allow comparison with other

microplastic studies and emerging international guidance (Hartmann et al., 2019)
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3.3 Field Sampling Protocols
3.3.1 Sampling Campaign Design and Objectives

The field sampling programme was designed to examine spatial and seasonal patterns of microplastic
contamination in groundwater and associated surface water in Chennai. A two-stage approach was
used, consisting of an initial reconnaissance survey and a subsequent seasonal comparison

(Koelmans et al., 2019).

The preliminary survey established baseline conditions and tested field protocols, including sample
volumes and handling procedures, while providing an overview of spatial heterogeneity in
microplastic occurrence (Stock et al., 2019). This phase included 25 groundwater sampling locations
(open dug wells and handpump-equipped bore wells) distributed across the study area between

12.97714°N and 13.14286°N latitude and 80.23132°F and 80.29166°E longitude.

The main seasonal study comprised two campaigns: a pre-monsoon survey in August 2024 and a
post-monsoon survey in February 2025, selected to represent typical dry-season and
post-northeast-monsoon conditions (Santana et al., 2020). Using the same set of sampling locations
in both periods allowed direct comparison of microplastic abundances and characteristics under
contrasting hydrological conditions. The specific objectives were to describe spatial patterns across
different hydrogeological settings, evaluate pre- to post-monsoon changes, and explore relationships

between microplastic occurrence and selected environmental parameters.
3.3.2 Site Selection and Sample Types

Sampling sites were selected to cover a range of hydrogeological conditions and urban settings within
the Chennai metropolitan area. The network extended across the same coordinate range as the overall
study area and included both densely built-up zones and more peripheral areas with differing levels

of human activity .

Site selection considered four main aspects: (1) geology, with wells placed in sandy, clayey and
hard-rock zones; (2) hydrological connectivity, including locations along likely flow paths and near
major drainage features; (3) land use, covering residential, commercial, industrial and recreational

areas; and (4) practical accessibility for repeated sampling (Wang et al., 2018).

Groundwater sampling included open dug wells, representing shallow unconfined aquifers, and
handpump-equipped bore wells, representing deeper confined or semi-confined aquifers, to assess

possible depth-related differences in microplastic occurrence (Mintenig et al., 2019). Several sites
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were located close to the Adyar and Coovum river corridors to provide information on potential

surface water—groundwater linkages.
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Figure 3.2: Location map of Chennai metropolitan area showing the 25 microplastic sampling sites distributed across
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ranging from 12.97714°N to 13.14286°N latitude and 80.23132°E to 80.29166°E longitude.
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3.3.3 Sample Collection Procedures and Volumes

Sampling procedures were designed to obtain representative water samples while minimising
contamination. All containers and equipment were cleaned before use, and borosilicate glass bottles
were used for sample collection to avoid plastic artefacts, with amber glass used when light protection
was required (Koelmans et al., 2019). Bottles were rinsed with filtered deionised water and then with

sample water immediately prior to filling (Stock et al., 2019).

For groundwater, typical sample volumes were 1-2 L per site, selected as a compromise between
achieving sufficient particle counts and maintaining feasible filtration and processing times (Prata et
al., 2019). Larger volumes were collected from deeper wells where lower particle concentrations
were expected, and smaller volumes from shallow wells where higher concentrations were

anticipated.

Open dug wells were sampled after purging a small volume to reduce the influence of stagnant water.
Samples were taken from the mid-water column using a stainless-steel sampler to avoid both surface
films and bottom sediment disturbance (Liu et al., 2019). For handpump wells, water was pumped
for a short period before sampling, and water was collected directly into glass bottles while avoiding
contact with plastic components as far as practicable. Each sample received a unique alphanumeric
identifier including site code, date and season (pre- or post-monsoon), and field sheets recorded basic

site conditions and nearby potential sources.
3.3.4 Sample Preservation Protocols and Holding Time Management

After collection, samples were handled using a standardised preservation protocol to limit biological
and chemical changes before laboratory processing. Samples were stored in coolers at approximately

4 + 2 °C during transport and then kept refrigerated in the laboratory until analysis.

For most samples, analysis was completed within 72 hours to reduce the risk of biofilm formation or
matrix alteration. When longer storage was necessary, analytical-grade sodium azide (NaNs) was
added at 0.1% (1 mL per litre of sample) as a biocide, using glass pipettes to avoid introducing
additional plastic material. Preserved samples were stored refrigerated and analysed within 30 days,

in accordance with internal validation tests using spiked microplastic samples.

Before processing, sample containers were inspected for signs of leakage or damage, and any

compromised samples were excluded from subsequent analysis and documented accordingly.
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3.4 Laboratory Analysis of Microplastics
3.4.1 Sample Preparation and Contamination Control

Laboratory procedures were designed to minimise secondary contamination and support reliable
identification of microplastics, in line with published quality-control recommendations (Wesch et
al., 2017; Hermsen et al., 2018). Contact with plastic materials was avoided as far as practicable, and

potential contamination sources were monitored using procedural blanks.

Personnel wore cotton laboratory coats and nitrile gloves during all sample handling, and gloves
were changed regularly to limit cross-contamination from fibres or skin contact (Woodall et al., 2015;
Hermsen et al., 2018). Sample processing took place in a designated clean area; work surfaces and
equipment were routinely cleaned and covered when not in use, and sample containers were kept

closed except during active handling (Dehaut et al., 2019).

Glass and metal equipment were preferred over plastic wherever possible. Glassware was washed
and rinsed with filtered water before use, and any unavoidable plastic components (e.g. instrument
internals) were noted and checked via blank samples (Lusher et al., 2017). Transfers between
containers were carried out with glass pipettes or stainless-steel tools, and the number of handling

steps was kept to a minimum to reduce contamination risk.
3.4.2 Filtration and Drying Procedures

Water samples were filtered to concentrate particulate material prior to microscopic examination.
Filtration was performed using glass vacuum filtration units and cellulose-based filters with pore
sizes in the low-micrometre range, selected as a compromise between retaining small particles and
maintaining manageable filtration times (Mintenig et al., 2019; Prata et al., 2019). For more turbid

samples, a coarser pre-filter was used before final filtration through finer filters to reduce clogging.

After filtration, filters were transferred to covered glass petri dishes using metal forceps and allowed
to dry at room temperature in a protected area to avoid thermal alteration of plastics and to limit
airborne contamination (Horton et al., 2017; Prata et al., 2019). Dried filters remained sealed until

microscopic analysis.
3.4.3 Microscopic Identification and Morphological Classification

Dried filters were examined under a stereomicroscope at suitable magnifications to locate and count
suspected microplastic particles (Hidalgo-Ruz et al., 2012). The entire filter area was scanned

systematically, and suspected particles were evaluated using common diagnostic criteria, including
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absence of obvious biological structures, uniformity of colour and thickness, and characteristic

shapes such as fibres, fragments and films.

Particles were classified by shape (e.g. fibre, fragment, film, bead), colour and size class using
calibrated measurement tools, and care was taken to distinguish synthetic fibres from natural fibres
based on morphology (Browne et al., 2011). A subset of visually identified particles was retained for

spectroscopic confirmation.
3.4.4 FTIR Spectroscopy and Polymer Characterization

Fourier transform infrared (FTIR) spectroscopy was used to confirm polymer identity for selected
particles and to characterise the dominant polymer types present in the samples (Primpke et al., 2018;
Kaéppler et al., 2018). Analyses were performed in attenuated total reflectance (ATR) mode over the

mid-infrared range, and measured spectra were compared with reference libraries to assign polymer

types.

The spectroscopic results indicated a mixture of common polymers, including nylon, polyethylene,
polypropylene, polystyrene and others typically associated with textiles, packaging and general urban
plastic use (Karthik et al., 2018). Some particles showed spectral features consistent with
environmental weathering, such as changes in band intensities or the appearance of additional bands

associated with oxidation, which may reflect longer residence or exposure in the environment.
3.5 Quality Assurance and Quality Control (QA/QC)
3.5.1 Contamination Prevention and Clean Lab Practices

Quality assurance and quality control were integrated throughout the sampling and analytical
workflow to reduce contamination and support reliable microplastic counts (Koelmans et al., 2019;
Hermsen et al., 2018). In addition to the contamination-control measures described in Section 3.4,
further steps included regular cleaning of work areas, use of filtered reagents and rinsing water, and

restricting sample handling to designated spaces.

Field blanks, procedural blanks and laboratory blanks were processed alongside environmental
samples to quantify contamination introduced during sampling, transport and laboratory analysis
(Hermsen et al., 2018; Hartmann et al., 2019). Blank filters were examined under the same conditions
as samples, and contamination levels were generally low, dominated by a small number of fibres
consistent with airborne input. Average blank counts were subtracted from sample counts to obtain
blank-corrected values, and blank data were used to support estimates of detection and quantification
limits (Brander et al., 2020; Koelmans et al., 2019).
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3.5.2 Equipment Calibration and Sample Handling Consistency

Instrument performance and sample handling were standardised to minimise analytical variability.
Microscope magnification and measurement scales were checked periodically with stage
micrometres, and basic illumination conditions were kept constant to support consistent visual

assessment (Primpke et al., 2017).

The FTIR spectrometer was routinely verified using polymer reference standards to check
wavenumber accuracy and spectral quality; background spectra were recorded regularly, and the
ATR crystal was cleaned between samples to avoid carry-over (Loder & Gerdts, 2015). All analytical
steps followed written standard operating procedures, and analysts were trained on reference and test

samples before processing environmental samples (Stock et al., 2019; Hermsen et al., 2018).
3.5.3 Validation of Visual and Spectroscopic Techniques

Visual identification procedures were checked by having more than one analyst classify a subset of
filters and then harmonising criteria where discrepancies occurred (Hidalgo-Ruz et al., 2012).
Agreement between analysts improved after training and use of internal visual guides, helping to

reduce subjectivity in microscopic classification (Lusher et al., 2017).

A proportion of particles classified as microplastics by microscopy was analysed by FTIR to verify
polymer identity and evaluate the accuracy of visual classification (Képpler et al., 2018; Primpke et
al., 2018). Additional spike-recovery tests, using known quantities of reference microplastics added
to selected matrices, were used to assess overall method performance and to identify any

size-dependent losses (Mintenig et al., 2019).
3.5.4 Alignment with International Standards and Best Practices

The QA/QC procedures and reporting followed recommendations from recent reviews and
international guidance documents on microplastic sampling and analysis, including the use of blanks,
validation tests and transparent reporting of detection limits and recovery (Hartmann et al., 2019;
Koelmans et al., 2019). Terminology, size classes and basic reporting formats were kept compatible
with guidance from GESAMP and related monitoring protocols to facilitate comparison with other

studies and datasets .
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3.6 Field Investigation Results and Microplastic Contamination Patterns
3.6.1 Spatial Distribution of Microplastics in Groundwater

Microplastic contamination was detected across all 25 sampling locations, with concentrations
varying from location to location. The August 2024 pre-monsoon survey yielded 249 total
microplastic particles, while the February 2025 post-monsoon campaign recovered 387 particles,
representing an overall 55.4% increase across the study area. Individual sample counts ranged from
5 to 19 particles in pre-monsoon conditions and 8 to 26 particles post-monsoon, reflecting spatial
variability related to geology, distance to surface water bodies and proximity to urban sources (He et

al., 2020; Li et al., 2020).

Pre-monsoon sampling showed clusters of higher concentrations near the Adyar and Coovum river
corridors. Samples positioned along or near the Adyar River (samples 3 and 4, at 13.12552°N,
80.26658°E and 13.13504°N, 80.27032°E respectively) contained 14 particles each; sample 8 near
the river mouth held 15 particles, representing the highest pre-monsoon count. Post-monsoon counts
at these sites increased to 18, 19 and 22 particles respectively. Similarly, sample 19 (13.02911°N,
80.26736°E) near the Coovum River showed an increase from 14 to 17 particles. This pattern
suggests that riverine zones function as important areas of microplastic concentration, possibly
through hydrological focusing and surface water—groundwater exchange (Frei et al., 2019; He et al.,

2020).

Groundwater samples from sandy geological zones yielded higher counts (averaging 11.2 particles
pre-monsoon, 15.5 particles post-monsoon) compared to clayey zones (averaging 8.7 and 11.8
particles respectively). Hard-rock areas generally showed the lowest abundances (averaging 6.3 and
9.1 particles). This pattern aligns with the enhanced permeability of sandy sediments, which may
favour infiltration of microplastics from surface sources (Weber et al., 2021; Wang et al., 2020).
Samples within 500 m of major drainage features averaged approximately 32% higher counts than
distant locations, consistent with the potential for surface water—groundwater linkages through bank

infiltration in alluvial settings (Frei et al., 2019).
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Figure 3.3: Spatial distribution of microplastic concentrations in groundwater samples during pre-monsoon period (August
2024) showing particle counts ranging from 5-19 per sample and during post-monsoon period (February 2025) showing

particle counts ranging from 8-26 per sample with enhanced contamination in riverine corridors across the Chennai study.

3.6.2 Seasonal Variation and Temporal Trends

The increase from 249 particles (pre-monsoon, August 2024) to 387 particles (post-monsoon,
February 2025) represents a 55.4% overall increase in total microplastic abundance across the 25
sampling locations, or an average rise from 9.96 to 15.48 particles per location. This increase was
not uniform: riverine and floodplain-adjacent samples showed larger proportional increases, with
samples 3, 4 and 19 near the Adyar and Coovum rivers increasing by 28-36%, consistent with
enhanced mobilisation during monsoon-driven flow events (He et al., 2020; Veerasingam et al.,

2016).

Morphological changes between campaigns reflected the seasonal hydrological shift. Fibre counts
increased from 153 (pre-monsoon) to 225 (post-monsoon), a 47.1% increase, while fragment counts
rose from 96 to 162, a 68.7% increase. The more pronounced increase in fragments may reflect
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enhanced mechanical fragmentation during high-flow conditions, or preferential mobilisation of
fragments over fibres from channel or floodplain deposits during flooding (Hurley et al., 2018;

Waldschlager & Schiittrumpf, 2019).

Colour distribution changed substantially between sampling campaigns, with transparent/translucent
particles accounting for 79.1% of pre-monsoon counts (197 of 249) but only 27.9% of post-monsoon
counts (108 of 387). This shift from predominantly transparent to predominantly coloured particles
suggests that the monsoon-driven increase included significant fresh inputs of pigmented materials,
potentially from recently discarded or surface-accumulated plastic debris mobilised during high-flow

conditions, rather than solely reflecting remobilisation of older, weathered deposits.
3.6.3 Morphological Types and Polymer Composition

Fibres dominated the microplastic assemblage at both time points, comprising 61.4% (153 of 249)
pre-monsoon and 58.1% (225 of 387) post-monsoon. This fibre prevalence is consistent with textile
sources, particularly synthetic clothing released through laundry effluent entering the urban water
cycle (Browne et al., 2011). The slightly lower fibre proportion post-monsoon likely reflects the

higher increase in fragment abundance during flood conditions.

e N ,‘ N
Occurrence of Microplastics Fragments and Occurrence of Microplastic Fragments and
Fibres (Pre Monsoon ) Fibres (Post Monsoon)

96 . O Fibers 162 ‘ OFibres
W Fragments B Fragments

L J - /

Figure 3.4: Morphological Classification of Microplastics in Chennai Groundwater Paired pie charts
comparing the occurrence of microplastic fragments and fibres between pre-monsoon (153 fibers, 96

fragments) and post-monsoon (225 fibers, 162 fragments) sampling periods.
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Fragments comprised 38.6% (96 of 249) pre-monsoon and 41.9% (162 of 387) post-monsoon. These
irregular particles typically result from breakdown of larger plastic items through weathering and
mechanical processes in the urban environment (Song et al., 2017). The larger post-monsoon increase

in fragments is consistent with enhanced fragmentation during high-flow conditions.

4 N
Microplastics in Chennai’s Groundwater:
Fibres vs. Fragments

5 Fibers 153 225

)

.g 0O August 2024 (Pre Monsoon)

2

)

S Fragments 96 162 # February 2025 (Post

Monsoon)
0 100 200 300 400
Microplastics count

o %

Figure 3.5: Seasonal Variation in Microplastic Abundance and Morphology Bar chart titled
"Microplastics in Chennai's Groundwater: Fibres vs. Fragments" comparing counts between August

2024 (Pre Monsoon) and February 2025 (Post Monsoon).

Colour analysis revealed a pronounced shift in particle characteristics between campaigns:
transparent/translucent particles decreased from 79.1% (197 of 249) pre-monsoon to 27.9% (108 of
387) post-monsoon, while coloured particles (primarily blue, black and red) increased from 20.9%
(52 0f 249) to 72.1% (279 of 387). This substantial change in colour profile suggests that the post-
monsoon increase included a large proportion of recently introduced pigmented materials, likely
mobilised from urban surfaces during monsoon flooding, rather than predominantly weathered

deposits that would be expected to show pigment loss and transparency .
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Figure 3.6: Optical Characteristics of Microplastics in Chennai Groundwater Paired pie charts showing the occurrence

of transparent and coloured microplastics during pre-monsoon (197 transparent, 52 coloured) and post-monsoon (108

transparent, 279 coloured) periods.

Size distribution showed that 68% of all microplastics fell within the 0.1-1.0 mm range, consistent

with the cumulative effect of fragmentation in the environment (Eerkes-Medrano et al., 2015).

FTIR spectroscopy identified a mixed polymer assemblage, indicating that the groundwater

microplastics consisted mainly of common consumer and industrial polymers, with similar patterns

in both seasons (Primpke et al., 2018; Kéappler et al., 2018). Polyvinyl chloride (PVC), high-density

polyethylene (HDPE),

polystyrene and acrylonitrile butadiene styrene (ABS) were all detected.
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Figure 3.7 : FTIR absorbance spectra (converted from transmittance using Absorbance = 2 - log(%T)) for

selected microplastic particles showing diagnostic wavenumber regions and polymer identification criteria.

Expressed as proportions of the FTIR-identified particles, PVC increased from 22% pre-monsoon to
25% post-monsoon, HDPE remained relatively stable at 18—-19%, LDPE decreased slightly from
17% to 15%, PP from 14% to 12%, polyurethane increased marginally from 9% to 10%, polystyrene
remained at 7%, and ABS increased from 5% to 6%. A small proportion of particles (8% pre-
monsoon, 6% post-monsoon) could not be confidently assigned to a specific polymer type due to
spectral ambiguity or advanced weathering. The dominance of PVC, polyethylene and polypropylene
aligns with their widespread use in packaging, piping and other urban applications, while the
presence of polyurethane, polystyrene and ABS indicates contributions from foams, rigid plastics
and composite products common in densely populated urban settings (Karthik et al., 2018; Eerkes-

Medrano et al., 2015)

Table 3.1. Relative proportions of dominant microplastic polymers in groundwater samples

during pre-monsoon and post-monsoon campaigns

Polymer Pre-monsoon Post-monsoon
(o) (Y0)

Polyvinyl chloride (PVC) 22 25

High-density polyethylene | 18 19

(HDPE)

Low-density  polyethylene | 17 15

(LDPE)

Polypropylene (PP) 14 12

Polyurethane(PU) 9 10

Polystyrene(PS) 7 7

Acrylonitrile butadiene | 5 6

styrene (ABS)

Others 8 6
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The morphological distinction between fibres and fragments likely reflects different source
pathways: fibres are commonly associated with synthetic textile release through laundry effluent,
while fragments typically derive from the mechanical breakdown of diverse plastic products in the

urban environment (Browne et al., 2011; Eerkes-Medrano et al., 2015).
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Figure 3.8. Schematic illustration of major urban sources, pathways and polymer types contributing

to microplastic contamination of groundwater.
3.6.4 Hydrogeological Influences and Source Attribution

Samples with shallow water tables (<5 m below ground surface) averaged approximately 25% higher
microplastic counts than those with deeper tables (>10 m), suggesting enhanced vertical infiltration
in settings with direct surface—groundwater proximity (Weber et al., 2021). Fibre abundance showed
stronger correlation with geological type (r = 0.68, p < 0.01) than fragments (r = 0.42, p < 0.05),
potentially reflecting the elongated geometry of fibres and their preferential transport through pore
networks (Wang et al., 2020).

Distance to major drainage features showed a significant inverse correlation with microplastic
abundance (r = —0.73, p < 0.01), with locations within 500 m of the Adyar or Coovum rivers
averaging approximately 32% higher counts than distant locations (Frei et al., 2019). This
relationship was most pronounced in sandy areas with shallow water tables, where hydraulic

connectivity between surface water and groundwater is likely to be enhanced (He et al., 2020).

The microplastic assemblage provides evidence for multiple urban sources. The prevalence of

synthetic fibres suggests significant input from synthetic textiles through laundry wastewater
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entering sewage systems (Browne et al., 2011). The presence of polyurethane particles points to
contributions from tire and shoe wear from urban transportation and pedestrian traffic (Kole et al.,
2017). The diverse polyethylene and polypropylene components reflect improper disposal and

fragmentation of packaging and consumer waste (Jambeck et al., 2015).

The marked shift toward coloured particles in post-monsoon samples provides additional evidence
for storm-driven mobilisation of recently deposited plastic debris from urban surfaces, where
pigmented packaging and consumer products accumulate during dry periods and are subsequently

flushed into the drainage network during intense rainfall events.

The spatial and temporal patterns indicate that microplastic transport within the urban system
operates through multiple pathways. Vertical infiltration through permeable sediments appears
significant in sandy zones with shallow water tables, creating direct linkages between surface sources
and groundwater. Lateral transport through urban infrastructure (drains, trenches, foundations) may
also facilitate subsurface movement, while river corridors function as conduits connecting upstream
and downstream zones and mediating surface water—groundwater exchange through bank

infiltration, particularly during high-flow monsoon conditions (He et al., 2020; Frei et al., 2019).
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Gallery 3.1: Visual Documentation of Microplastic Particles Isolated from Urban

Groundwater Samples
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Gallery 3.2: Visual Documentation of Microplastic Particles Isolated from Groundwater

Samples.
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CHAPTER 4-Laboratory Experiments on Microplastic
Transport in Porous Media

4.1 Introduction

The comprehensive field investigations detailed in Chapter 3 revealed widespread
microplastic contamination across Chennai’s groundwater systems, with concentrations
ranging from 4 to 19 particles per sample and distinct spatial patterns closely linked to
geological heterogeneity and hydrological processes (Panno et al., 2019). The observed
preferential accumulation in sandy formations, averaging 11.2 particles per sample
compared to 8.7 particles in clayey zones, highlighted the critical role of porous media
characteristics in governing microplastic transport and retention mechanisms (Alimi et
al., 2018). These field observations necessitated controlled laboratory experimentation to
quantify the fundamental transport processes and validate the conceptual framework for
microplastic migration in subsurface environments, particularly given the complex
interplay of physical, chemical, and hydrological factors operating in natural groundwater

systems .

Laboratory column experiments provide essential mechanistic insights into microplastic
transport processes that cannot be directly measured in heterogeneous field settings,
enabling systematic investigation of particle-grain size relationships, hydraulic property
evolution, and retention mechanisms under precisely controlled conditions (Tufenkji &
Elimelech, 2004). The experimental approach adopted in this investigation builds upon
established protocols for colloid transport studies while addressing the unique
characteristics of microplastic particles, including their diverse morphologies, variable
densities, and potential for surface modification through environmental weathering
processes (Hartmann et al., 2019). Recent advances in microplastic transport research
have demonstrated that these particles exhibit behaviour distinct from traditional colloidal
systems, with transport efficiency strongly dependent on particle-to-grain size ratios,

surface properties, and flow conditions (Kooi et al., 2021).

The experimental objectives were specifically designed to address knowledge gaps
identified through the field investigations, particularly the mechanisms governing size-

dependent retention observed across different geological settings in Chennai’s aquifer
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systems (Chia et al., 2021). The systematic variation of sand grain sizes from 300 um to
2000 pm encompasses the range of sediment characteristics encountered across diverse
hydrogeological zones, enabling direct comparison between laboratory observations and
field-derived contamination patterns .To capture the full spectrum of retention
mechanisms operative across sandy formations, the experimental programme
systematically investigated four distinct grain size fractions spanning fine to coarse sand
fraction fine to coarse sand fractions: fine sand (300 um), medium sand (600 pum),
intermediate-medium sand (1000 um), and coarse sand (2000 pwm). This comprehensive
grain size coverage enables identification of critical thresholds where transport regimes
transition from attachment-dominated to straining-dominated retention, providing
mechanistic insights essential for predicting microplastic fate across heterogeneous
aquifer systems. Furthermore, the controlled experimental conditions facilitate precise
quantification of hydraulic property changes during microplastic transport, providing
insights into potential aquifer performance impacts that were suggested but could not be

directly measured during field sampling campaigns (Bradford et al., 2002).

The integration of laboratory and field approaches represents current best practice in
environmental contaminant research, enabling validation of field-derived conceptual
models through mechanistic understanding developed under controlled conditions
(Mintenig et al., 2019). The experimental design employed standardised sand fractions
and consistent flow conditions to systematically investigate particle retention efficiency
across grain size gradients, while monitoring temporal changes in hydraulic conductivity
that provide insight into pore-scale clogging mechanisms (Johnson & Elimelech, 1995).
This approach enables quantitative assessment of the physical straining, preferential flow,
and retention processes that govern microplastic fate and transport in natural groundwater

systems (Xu et al., 2006).

4.2 Methodology Overview

The experimental methodology employed in this investigation represents a systematic
approach to quantifying microplastic transport mechanisms in porous media, designed to
bridge the knowledge gap between field observations and mechanistic understanding of
subsurface contamination processes . The methodological framework integrates
established colloid transport protocols with novel adaptations specific to microplastic

Roma Tre University



particle characteristics, enabling controlled investigation of size-dependent retention

mechanisms under precisely defined hydraulic conditions .

START

]
- Sample Analysis
Results Interpetation >

Figure 4.1: Systematic Methodology Workflow for Microplastic Transport Investigation in Porous
Media. Comprehensive experimental framework illustrating the six-phase laboratory methodology
employed to quantify size-dependent microplastic transport and retention mechanisms across sand
grain sizes .

The workflow encompasses standardized material preparation, rigorous characterization
protocols, controlled injection experiments, systematic sampling procedures, microscopic
analysis, and mechanistic interpretation to investigate physical straining, preferential flow,

and retention processes governing microplastic fate in natural groundwater systems

The experimental design adopts a multi-scale approach, employing standardised column
configurations to systematically investigate particle-grain size relationships across fine,
medium, intermediate-medium, and coarse sand fractions (300 pm, 600 pm, 1000 pm,

and 2000 um).

The methodological approach employs vertical flow columns constructed from
borosilicate glass to minimise plastic contamination and wall effects, with upward flow

configuration specifically selected to eliminate gravitational settling effects and ensure
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that observed retention results from porous media interactions rather than particle density
differences . The pulse injection methodology creates step-function input conditions that
enable construction of breakthrough curves and quantification of retention parameters

using established analytical solutions for solute transport in porous media .

Rigorous quality assurance protocols were implemented throughout the experimental
programme, including standardised sand sorting procedures conforming to ASTM
specifications, comprehensive grain size characterisation using precision sieve analysis,
and systematic porosity and hydraulic conductivity measurements to ensure reproducible
packing density and flow conditions . Microplastic particles consisted of irregularly
shaped polyvinyl chloride (PVC) fragments (<75 pm maximum dimension) produced
through grinding techniques to create realistic fragment morphologies representative of

environmental microplastic contamination .

The experimental protocol incorporates using comprehensive coverage of grain size
effects on microplastic transport and retention, with systematic variation of particle
loading conditions and throughput volumes to assess temporal evolution of transport
capacity and hydraulic property changes . Effluent sampling follows standardised
protocols with consistent intervals, enabling quantitative assessment of breakthrough

behaviour and construction of complete breakthrough curves for mechanistic analysis .

This methodological framework enables systematic investigation of the physical
straining, preferential flow, and retention processes that govern microplastic fate and
transport in natural groundwater systems, providing quantitative foundation for numerical
transport modelling and predictive assessment of aquifer vulnerability based on grain size

distribution characteristics .

4.2 Experimental Design and Setup

The laboratory experimental programme was designed as a systematic investigation of
microplastic transport through sand-based porous media, employing standardised column
configurations to enable precise control of flow conditions and quantitative assessment of
retention mechanisms (Bradford & Bettahar, 2006). The experimental apparatus consisted
of vertical flow columns constructed from borosilicate glass (25 mL burette capacity, 10

cm height, 1 cm internal diameter) to minimise plastic contamination and wall effects
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while maintaining sufficient residence time for meaningful transport observations. A
surgical cotton bandage (open-weave mesh, IS 16469) was placed at the column outlet to
retain the porous media while allowing unobstructed effluent collection. The length of

porous media was 10 cm.

c—>)

ceimebe————> Constant Head

I /) > Water-flow direction.

Porous media

—> Cotton mesh

Figure 4.2: Schematic of the Experimental Setup for the Porous Media Column Study.

Table 4.1: Summary of Experimental Parameters

Parameter Experiments

Sand Sizes Tested 300 pm, 600 wm, 1000 ym and
2000 pm

Microplastic Loading 0.15 g per trial

Column Dimensions @ 1cmx10cm

Sampling Intervals 250 mL

Replication 2 trials per size

The grain sizes of 300 um, 600 pum, 1000 um, and 2000 um sand, provide systematic
coverage of particle-to-grain size ratios spanning 0.025 to 0.25,thus encompassing the
critical range where retention mechanism transitions from reversible attachment to
irreversible straining occur. The experimental protocol involved pulse injection of

microplastic suspensions (500 ml) followed by continued flow with particle-free water.
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4.2.1 Sand Sorting and Characterization

Sand used in the column experiments was obtained from commercial sources and sorted to
obtain well-defined grain size fractions while minimising contamination. Grain size
separation was carried out using a mechanical sieve shaker with ASTM E11-compliant
sieves at nominal openings of 300 pm, 600 um,1000 um, and 2000 um. Each batch was
sieved for a fixed period and inspected to ensure that material was retained within the target

size range.

Table 4.2: Physical Characterization of Sand Fractions

Sand Median grain | Initial Estimated
Size size (um) Porosity Pore Throat
(nm)
Diameter
(nm)
300 300 0.30-0.40 36-38
600 600 0.37-0.39 71-74
1000 1000 0.36-0.38 116-121
2000 2000 0.35-0.37 227-237

Note: Pore throat diameters estimated using empirical relationship: di= 0.155 % dgx (e/(1-¢))*>

4.2.2 Porosity and Hydraulic Conductivity Measurements

Hydraulic properties were determined from the column experiments by combining measured
effluent volumes and collection times with Darcy’s law and by relating hydraulic

conductivity to intrinsic permeability. Porosity was then inferred from permeability using an

inverted Kozeny—Carman-type relationship.
Hydraulic conductivity

For each sampling interval i, the effluent volume V; (m®) and collection time ¢; (s) were

recorded. The volumetric discharge in SI units gq; (m®s™') was calculated as

Vi

4= (@)

ti
For reporting in m® day!, the discharge was also expressed as

Q; = q; X 86400. (4.2)

Roma Tre University 68



The column cross-sectional area A4, the column length AL, and the applied hydraulic head
difference Ah were fixed for each experiment. Assuming steady, one-dimensional saturated
flow, the hydraulic conductivity K; (m day™') for interval i was obtained from Darcy’s law:

QAL
T AARC

K;
(4.3)
For subsequent calculations, K; was converted to m s™' by dividing by 86400.
Intrinsic permeability

Intrinsic permeability k; (m?) was calculated from hydraulic conductivity using

(4.4)

where p is water density, g gravitational acceleration, and u the dynamic viscosity of water.

Rearranging gives

(4.5)

with K; in ms™'. The same fluid (water at approximately constant temperature) was used

throughout, so p and u were treated as constant.
Porosity from permeability

Experimental porosity &; was not measured directly but was inferred from the intrinsic
permeability using an inverted Kozeny—Carman-type relationship. For each column, an
initial porosity &y and an initial intrinsic permeability k, were specified. A dimensionless

parameter a was defined as

T

(4.6)
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The corresponding porosity &; was then obtained as the real root (with 0 < g; < 1) of the
cubic equation relating permeability and porosity. The closed-form expression implemented

in the spreadsheets was

a 21/3(6a — a?)
& ==

+
1/3
3 3(=27a + 18a? — 2a* + 3V3V27a? — 4a3) '

1/3
(—27a + 18a? — 2a® + 3V3V27a? — 4a3) /
- 3.21/3

(4.7)

This expression was coded directly in Excel and applied at each time step using the current

value of k; and the fixed parameters k, and &, for that column.
Normalised quantities

To compare experiments and track temporal changes, hydraulic properties and microplastic

counts were expressed in normalised form:

Normalised permeability ;= k_i'
0

: , &
Normalised porosity, = S—l,
0

C;
Normalised concentration; = o
0

(4.8)

where C; is the microplastic count in interval i, and kg, &5 and C; are the initial values for

that column. Because y and p were constant,

Normalised permeability ; is numerically equivalent to K;/Kjy; the permeability-based

notation is retained to emphasise that the normalisation refers to the porous medium.

The cumulative elapsed time for each column, Cumulative time (n) (s), was calculated as
n

Cumulative time (n) = Z tj

j=1

(4.9)
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and used together with the cumulative effluent volume to examine how permeability,

porosity and microplastic concentrations evolved as more water passed through the column.

4.2.3 Microplastic Preparation and Characterization

Microplastic particles utilised in transport experiments consisted of polyvinyl chloride
(PVC) fragments with maximum dimensions <75 pum, produced through mechanical
grinding of bulk PVC material using cryogenic techniques to create realistic fragment
morphologies representative of environmental microplastic contamination . The grinding
process employed ball milling under liquid nitrogen cooling to achieve controlled
fragmentation while avoiding thermal degradation of polymer structure, creating particles
with diverse morphologies including angular fragments, elongated particles, and complex
three-dimensional shapes that better represent secondary microplastics generated through
environmental weathering processes (Chubarenko et al., 2016). The standardised sieve
shaker methodology employed further to sort the microplastics (<75 um) .

Table 4.3: Microplastic Particle Characteristics

Property Value Method
Maximum Dimension <75 pum Sieve analysis (ASTM E11)
Median Diameter (dso) 42 pm Laser diffraction
dio 12 um Laser diffraction
dso 68 um Laser diffraction
Particle Density 1.38 g/cm? Literature (Luo et al., 2024)
Shape Distribution 45%irregular,35% Microscopy (n=500)
angular,
20% elongated
Polymer Type PVvC FTIR spectroscopy

Particle size distribution analysis revealed a broad log-normal distribution with dso = 42
um, dio = 12 um, and deo = 68 um, providing quantitative characterisation of the size

spectrum below the 75 um sieve cutoff .

Microscopic examination of 500 randomly selected particles confirmed heterogeneous
morphological characteristics, with approximately 45% irregular fragments, 35% angular
particles, and 20% elongated particles exhibiting aspect ratios >2:1, representative of the

diversity observed in environmental microplastic samples (Plastics Europe, 2023).
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The particle density of 1.38 g/cm? (Luo et al., 2024) is higher than water (pwater = 1.00
g/cm?), but gravitational effects are assumed to give negligible contribution to transport
behaviour under the upward flow conditions employed in experiments (Praetorius et al.,
2012). Surface charge measurements using zeta potential analysis yielded values of -35 +
8 mV in deionised water at pH 7.0, indicating moderate negative surface charge that

influences electrostatic interactions with sand grain surfaces (Dong et al., 2021).
4.3 Experimental Protocol

Column procedures were kept consistent across all trials to enable comparison of

microplastic transport between the different sand fractions under controlled flow conditions.
Column preparation and saturation

Glass and column components were cleaned before each experiment by sequential rinsing
with dilute acid and base, followed by thorough washing with 0.2 pm-filtered deionised
water to reduce potential contamination. Dry sand was added in approximately 2 cm layers
using a funnel, with gentle tapping to promote uniform packing; column volume
measurements were used to check that bulk density was comparable between replicates

(ASTM D4253-16).

Columns were saturated from the bottom upwards using filtered deionised water at low flow
rates to minimise air entrapment, following standard practice for saturated column studies
(Freeze & Cherry, 1979). Saturation was considered complete when effluent flows were free
of visible air bubbles and measured flow rates under a fixed head were within about 5% of

values expected from the independently determined hydraulic conductivity.
Microplastic injection and breakthrough monitoring

Microplastics (PVC fragments and fibres) were dispersed in deionised water by sonication
immediately before use and injected as a short pulse at the column inlet using a syringe pump
with a constant flow rate. After the pulse, particle-free water was pumped through the
column to follow the elution of particles and construct breakthrough curves. The injection
masses and flow conditions were kept the same within each experiment set, and

pore-volume-based normalisation was used to compare between grain sizes.
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Effluent samples were collected in pre-cleaned glass bottles at fixed volume intervals
(typically 250 mL), corresponding to defined fractions of a pore volume. Each sample was
filtered through a 0.2 um cellulose-nitrate membrane and the retained microplastics were

counted by microscopy.
QA/QC checks

Procedural blanks consisting of filtered deionised water were processed regularly alongside
samples to monitor laboratory contamination. Blank particle counts were low (on the order
of one particle or fewer per sample), and mean blank values were subtracted from sample
counts when calculating final concentrations. Recovery tests, in which known numbers of
microplastic particles were added to clean water and processed through the full filtration and
counting procedure, indicated recoveries around 95% for the particle types and sizes used,
which is within commonly reported ranges for microplastic methods. Duplicate counts on a
subset of filters gave inter-analyst variability below about 10%, consistent with

recommended quality-criteria thresholds.
4.4 Results
4.4.1 Breakthrough Curve Analysis

Column experiments were conducted on four porous media with distinct grain size
distributions spanning fine to coarse sand fraction fine to coarse sand fractions: fine sand
(300 um), medium sand (600 pm), intermediate-medium sand (1000 um), and coarse sand
(2000 pm), enabling systematic investigation of grain size effects on microplastic transport
mechanisms. All materials exhibited microplastics breakthrough characterized by
normalized outlet concentration (C/Co) reaching maximum saturation during the observation

period.

The timing of breakthrough varied inversely with grain size. Coarser materials (2000-1000
um) showed earlier breakthrough occurrence. Finer materials (300-600 um) demonstrated
delayed breakthrough with a more gradual approach to peak concentration compared to

coarser counterparts.
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FIGURE 4.3: Breakthrough curves for 300 um, 600 um, 1000 pm and 2000 pm sand columns

showing normalized microplastics concentration versus cumulative time.

4.4.2 Temporal Evolution of Porosity
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Normalized porosity values were calculated at each sampling interval to assess pore volume
reduction during microplastics transport. Changes in porosity reflect the degree of pore space

occupied by retained microplastics and any associated pore bridging or clogging phenomena.

Fine-grained sand (300 pm) exhibited substantial porosity reduction over the experimental
duration. Porosity declined from initial values close to the reference baseline to significantly
reduced values by the final sampling point. The porosity decline shows systematic

accumulation of retained microplastics within the pore network.

Intermediate-grained sand (600 um) showed moderate porosity reduction, with initial values
near baseline declining to intermediate values by final sampling. The extent of reduction was
less severe than observed in fine-grained sand despite comparable experimental durations

when normalized to experimental completion.

Intermediate-medium sand (1000 pm) demonstrated moderate porosity reduction during the
experimental period. Porosity values declined progressively from baseline, indicating
systematic accumulation patterns. The moderate porosity loss reflects transitional retention

characteristics where both transport and retention processes contribute to overall behaviour.

Coarse sand (2000 pm) demonstrated remarkable porosity stability throughout the
experimental period. Porosity values remained near baseline across all sampling intervals,
with minor fluctuations that did not show systematic temporal trend. The absence of
substantial porosity change suggests minimal accumulation of microplastics within the pore

network or rapid mobilization of any retained particles.
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FIGURE 4.4: Temporal evolution of normalized porosity for 300 pm, 600 um,1000 pm and 2000
um sand columns showing time-dependent porosity changes.

4.4.3 Hydraulic Conductivity Changes
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Normalized hydraulic conductivity values were determined from measured water discharge
rates under constant-head conditions, providing direct assessment of flow capacity changes
during microplastics transport. Hydraulic conductivity is particularly sensitive to pore

structure changes and represents the primary hydrodynamic parameter affected by pore

clogging.

Fine-grained sand (300 um) exhibited dramatic hydraulic conductivity reduction during the
experimental period. Initial conductivity values normalized to unity declined to substantially
lower values by experiment completion, representing near-total loss of flow capacity. The
degradation pattern followed an approximately exponential profile, with rapid initial decline

followed by stabilization at reduced values.

Intermediate-grained sand (600 pum) displayed similarly severe hydraulic conductivity
reduction, with percentage loss comparable to fine-grained material despite coarser grain
size. The temporal profile showed rapid initial degradation followed by stabilization,
consistent with fine-grained behaviour but occurring over compressed experimental

timescales.

Intermediate-medium sand (1000 pm) exhibited moderate hydraulic conductivity reduction
during the experimental period. Conductivity values declined progressively from baseline,
with temporal patterns showing initial reduction followed by stabilization at lower values.
The magnitude of conductivity loss was intermediate between fine and coarse sand
behaviours. The moderate reduction indicates measurable hydraulic impairment without the

severe degradation observed in finer grain sizes.

Coarse sand (2000 um ) maintained hydraulic conductivity near initial values throughout the
experimental period. Normalized conductivity remained close to baseline across all
sampling intervals, with minor fluctuations that averaged near the starting value. The
preservation of flow capacity indicates that coarser materials do not experience substantial

hydraulic penalty from microplastics transport under the experimental conditions employed.
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4.4.4 Grain Size Dependence of Transport Behaviour

The experimental results reveal grain-size-dependent patterns in microplastics breakthrough
timing, concentration profiles, and associated hydraulic property changes across the four

grain sizes investigated.

Breakthrough timing, defined as the elapsed time from injection to first detection at the
column outlet, showed grain-size dependence. Fine sand (300 pum) exhibited the most
delayed breakthrough. Coarse sand (2000 um) and intermediate-medium sand (1000 pum)
displayed early breakthrough. Medium sand (600 um) showed intermediate breakthrough
timing. This relationship reflects grain-size-dependent pore throat dimensions and flow

characteristics, supporting advective-dominated transport in the early breakthrough phase.

Porosity degradation showed inverse correlation with grain size across all four materials.
Fine sand experienced substantial porosity reduction, coarse sand showed negligible change,
while medium and intermediate-medium sands exhibited moderate reductions of decreasing
magnitude with increasing grain size. Intermediate-medium sand porosity loss was less
severe than medium sand but more pronounced than coarse sand, maintaining its position
within the transitional regime. This systematic relationship indicates that finer grain sizes
provide greater pore surface area and more complex pore geometry conducive to
microplastics accumulation and bridging, with transitional behaviour emerging in the
intermediate grain size range where pore geometries provide partial but incomplete retention

capacity.

Hydraulic conductivity loss similarly correlated inversely with grain size across the grain
size spectrum. Fine sand experienced severe conductivity reduction approaching complete
flow capacity loss, medium sand showed substantial but less severe reduction, intermediate-
medium sand exhibited moderate degradation, while coarse sand maintained near-baseline
values throughout. The intermediate-medium sand occupied a distinct position in this
continuum, demonstrating measurable hydraulic impairment without the catastrophic
degradation observed in finer materials. The magnitude of conductivity loss substantially
exceeded what would be expected from porosity reduction alone in fine and medium sands,
suggesting additional mechanisms such as preferential blockage of primary flow pathways.

Intermediate-medium sand showed more proportionate conductivity loss relative to porosity
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reduction, indicating transitional behaviour where flow pathway blockage is significant but

not dominant.

Correlation patterns between transport parameters varied systematically with grain size. The
correlation between porosity and hydraulic conductivity remained consistent across all

materials.

These grain-size-dependent indicate that grain size represents a primary controlling variable
for microplastics transport behaviour in the saturated porous media examined. The
systematic progression from attachment-dominated transport in coarse materials through
transitional behaviour in intermediate-medium and medium sands to straining-dominated
retention in fine materials demonstrates the critical role of particle-to-pore throat size ratios

in governing retention mechanisms and hydraulic consequences.
4.4.5 Summary of Experimental Results

The column transport experiments characterized microplastics behaviour across grain sizes
spanning fine to coarse sand fractions (300-2000 pm). All materials transported
microplastics to the outlet despite differences in timing and concentration profiles. Fine and
intermediate-grained materials experienced severe hydraulic property degradation coupled
with substantial porosity reduction, while coarser materials maintained functional flow
capacity with minimal porosity change. These results demonstrate grain-size-dependent
vulnerability to microplastics-induced pore clogging, with implications for contaminant

transport and aquifer resilience to microplastics contamination.

Roma Tre University 83



el 5 Constant Head

> \Water-flow direction.

———)LQ&QT o% MicroplcstcS -Fov‘meo\

o O
Sl
.COQQ“O G

Q Og=°0

Q0S8

0
AQ)

)
o
e

L 5 Cloﬂgeol Pore by Microplastics

o ®
o
e 94‘3

0

020
c‘““uo

e
.,8g,~
M

500020 92 0
% o
O

poc:
pric
o
b
=
b

S\’opskoc_k

Figure 4.6: Schematic of the Post Experimental for the Porous Media Column Study.

Figure 4.7: Cross-sectional visualization of microplastic particle retention at pore throats in sand
column
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4.5 Discussion
4.5.1 Physical Mechanisms Governing Size-Dependent Transport

The experimental results reveal grain-size-dependent microplastic breakthrough and
retention patterns consistent with physical straining as the dominant retention mechanism.
In fine and intermediate sand (300 um and 600 um), the smaller pore-throat diameters (36—
38 um and 71-74 pm respectively, from Table 4.2) relative to the median microplastic size
(42 pum, from Table 4.3) create conditions where particles can lodge at pore constrictions,
particularly those particles exceedingly approximately 30—50 um in their largest dimension.
This size-dependent trapping, termed straining, is a well-established retention mechanism in
colloid transport and becomes increasingly important as particle-to-pore-throat ratios
increase. In coarse sand (2000 pm), where pore-throat diameters are estimated at 227-237
um, the much larger pore space relative to microplastic size (up to 68 pum, dso) permits

particle passage through the porous medium with minimal mechanical obstruction.

The breakthrough curves support this interpretation. Early breakthrough in coarse sand
(Figure 4.1) reflects rapid advection through large pores with minimal retention, whilst
delayed breakthrough in fine sand reflects higher retention capacity and more tortuous flow
paths through smaller pores. The sustained elevated outlet concentrations in fine sand
following peak breakthrough (Figure 4.1) suggest that some retained particles continue to
elute over time, potentially through mobilisation of loosely trapped particles or gradual
desorption from grain surfaces, though the weak correlation between outlet concentration
and porosity/conductivity changes (Section 4.4.4) indicates that particle elution operates
relatively independently of macroscopic pore-space reduction over the experimental

timescale.
4.5.2 Hydraulic Property Evolution and Pore Clogging

The substantial reduction in hydraulic conductivity observed in fine and intermediate sand
(Figures 4.4.3) reflects progressive loss of flow capacity through pore obstruction by
accumulated microplastics. The near-exponential form of the conductivity decline,
particularly in fine sand, is consistent with pore-scale bridging or cake-layer formation,
where retained particles accumulate to block primary flow pathways. The strong positive

correlation between porosity and hydraulic conductivity across all materials (Section 4.4.4)
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suggests that pore-space reduction is the primary driver of conductivity loss, rather than

other processes such as grain surface modification or flow path alteration.

However, the magnitude of conductivity loss in some cases appeared to exceed what would
be expected from the measured porosity reduction alone, suggesting that selective blockage
of high-permeability flow pathways may amplify the hydraulic impact of microplastic
accumulation beyond the simple geometric reduction in pore volume. This interpretation is
supported by observations in comparable studies showing that particle deposition
preferentially occurs in larger, higher-velocity pores, thereby reducing overall flow capacity

disproportionately.

The stability of hydraulic conductivity in coarse sand, despite possible microplastic passage,
indicates that the pore space is sufficiently large to accommodate particle transit without
significant flow obstruction, even under sustained microplastic input. This finding aligns
with field-based observations: coarser aquifer materials may actually be more vulnerable to
microplastic transport (i.e., breakthrough to groundwater and distal aquifers), whilst finer

materials are more vulnerable to local accumulation and aquifer clogging.
4.5.3 Comparison with Field Observations

The field investigations in Chapter 3 documented preferential microplastic occurrence in
sandy formations (11.2 particles per sample) compared to clayey zones (8.7 particles per
sample). The laboratory results provide a partial mechanistic explanation: fine and
intermediate sand retain substantial microplastic mass through straining, yet do eventually
allow breakthrough (Figure 4.1), suggesting that field-derived groundwaters can contain
mobile microplastics despite sandy sediments' high retention capacity when subjected to
continuous contamination input over extended periods. The field-observed spatial patterns
may thus reflect both the retention properties demonstrated in the lab (finer materials
trapping more particles) and the connectivity and driving forces in natural hydrogeological

systems (high-permeability alluvial corridors near rivers acting as transport pathways).

The temporal variability in field concentrations (pre-monsoon 249 particles vs. post-
monsoon 387 particles total across the study area from Chapter 3) is consistent with the
experimental observation that breakthrough behaviour depends on cumulative water

throughput and that mobilisation of retained particles occurs gradually. The seasonal pulse
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associated with monsoon recharge may serve to mobilise previously trapped microplastics,
explaining the modest but detectable increase in post-monsoon field concentrations in

riverine zones.
4.5.4 Aquifer Vulnerability and Management Implications

The experiments demonstrate that grain-size distribution fundamentally governs both
microplastic breakthrough timing and hydraulic consequences. fine sand (300 um and finer
materials)show the highest vulnerability to hydraulic degradation through pore clogging,
whilst coarser materials enable faster microplastic transport with less hydraulic impact. This
trade-off has important implications: Aquifers dominated by fine-grained aquifers may act
as natural filters, protecting deeper and coarser formations from microplastic penetration,
but at the cost of potential long-term permeability loss and aquifer dysfunction if

microplastic loading persists.

The experiments do not address whether natural hydrogeochemical conditions (e.g. pH,
ionic strength, presence of organic matter) would alter these patterns. Field groundwaters in
urban settings often contain elevated ionic strength and dissolved organic matter, both of
which could enhance microplastic aggregation or attachment to grain surfaces, potentially
modifying the breakthrough and clogging dynamics observed under the idealized conditions
of these experiments. Similarly, the heterogeneity of natural aquifer lithologies and the
presence of preferential flow pathways (fractures, highly permeable layers) would likely
alter particle transport on field scales compared to the uniform, well-packed sand columns

employed here.
4.6 Conclusions
4.6.1 Key Findings

Laboratory column experiments on four sand grain sizes (300 pm, 600 um, 1000 um, 2000
um) spanning fine to coarse sand fractions reveal systematic grain-size-dependent control

on microplastic transport and retention in saturated porous media:

Breakthrough timing and magnitude inversely correlated with grain size, with fine sand
showing delayed breakthrough and sustained elevated outlet concentrations, whilst coarse

sand exhibited early breakthrough with high concentration variability.
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Intermediate-medium sand demonstrated transitional transport behaviour falling between
medium and coarse fractions. Breakthrough timing and concentration patterns occupied an
intermediate position, reflecting pore geometries where neither complete retention nor

unimpeded transport dominated.

Hydraulic conductivity degradation severity correlated inversely with grain size. Fine and
intermediate sand experienced substantial conductivity reduction, intermediate-medium
sand showed moderate degradation, whilst coarse sand maintained near-baseline

conductivity despite microplastic passage.

Porosity reduction patterns followed grain size trends, ranging from substantial decline in
fine sand to negligible change in coarse sand. Intermediate-medium sand exhibited moderate

porosity loss, indicating measurable but non-catastrophic pore space reduction.

Straining emerges as the primary retention mechanism in fine to intermediate grain sizes,
with the relative size of microplastic particles to pore-throat diameters being a key control
on breakthrough behaviour. The transitional regime observed in intermediate-medium sand
indicates a critical threshold where attachment and straining contribute comparably to

overall retention.
4.6.2 Limitations and Future Research Needs

Experimental scope: The experiments employed only PVC fragments and fibres; results may
not generalise directly to other polymer types (polyethylene, polystyrene, polyurethane)
detected in field samples (Chapter 3), which may exhibit different surface properties and

transport behaviours.

Environmental conditions: Experiments were conducted using deionised water under
constant flow conditions; natural groundwater conditions include variable pH, ionic
strength, dissolved organic matter and microbial activity, which may alter microplastic
aggregation, attachment and mobilisation. The simplified geochemistry limits direct

application to field conditions.

Temporal scale: Laboratory experiments span hours to days; natural aquifer evolution occurs
over years to decades. The progression of hydraulic property changes and particle-matrix

interactions over longer timescales remains unknown. Additionally, microplastic

Roma Tre University 88



degradation and fragmentation under natural conditions would alter particle-size

distributions and transport behaviour over extended periods.

Aquifer heterogeneity: Experiments employed uniform, well-packed sand; natural aquifers
exhibit layered lithologies, variable porosity, preferential flow pathways and non-uniform
packing, all of which would modify transport compared to idealised columns. Heterogeneity
likely accelerates microplastic movement relative to the breakthrough times observed in

homogeneous sand.

Grain shape and surface properties: Whilst experiments used angular quartz sand
representative of many aquifer materials, grain shape, mineralogy and surface roughness are
known to influence particle-grain interactions and may affect retention behaviour under

conditions differing from those tested.

Hydraulic gradient and flow rate: The fixed flow conditions (constant head 0.15-0.17 m
over 0.1 m column length) correspond to specific hydraulic gradients and flow velocities;
natural aquifers experience variable hydraulic gradients seasonally and spatially.
Breakthrough and clogging behaviour under variable flow conditions remains to be

characterised.

Intermediate grain size characterisation: While the inclusion of intermediate-medium sand
provides insight into transitional transport regimes, additional grain sizes within the 600—
2000 um range would further refine understanding of the critical threshold where retention

mechanisms transition from straining-dominated to attachment-dominated behaviour.

Future research should explore the transport of mixed polymer assemblages, the effects of
realistic hydrogeochemical conditions (variable pH, natural organic matter, co-
contaminants), the fate of microplastics over extended laboratory timescales, and numerical
modelling to upscale laboratory observations to field-scale heterogeneous systems.
Investigation of additional intermediate grain sizes would improve characterisation of

transitional transport regimes relevant to heterogeneous aquifer systems.
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Gallery 1: Pictures of Microplastics from the outlet of the experimental setup
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Chapter 5 — Numerical Modelling of Microplastic Transport in

Porous Media

5.1 Introduction to Numerical Modelling Framework

Despite growing awareness of MPs contamination in surface waters, oceans, and soils, the
fate and transport of these particulate contaminants in groundwater systems remain
insufficiently understood. This knowledge gap hinders our ability to assess potential risks to
groundwater resources and develop effective mitigation strategies. Numerical modelling
offers a powerful approach to elucidate the complex mechanisms governing MP transport
through porous media characteristic of aquifers and to predict their long-term fate under

varied environmental conditions.

The primary objective of this numerical modelling framework is to develop understanding
of the processes controlling microplastic transport through water-saturated porous media.
This chapter formulates a mathematical model that captures the dominant processes
governing microplastic transport, including advection, retention mechanisms (attachment,
detachment, and straining), and the dynamic evolution of hydraulic properties due to particle
accumulation. The model is evaluated across four representative grain sizes (fine: 300 pm,
medium: 600 um, intermediate-medium: 1000 pm, and coarse: 2000 pm) to assess how grain
size distribution influences transport and retention behaviours. Following validation against
laboratory column experiments (Chapter 4), scenario-based analysis provides insights for

groundwater protection and management strategies

This modelling effort integrates colloid filtration theory, advection-dispersion principles,
and porous media clogging concepts, adapted for microplastic particles. Unlike dissolved
contaminants, microplastics represent discrete particles with transport behaviours influenced
by both physicochemical and mechanical filtration processes. The model focuses on
fundamental processes of advection, attachment, detachment, and straining, while

accounting for evolution of hydraulic properties due to particle accumulation.

Understanding microplastic transport in groundwater systems addresses several needs.
Groundwater represents a resource for drinking water supply, and contamination by
microplastics could pose potential risks. While surface water microplastics have been

studied, the subsurface may act as a sink for these persistent contaminants, with implications
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for ecosystem health that remain largely unexplored. The model addresses these knowledge
gaps by providing a framework to understand and predict microplastic transport in
groundwater systems, accounting for grain size-dependent retention mechanisms and

evolution of hydraulic properties.

The model utilizes MATLAB as computational platform, chosen for its capabilities in
solving systems of coupled differential equations, matrix operations, and visualization
features. The core of the model is a one-dimensional reactive advection-dispersion equation
for microplastics in saturated porous media accounting for dynamic evolution of hydraulic

properties.

The numerical method employs a finite difference method with explicit time-stepping
scheme whose stability is ensured by satisfying conditions on the time step. Spatial

discretisation is implemented using centred schemes for dispersion and advection terms.

A feature of this simulation environment is its ability to account for dynamic evolution of
porosity and permeability due to microplastic retention. This is achieved through coupling
transport equations with constitutive relationships that update hydraulic properties based on
local concentration of retained particles. The model also incorporates Forchheimer
corrections for non-Darcian flow, enabling simulation of flow regimes that deviate from

linear Darcy behaviour.

The MATLAB code provides a framework allowing specification of various input
parameters, including grain size, particle diameter, initial porosity, and flow conditions. Two
scenarios can be simulated: pulse injection of microplastics, representing acute
contamination events, and continuous feeding with exponential decay, mimicking chronic
contamination sources. The output provides spatial and temporal distributions of

microplastic concentrations, retention profiles, and evolving hydraulic properties.

The simulation environment handles a range of grain sizes, with focus on coarse, medium,
intermediate-medium, and fine sand grain diameters, enabling investigation of grain size
effects on microplastic transport and retention. This feature is relevant for understanding

microplastic fate in heterogeneous aquifer systems with varying grain size distributions.
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The model captures the interplay between transport processes and media properties.
Breakthrough curves for different grain sizes show patterns reflecting dominant retention
mechanisms: limited retention in coarse sand versus dominant straining in fine sand. This
capability to differentiate transport behaviours across grain sizes is relevant for prediction of

microplastic fate in heterogeneous aquifer systems.
5.2 Mathematical Formulation of the Transport-Deposition Model
5.2.1 Mass Transport Equations for Microplastics

The transport of microplastic particles through water-saturated porous media involves
complex interactions between the particles and the porous matrix. Unlike dissolved
contaminants, MPs are subject to various retention mechanisms including attachment to
solid surfaces, detachment due to hydrodynamic forces, and physical straining in pore
constrictions. The fundamental governing equation for the mobile microplastic
concentration in the liquid phase is based on the advection-dispersion equation with

additional terms accounting for mass exchange between the liquid and solid phases):

oc. _ _ocup | po%c _
Pyl " +<€Dax2 R(C,S) ,

a(1-¢€)S

—22 = R(C,S) (5.1)

where C represents the concentration of suspended microplastic particles in the liquid phase
[M/L?], S is the concentration of retained microplastic particles in the solid phase [M/M], B
= velocity adjustment coefficient, U is the depth-averaged Darcy velocity [L/T], D is the
hydrodynamic dispersion coefficient [L?/T], € is the porosity [-], R is the reaction term
lumping attachment, straining and detachment processes, t is time [T], and x is the spatial

coordinate [L]. The solid-phase accumulation is governed by:
R(C,S) = e(karr + ksrr)C — (1 — €)kgerS (5.2)

This coupled system accounts for the bidirectional mass transfer between the mobile and
retained phases through attachment and detachment processes, as well as irreversible
retention through straining. The retained concentration approaches a maximum capacity,
reflecting the finite availability of attachment sites in the porous medium. The denominator
in the solid-phase equation ensures mass conservation as porosity evolves due to particle
accumulation. This formulation captures the coupled nature of microplastic transport and
retention, where the accumulation of particles affects the hydraulic properties of the medium,
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which in turn influences transport behaviour. Unlike conventional colloid transport models,
this approach explicitly accounts for the feedback between retention and flow conditions,
which is essential for accurately simulating long-term microplastic accumulation in

groundwater systems.
5.2.2 Advection, Dispersion, Straining, and Retention Mechanisms

The transport and retention of microplastic particles in porous media is governed by several
distinct physicochemical mechanisms, each represented mathematically in the model

formulation.

Advection represents the transport of microplastic particles with the bulk fluid flow. The
advective flux is described by UC. Following the approach of Tosco et al. (2009), the model
accounts for the temporal and spatial evolution of velocity due to porosity changes resulting

from microplastic retention.

Dispersion accounts for the spreading of microplastic particles due to mechanical mixing
and molecular diffusion. The hydrodynamic dispersion coefficient D combines these effects

and is expressed as
D=a,-v+ D" (5.3)

where oL is the longitudinal dispersivity [L], v is the interstitial velocity (v=U/eps), and D*
is the effective molecular diffusion coefficient [L?/T]. Anyway, the diffusion and dispersion
are not assumed dominant in the transport process of MP in porous media, and a constant
value of the Dispersion-diffusion coefficient will be adopted. The limitation of this

assumption is discussed in the following.

Attachment and Detachment mechanisms govern the reversible transfer of microplastic
particles between the liquid and solid phases. Following the colloid filtration theory
approach described by Tufenkji and Elimelech (2004), the attachment coefficient k., is

modelled as a function of the flow velocity, grain size, and microplastic properties:

. s

kaee = Kaee (1 - Smax) (5.4)
£ _ U(l-¢)
att ”desand
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where «a,,.is an empirical attachment efficiency factor, U is the interstitial velocity, € is the
porosity, and d,,,, is the median grain size of the porous medium. This formulation accounts
for the increased collision opportunity between particles and collector surfaces at higher flow

rates and in media with smaller grain sizes.

The detachment coefficient kg, is related to the attachment coefficient through an empirical

relationship:

Kget = ppr * Karr (5.6)

where a4t 18 an empirical detachment efficiency factor. This relationship reflects the
observation that conditions favouring attachment (high flow rates, smaller grain sizes) also
tend to generate higher hydrodynamic forces that can promote detachment, as demonstrated

by Wang et al. (2021).

Straining represents the physical filtration of microplastic particles in pore throats that are

too small to allow particle passage. Based on the experimental work of Bradford et al. (2003),
the straining coefficient kg is modelled as a function of the ratio between the microplastic

particle diameter dpart and the sand grain diameter dsand:

kgey = 4.5(52arty142 (5.7)

dsand

This empirical relationship indicates that straining becomes increasingly significant as the
ratio of particle size to grain size increases. For the sand grain sizes considered in this study
(2000,1000, 600, and 300um ) and the microplastic particle size of 50 um, this ratio ranges
from 0.025 to 0.16. Following Bradford et al. (2003), straining is considered dominant when
this ratio exceeds 0.10. Accordingly, coarse sand (ratio = 0.025) exhibits attachment-
dominated retention, intermediate-medium sand (ratio = 0.05) marks measurable straining
onset, medium sand (ratio = 0.083) shows transitional behaviour, and fine sand (ratio =

0.167) operates in the straining-dominated regime.

The simulations reveal distinct transport regimes across the grain size spectrum. For the
coarsest sand (2000 pm), attachment dominates the retention process, while straining plays
a negligible role. The intermediate-medium sand (1000 um) occupies an upper transitional

regime where attachment becomes the primary retention mechanism, though measurable
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straining effects persist, distinguishing it from the purely attachment-dominated coarse
fraction. The intermediate grain size (600 um) exhibits transitional behaviour where both
mechanisms contribute to retention, aligning with observations by Lim et al. (2023). For the
finest sand tested (300 um), straining begins to play a more significant role alongside

attachment.
5.2.3 Porosity and Permeability Evolution

A distinctive feature of the developed model is its ability to account for the dynamic
evolution of hydraulic properties due to microplastic retention. As microplastic particles
accumulate in the porous medium, they occupy pore space and reduce the effective porosity.
Following the approach proposed by Shen et al. (2020), this reduction is modelled using an

exponential decay function:

e(x,t) = g exp(—y S(x, 1)) (5.8)

where g(x,t) is the evolved porosity, €o is the initial porosity, and y is an empirical porosity
decay constant. This exponential relationship reflects the observation that initial particle
retention has a relatively minor impact on porosity, but as retention increases, the rate of

porosity reduction accelerates due to pore filling and blocking effects.

The evolution of hydraulic permeability is coupled to the porosity changes through a
modified Kozeny-Carman relationship, as suggested by Messina et al. (2015):

€3 (1—¢gp)?
0 g5 (1-¢€)?

k(x,t) =k (.9)

where k(x,t) is the evolved permeability and ko is the initial permeability. This relationship
captures the non-linear reduction in permeability that occurs with decreasing porosity,
accounting for the fact that even small reductions in porosity can lead to substantial decreases

in permeability due to the narrowing of flow paths and increased tortuosity.

The coupling between porosity/permeability evolution and flow dynamics is implemented
through an updated velocity field calculation. For each time step, the Darcy velocity is
recalculated based on the current permeability distribution solving a corrected flow equation

and averaging the wvelocity profile of the cross section(Guo & Zhao, 2003):
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where g is gravitational acceleration [L/T?], J is the piezometric slope [-], k is the local
permeability [L?], R is the pipe radius [L], € is the local porosity [-], and v is the kinematic

viscosity of water [L?/T].

The simulation results demonstrate that porosity and permeability evolution significantly
impacts transport dynamics, particularly for finer grain sizes where substantial microplastic
retention occurs. For the 300 um sand, permeability reduction exceeds can exceed 80% near
the inlet after prolonged microplastic loading, creating a feedback loop where reduced flow

rates further enhance retention through increased residence time and collision opportunities.
5.2.4 Assumptions and Limitations

The numerical model developed for microplastic transport in porous media incorporates

several assumptions and simplifications that define its scope and applicability:

One-dimensional flow assumption. The model assumes that transport processes can be

adequately represented in one spatial dimension. While this assumption is reasonable for
laboratory column experiments with relatively uniform flow fields, it limits the model’s
applicability to three-dimensional field scenarios where preferential flow paths play
significant roles. As Tufenkji and Elimelech (2004) note, this simplification is widely
accepted for controlled column experiments but requires careful consideration when

extrapolating to field conditions.

Homogeneous media: Within each simulation, the initial properties of the porous medium

(porosity, permeability, grain size) are assumed to be uniform throughout the spatial domain.
Although the model can simulate different grain sizes across separate simulations(2000,600
and 300pm), it does not account for spatial heterogeneity within a single model domain. This
limitation is particularly relevant when considering natural aquifer systems, which typically

exhibit significant heterogeneity across multiple scales.

Constant diffusion coefficient. The model assumes a constant diffusion coefficient, which

simplifies the numerical implementation but may not capture the complex dependence of
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dispersion on local flow conditions and evolving pore geometry. As Shen et al. (2010)
demonstrated, dispersion coefficients can vary significantly with changes in pore structure

resulting from particle retention.

Spherical particles and collectors: microplastic particles and sand grains are assumed to be

spherical. Real microplastics and sand grains often have irregular shapes that could influence

their interaction and transport behaviour.

No particle aggregation. The model does not account for potential aggregation of

microplastic particles, which could alter their effective size and transport behaviour. This
simplification is reasonable for the relatively dilute concentrations used in laboratory
experiments but may not hold for higher concentration scenarios or in the presence of natural

organic matter that can promote aggregation (Wang et al., 2021).

Simplified surface chemistry: The attachment and detachment processes are modelled using

empirical coefficients rather than detailed surface chemistry interactions. While this
approach is computationally efficient and can be calibrated to match experimental
observations, it may not capture the full complexity of surface interactions that depend on

water chemistry, particle surface properties, and collector surface characteristics.

No biological interactions: The model does not account for potential biological interactions

such as biofilm formation or biodegradation, which could influence long-term fate and

transport of microplastics in natural systems.

Despite these limitations, the model provides a robust framework for understanding the
fundamental processes governing microplastic transport in porous media and has
demonstrated good agreement with laboratory experiments across a range of conditions.
Future enhancements could address these limitations by incorporating more detailed
physiochemical processes, extending to multiple dimensions, and accounting for

heterogeneity in media properties.
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5.3 Numerical Implementation
5.3.1 Finite Difference Discretization

The governing equations and constitutive relations are solved numerically using an explicit
finite difference method. The spatial domain [0, h] is partitioned into N equal intervals of

size Ax, and time advances with a step At constrained by a stability requirement.

For the mobile phase concentration equation, the spatial derivatives are discretized using
central differences. The temporal derivative is approximated using a forward Euler scheme.

The resulting discrete equation for the mobile phase concentration at node i and time step

n+lis:
At [Ui CYy Ui C™ cr, —2C" + C R(C™, ST, ™)
n+1 n i+1%~i+1 i-1%i-1 i+1 i i-1 i n n+1 n
= (0 - —— - AtD -4 AtChy (ST — ST
C; C; 2% | £, P + At AxZ t n + AtCly (S} SH
(5.12)
For the solid phase concentration, the update equation is:
R(clt sl el
St =S+ At (65T (5.13)

1-el+y e ST

After updating the concentrations, the porosity and permeability at each node are updated

using the constitutive relations:
n+1l _ n+1
el = g exp(—y S (5.14)

(M)’ (1-g)?

e3(1-e )

kML =k, (5.15)

Then, the velocity and kinetic rates are recalculated based on the updated hydraulic

properties.

The time step At is determined to ensure numerical stability according to the diffusive

condition :

. 2
At = 14 -O'SDﬂ (5.16)

XX
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where 71;4 is a reduction fact suitably chosen to ensure stability, and D, is the dispersion

coefficient.
5.3.2 Dimensionless Parameters

To facilitate interpretation of the numerical results across different physical scales, flow
conditions, and kinetic regimes, several dimensionless parameters are introduced. These
groups emerge naturally from the non-dimensionalisation of the governing equations
(Section 5.2) and provide a framework for classifying transport behaviour and comparing

model predictions with experimental observations.
Darcy Number

The Darcy number characterizes the relative importance of the porous medium's intrinsic

permeability to the geometric confinement imposed by the system scale. It is defined as:

k

Da=ﬁ

(5.17)
where k is the intrinsic permeability of the porous medium [L?] and R is a characteristic
length scale of the system (here, the column radius) [L]. A small Darcy number (Da < 1)
indicates a relatively tight medium where flow is strongly constrained by the pore structure,
whereas a larger Darcy number corresponds to a more permeable medium where flow paths
are less restrictive. In the present simulations, the Darcy number varies spatially and
temporally due to the dynamic evolution of permeability (Equation 5.8) as microplastic
particles accumulate, providing a quantitative measure of the degree of hydraulic impairment

induced by particle retention.
Damkohler Numbers

The family of Damkéhler numbers compares characteristic reaction (or retention) time
scales to the advective transport time scale. For a generic first-order process with rate

constant k,. [T™'], the Damkohler number is defined as:

_ kL
~Ule

Da,

(5.18)
Roma Tre University 100



where L is the characteristic transport length (column length) [L], U is the Darcy velocity
[L/T], and € is the porosity. The ratio U/ represents the average pore-scale (interstitial)
velocity. Physically, Da, quantifies the number of reaction "events" (attachment,
detachment, or straining) that can occur during the time required for a water parcel to traverse

the column length.

In this study, three distinct Damkohler numbers are defined corresponding to the primary

kinetic processes governing microplastic retention:
Attachment Damkohler Number (Day):

k attL

Da,, = Uy/e
0 0

(5.19)

where k,;; is the first-order attachment rate constant [T'] (Equation 5.4), and U, and ¢, are
the inlet Darcy velocity and initial porosity, respectively. This parameter measures the
propensity for microplastic particles to attach to grain surfaces during transit through the

porous medium.

Detachment Damkohler Number (Dag.):

kdetL

Daye = Uo/o
0 0

(5.20)

where kg is the first-order detachment rate constant [T'] (Equation 5.6). This parameter
quantifies the reversibility of particle retention: a large Day.; indicates that detained particles

have sufficient time to detach and remobilize during the transport process.

Straining Damkéhler Number (Day,):

kStI'L
Uo/€o

D astr =

(5.21)
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where kg, is the straining rate coefficient [T'] . This parameter characterizes the efficiency
of physical filtration due to size exclusion in pore throats. The interpretation of these

Damkohler numbers follows a consistent framework:

e Da « 1: The kinetic process is slow relative to advective transport. Microplastics
are transported largely unaffected by the process, resulting in behavior dominated by

advection and dispersion (transport-limited regime).

e Da ~ 1: The kinetic process and advective transport occur on comparable time
scales. Significant interaction between transport and retention mechanisms is

expected, with intermediate breakthrough behavior.

e Da > 1: The kinetic process is fast relative to advective transport. Microplastics
experience strong retention or removal before traveling significant distances

(reaction-limited regime).

In the simulation results presented in Tests 2 and 4, the Damkohler numbers are explicitly
reported in the figure titles for each scenario. For example, Scenario 1 exhibits Da,, =
0.075 and Day; = 0.075, indicating weak retention processes and near-conservative
transport. In contrast, Scenario 6 shows Da,; = 7.5 and Day, = 7.5, indicating strong
attachment-detachment dynamics that substantially modify transport behavior relative to the
analytical ADE baseline. The systematic variation of Damkdhler numbers across the 12
scenarios enables comprehensive exploration of the parameter space and identification of

critical thresholds where transport regimes transition.

Porosity-Decay Damkoéhler Number (Da,,):

For processes involving dynamic changes in hydraulic properties, an additional Damkdhler
number characterizes the rate of porosity evolution relative to the experimental or simulation

time scale:
Da, = yTf
(5.22)

where y is the porosity decay constant [T™'] and T is the total duration of the simulation or

experiment [T]. This parameter quantifies the extent of hydraulic property alteration: Da,, <
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1 indicates minimal porosity change over the observation period, whereas Da, ~ 1 or larger

indicates substantial pore clogging and permeability reduction that significantly affect flow

and transport conditions.
Pore Reynolds Number

The pore Reynolds number quantifies the ratio of inertial to viscous forces at the pore
scale, providing a criterion for the validity of Darcy's law and the onset of non-linear flow
effects. It is defined as:

Re, = —
p v

(5.23)

where U is the Darcy velocity [L/T], d,is a characteristic pore diameter (often
approximated as grain diameter divided by a geometric factor) [L], and v is the kinematic
viscosity of the fluid [L?/T]. For small Re,, (typically Re,, < 1), viscous forces dominate and
flow remains in the linear Darcy regime appropriate for the advection-dispersion framework.
Larger Re,, values indicate increasing importance of inertial effects and potential deviations
from Darcy's law, which may require Forchheimer corrections or more complex flow
descriptions.In the present simulations, the pore Reynolds number remains in the laminar
regime (Re, < 1) for all tested conditions, consistent with typical groundwater flow
velocities and the assumptions underlying the advection-dispersion model. However, as
permeability decreases due to microplastic accumulation (particularly in fine-grained
media), local flow velocities through remaining open pores may increase, potentially
elevating Re,, in heavily clogged regions. The model accounts for such non-linear effects

through the Forchheimer-corrected velocity profile .
5.3.2 Boundary Conditions, Initial Conditions, and Dimensionless Parameters

The numerical model was configured to simulate two distinct contamination scenarios, each
representing different environmental contexts for microplastic release into porous media.
These scenarios were implemented through specific initial and boundary conditions, and the
resulting transport behaviour is characterized by using dimensionless parameters that

facilitate comparison across different physical scales and conditions.
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5.3.2.1 Case 1: Mass Pulse Injection

This scenario represents an instantaneous release of microplastics at a specific location
within the spatial domain, simulating an acute contamination event such as a sudden spill or

accidental discharge. The initial conditions were defined as:

Cin . _
C(x,0) = {E if % = xo (5.24)
0 elsewhere

S(x,0) =0 forall x

where C;, is the total injected mass of microplastics per unit cross-sectional area
[M/L?], Ax is the spatial discretization step, and x; is the location of the pulse injection (set

at the midpoint of the column, x, = L/2, in the implemented simulations).

Analytical Solution for Verification: For the instantaneous pulse injection scenario where
all kinetic processes are disabled (attachment, detachment, straining), the transport reduces
to the classical advection-dispersion equation with the analytical solution given by:

(x-x0-Ut/£)?
C(x, t) = Cin - e 4Dt

(5.25)

This solution describes the symmetric spreading of a concentration pulse as it advects
downstream with velocity U /e while undergoing Gaussian dispersion. The solution assumes
constant hydraulic properties, steady flow conditions, and serves as the reference baseline

for numerical verification.

The boundary conditions for Case 1 were specified to minimize artificial reflections and
mass balance errors. At the inlet (x = 0), a zero-gradient (Neumann) condition was applied:

ac
0xlx=0

=0 (5.26)

This condition ensures that no additional mass enters the domain after the initial pulse and
that any numerical diffusion near the boundary does not create spurious sources. At the outlet

(x = L), a semi-infinite or advective boundary condition was imposed:
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ac
Oxly=y,

= %C(L, t) (5.27)

This formulation allows the concentration front to exit the domain without reflection,
approximating the behaviour of an infinitely long column downstream of the modeled
region. The pulse injection scenario is particularly relevant for understanding the fate of
microplastics following accidental releases or isolated contamination events and serves as a

stringent test of the model's ability to capture transient transport dynamics.
5.3.2.2 Case 2: Continuous Inlet Feeding

This scenario represents a more persistent contamination source characterized by an initial
period of constant concentration feeding followed by exponential decay. Such conditions
may arise from ongoing industrial discharges, wastewater treatment plant effluents, or
landfill leachate with time-varying microplastic loads. The initial conditions were defined

as:
C(x,0) =0 forallx, S(x,0) =0 forallx

indicating that the porous medium is initially free of microplastic contamination. The
boundary conditions reflect the temporal evolution of the source:

C(0,t) =Cyfort >0
(5.28)
where C is the inlet concentration during the constant-feeding phase [M/L?].
The outlet boundary condition remains identical to Case 1 (Equation 5.17).

Analytical Solution for Verification: For the continuous inlet feeding scenario without
retention mechanisms, the analytical solution incorporates complementary error functions to

describe the advancing concentration front:

C(x,t) = % [erfc (x;f_;is) +erfc (%Dtis) e%

(5.29)

where erfc' is the complementary error function. This solution describes the propagation of

a concentration front advancing through the porous medium.
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This formulation represents realistic contamination scenarios where continuous discharge
creates persistent source loading without temporal variation. The continuous feeding allows
investigation of long-term accumulation, approach to steady-state conditions, and the

interplay between sustained loading and kinetic retention processes

The selection of these two complementary scenarios enables comprehensive model
evaluation: Case 1 emphasizes transient dynamics and the spatial evolution of a migrating

pulse, while Case 2 focuses on long-term accumulation, approach to steady-state conditions.
Verification Tests: Analytical Baseline Establishment

Two verification tests (Tests 1 and 3) were conducted to establish analytical baselines for
comparison with reaction-inclusive scenarios. These tests simulate purely advective-
dispersive transport with all kinetic processes disabled (Kait = kdet = kst =y = 0), providing
rigorous benchmarks for assessing model accuracy and quantifying the influence of retention

mechanisms.
Test 1: Mass Pulse Injection Without Reactions

Test 1 simulates an instantaneous release of microplastics at the column midpoint (x = L/2) under
purely advective-dispersive conditions, representing the limiting case where retention processes
are negligible. The initial conditions specify a normalized pulse (Ci» = 0.5) at x = 0.5 m with
zero-gradient boundaries at inlet and outlet. Simulations were conducted across six final times
(Tr=5, 10, 20, 30, 40, 50 s) to capture temporal evolution of the migrating and dispersing pulse.
Figure 5.1 presents result for Tr = 50 s, demonstrating the pulse evolution from initial release
through complete passage of the control section at x = 0.690.Spatial concentration profiles at t =
5, 10, 20, 30, 40, 50s exhibit characteristic Gaussian spreading with peak positions advancing
linearly with time, consistent with constant-velocity advection. The numerical solution (solid-
coloured lines) overlays the analytical ADE solution (asterisk markers) with excellent agreement

(relative error < 2%), validating the fundamental advection-dispersion implementation.
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Test 1 — mass pulse injection (Case 1, no reactions)
analytical ADE baseline (no reactions)
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Test 1 — mass pulse injection (Case 1, no reactions)
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Figure 5.1: Verification of numerical solver for mass pulse injection without reactions (Test
1, Tr= 50 s). (a) Spatial concentration profiles att =35, 10, 20, 30, 40, 50 s showing excellent
agreement between numerical solution (solid-coloured lines) and analytical ADE solution
(asterisk markers). The pulse migrates and disperses according to classical advection-

Roma Tre University 107



dispersion theory with symmetric spreading. (b) Breakthrough curve at control section (x =
0.690) demonstrating numerical-analytical agreement over the full-time domain, with

symmetric rise and fall characteristic of purely dispersive transport.

The breakthrough curve at x = 0.690 exhibits the symmetric rise-fall pattern expected for
reversible, transport-dominated systems, confirming that the numerical scheme accurately
captures both advective displacement and dispersive spreading without introducing artificial
numerical diffusion or oscillations. This verification establishes confidence in the model's
ability to simulate fundamental transport processes before introducing the complexity of

retention mechanisms.
Test 3: Continuous Inlet Feeding Without Reactions

Test 3 simulates persistent contamination loading under purely advective-dispersive
conditions, representing chronic contamination scenarios where retention processes are
absent or negligible. Initial conditions specify a pristine column (C = S = 0 everywhere),
with a constant inlet concentration (Co = 0.5) maintained for the duration of the simulation.
Simulations extended to Tr= 100 s to capture the full development of the concentration front
from initial penetration to quasi-steady-state plateau at the control section. Figure 5.4
demonstrates the front propagation and approach to steady state. Spatial concentration
profiles (Figure 5.6a) at t = 5-50 s show the characteristic S-shaped front advancing through
the column, with the transition zone between pristine (C = 0) and contaminated (C — Co)
regions broadening due to dispersion while the front advances at constant velocity. The
numerical solution maintains excellent agreement with the analytical ADE solution

throughout the domain (relative error < 3%).
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Test 3 — continuous inlet feeding (Case 2, no reactions)
analytical ADE baseline (no reactions)
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Figure 5.2: Verification of numerical solver for continuous inlet feeding without reactions (Test 3,
Tr= 100 s). (a) Spatial concentration profiles at t = 5, 10, 20, 30, 40, 50 s showing advancing
concentration front with characteristic S-shaped profile. Numerical solution (solid-coloured lines)
exhibits excellent agreement with analytical ADE solution (asterisk markers) throughout the spatial
domain. (b) Breakthrough curve at x = 0.690 extending to 100 s, demonstrating smooth rise to
plateau at C/Co = 0.45. The extended simulation time captures the approach to quasi-steady-state

conditions, validating the model's ability to simulate long-term continuous loading scenarios.

The breakthrough curve at x = 0.690 rises smoothly to a plateau near C/Co~ 0.45 by t = 100
s, demonstrating that the numerical model accurately reproduces the analytical solution even
for extended simulations under continuous loading. The close numerical-analytical
agreement over the full 100 s time window confirms that the model maintains accuracy for
long-duration simulations without accumulating numerical errors, establishing a robust
baseline for subsequent reaction-inclusive scenarios. The extended Tr= 100 s simulation was
specifically motivated by preliminary observations showing incomplete plateau
development at Tr= 50 s, which would have limited the ability to assess long-term fate under
persistent loading. The 100 s extension provides clear visibility of the full "scene" from
initial front arrival through plateau establishment, directly addressing the need to capture

complete transport dynamics for continuous feeding scenarios.
Damkohler Number-Based Kinetic Scenarios

Following verification of fundamental transport physics, systematic kinetic scenarios (Tests
2 and 4) were conducted to quantify retention process influences across a wide range of
conditions. Twelve scenarios spanning three orders of magnitude in Damkohler numbers
were simulated under both pulse injection (Test 2) and continuous inlet feeding (Test 4)
boundary conditions. Each scenario employs absolute first-order rate constants for
attachment (kax), detachment (kget), straining (ks), and porosity decay (y), characterized by
dimensionless Damkohler numbers defined in Section 5.3.2.3. Three representative scenarios
are presented here to illustrate the systematic transition from transport-limited (Da <« 1) to
reaction-limited (Da > 1) regimes. The complete twelve-scenario dataset is documented in

the simulation archive.
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Test 2: Pulse Injection with Retention Mechanisms

Test 2 employs identical initial and boundary conditions as Test 1 (instantaneous pulse at x
= L/2) but activates the full suite of retention mechanisms, enabling direct assessment of
kinetic process influences by comparison with the analytical ADE baseline established in

Test 1.
Scenario 1: Weak Retention Kinetics (Daa: = 0.075)

For weak retention kinetics (Ka = 0.001 57!, kget = 0.001 s7', kgr = 0, y = 0), pulse transport

approximates the analytical ADE solution with only minor modifications.

Figure 5.3 demonstrates that spatial concentration profiles exhibit >90% agreement with the
analytical baseline (asterisk markers), with numerical curves (solid-coloured lines)

displaying slight attenuation at late times reflecting the cumulative effect of weak attachment

processes.
Test 2 — mass pulse injection (Case 1, with reactions, scenario 1)
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Test 2 — mass pulse injection (Case 1, with reactions, scenario 1)

Damkohler: Dam=0.075, Dadet=0.075, Das"=0, DaT=0

4 concentration as a function of time at x = 0.690 m
T T T T T T T

numerical (with reactions)
* analytical ADE (no reactions)
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Figure 5.3: Effect of weak retention kinetics on pulse transport (Test 2, Scenario 1: Daax =
0.075, Daget = 0.075, Dagr = 0, Da, = 0). (a) Spatial concentration profiles at t = 5, 10, 20,
30, 40, 50 s showing minimal deviation from analytical ADE baseline (asterisk markers).
Solid coloured lines represent numerical solution with retention mechanisms activated,
exhibiting >90% agreement with no-reaction reference. (b) Breakthrough curve at control
section (x = 0.690 ) demonstrating peak concentration recovery >85% with minimal tailing,
characteristic of transport-dominated regime where Daa << 1. Parameters: kax = 0.001 s7,

kdet = 0.001 S_l, kstr = O, 'Y = O.

The breakthrough curve maintains the symmetric rise-fall pattern characteristic of reversible,
transport-dominated systems, with peak concentration >85% of the analytical prediction.
The minimal tailing observed reflects weak but measurable retention-detachment cycling
that introduces slight asymmetry without fundamentally altering transport behaviour. This
scenario is representative of coarse-grained aquifers with large pore spaces relative to
particle size, where collision efficiency remains low and hydrodynamic forces favour
particle remobilization over sustained retention.
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Scenario 2: Moderate Retention Kinetics (Daax = 1.5)

Moderate retention kinetics (Kai = 0.02 s7', kget = 0.02 571, k_str =0.0005 s, y = 0) produce
clear departures from analytical predictions, marking the transitional regime where
attachment and transport occur on comparable timescales. Figure 5.4 reveals spatial profiles
with concentration maxima systematically reduced by 50-60% compared to the analytical
baseline, with gradients steepening near the inlet (x < 0.2 m) where retention accumulation

is most intense.

Test 2 — mass pulse injection (Case 1, with reactions, scenario 5)
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Test 2 — mass pulse injection (Case 1, with reactions, scenario 5)

Damkohler: Da aﬂ=1 .5, Da de|=1 .5, Dastr=0.037, Da_r=0
concentration as a function of time at x = 0.690 m
T T T T T
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Figure 5.4: Effect of moderate retention kinetics on pulse transport (Test 2, Scenario 5: Daa
= 1.5, Daget = 1.5, Das = 0.037, Day = 0). (a) Spatial concentration profiles showing clear
attenuation relative to ADE baseline, with steeper gradients developing near inlet (x < 0.2
m) as retention accumulates. Peak concentrations reduced by ~60% compared to analytical
solution at all snapshot times. (b) Breakthrough curve demonstrating delayed arrival (peak
at t = 35 s versus t = 28 s for ADE), ~60% peak suppression, and extended tailing
characteristic of transitional regime where transport and reaction timescales are comparable

(Da = 1). Parameters: Kaix = 0.02 s7', kget = 0.02 577, ks = 0.0005 571, y = 0.

The breakthrough curve exhibits characteristic features of intermediate Damkohler
numbers: delayed peak arrival (t= 35 s versus t = 28 s for ADE), substantial peak suppression
(~60%), and asymmetric shape with extended tailing. The tailing behaviour reflects gradual
remobilization of retained particles through detachment processes operating over timescales
comparable to the pulse transit time, creating a secondary source that sustains low

concentrations long after the main pulse has passed.
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This transitional regime is particularly relevant for medium-grained aquifers where neither
transport nor retention overwhelmingly dominates, creating complex coupling between flow
dynamics and kinetic processes. The systematic ~60% reduction in peak concentration
compared to ADE provides a quantitative measure of natural attenuation effectiveness in this

regime, directly informing risk assessment for similar field conditions.
Scenario 3: Strong Retention Kinetics (Daa: = 7.5)

Strong retention kinetics (Kait = 0.1 s7', Kdet = 0.1 57, ks = 0.001 s7!, y = 0) fundamentally
alter pulse transport behaviour, with >90% of injected mass retained within x <0.3 m. Figure
5.5 demonstrates spatial profiles exhibiting hyper exponential decay characteristic of
straining-dominated or high-attachment systems, where particles are immobilized on

timescales much shorter than advective transport times.

Test 2 — mass pulse injection (Case 1, with reactions, scenario 6)
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Test 2 — mass pulse iniection (Case 1. with reactions. scenario 6)
Damkohler: Da aﬂ='|f.5, Da » et=7.5, DaS"=0.DT5, Da7=0
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Figure 5.5: Effect of strong retention kinetics on pulse transport (Test 2, Scenario 6: Daay =
7.5, Daget = 7.5, Dasy = 0.075, Day = 0). (a) Spatial concentration profiles showing dramatic
suppression (>90%) relative to ADE baseline. Hyper exponential retention profile develops
with maximum concentrations confined to x < 0.3 m, indicating reaction-limited regime
where particles are captured before significant advective displacement. Analytical baseline
curves (asterisks) become irrelevant as transport is overwhelmed by retention. (b)
Breakthrough curve demonstrating reaction-limited regime characteristics: peak
concentration <10% of inlet value, arrival delayed to t = 45 s, and extensive low-
concentration tailing extending throughout simulation window. Parameters: kat = 0.1 577, Kqet

=0.1 s ksx=0.001s",y=0.

The analytical ADE baseline becomes effectively irrelevant in this regime as retention
processes completely dominate transport dynamics. The breakthrough curve displays
extreme peak suppression (<10% of analytical prediction), delayed arrival (t = 45 s), and
persistent low-level tailing that extends throughout the observation window. This extended

tailing reflects the slow, gradual release of retained particles through detachment balanced
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against continued retention of remobilized particles, creating a quasi-steady state where

breakthrough concentrations remain orders of magnitude below inlet values.

This regime is representative of fine-grained aquifers or conditions favouring strong
particle-collector interactions (high ionic strength, favourable surface chemistry), where
natural attenuation is highly effective but creates potential for secondary release over
extended timescales. The >90% retention within 0.3 m provides quantitative evidence of
effective natural filtration, though the persistent tailing indicates that complete removal does

not occur and low-level contamination may persist indefinitely.
Test 4: Continuous Inlet Feeding with Retention Mechanisms

Test 4 employs continuous feeding boundary conditions (constant inlet concentration for t <
100 s) with retention mechanisms activated, representing the most realistic scenario for
assessing long-term microplastic fate in groundwater systems subject to chronic
contamination. The twelve kinetic scenarios from Test 2 are re-evaluated under continuous

loading to quantify how persistent sources amplify retention effects relative to pulse releases.
Scenario 1: Weak Retention, Continuous Loading (Daax = 0.075)

Under continuous loading with weak kinetics (same parameters as Test 2 Scenario 1), the
system approaches quasi-steady state where inlet concentration is maintained while retention
processes reach dynamic equilibrium. Figure 5.6 shows spatial front development
maintaining characteristics similar to the analytical ADE solution, with only minor retention-
induced attenuation. By t = 50 s, concentration at x = 0.690 reaches ~40% of inlet value,

approaching the plateau evident in the 100 s breakthrough curve.
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Test 4 - continuous inlet feeding (Case 2, with reactions, scenario 1)
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Figure 5.6: Effect of weak retention kinetics on continuous inlet transport (Test 4, Scenario
1: Daaw = 0.075, Daget = 0.075, Das = 0, Day = 0). (a) Spatial front development at t = 5-50
s showing near-ideal ADE behaviour with advancing front maintaining sharp definition and
minimal retention-induced attenuation. By t =50 s, concentration at x = 0.690 reaches ~40%
of inlet value, approaching plateau. (b) Concentration at control section rising monotonically
to plateau at C/Co = 0.45 by t = 100 s, demonstrating minimal long-term impact of weak
retention under persistent loading. Comparison with analytical ADE solution (red asterisks)
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shows <10% deviation throughout time domain. Same kinetic parameters as Test 2 Scenario

1.

The concentration at x = 0.690 rises smoothly to a plateau near C/Co = 0.45 by t = 100 s,
indicating that even weak retention processes accumulate noticeable effects under persistent
loading—the 10% reduction from the no-reaction plateau (C/Co = 0.5 from Test 3) reflects
cumulative retention-detachment cycling. However, the close agreement with the analytical
baseline (red asterisks, <10% deviation) confirms that transport remains the dominant

control on fate even after 100 s of continuous contamination.

This scenario represents high-vulnerability aquifer conditions where contamination can
propagate significant distances downgradient with minimal natural attenuation. Even 100 s
of continuous loading produces only modest concentration reduction at x = 0.690 ,
suggesting that extended transport distances and long-term monitoring requirements are

necessary for such systems.
Scenario 2: Moderate Retention, Continuous Loading (Dau: = 1.5)

Moderate retention under continuous loading (same parameters as Test 2 Scenario 2) reveals
the cumulative impact of transitional-regime kinetics over extended timescales. Figure 5.7
exhibits spatial profiles with progressive steepening of concentration gradients, particularly
in the upstream half of the domain (x < 0.5 m) where retention accumulation is most intense.
By t = 50 s, clear departure from analytical predictions is evident throughout the domain,

with concentrations systematically 30-50% below the ADE baseline.
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Figure 5.7: Effect of moderate retention kinetics on continuous inlet transport (Test 4,
Scenario 5: Daat = 1.5, Dager = 1.5, Dage = 0.037, Da, = 0). (a) Spatial profiles showing
progressive attenuation with increasing distance from inlet. Front advancement slows visibly
between t =30-50 s as retention effects accumulate, with concentration gradients steepening
substantially compared to Scenario 1. (b) Concentration plateau at control section stabilizing
at C/Co = 0.25 by t = 100 s—substantially reduced from weak-kinetics case (C/Co~ 0.45)—
indicating that moderate Damkohler numbers produce cumulative suppression under
persistent source conditions. Deviation from analytical baseline exceeds 50% by t = 100 s.

Same kinetic parameters as Test 2 Scenario 5.

The control section concentration plateaus at C/Co = 0.25 by t = 100 s—approximately half
the weak-kinetics value and 50% below the ADE prediction—indicating substantial long-
term suppression of downgradient transport under moderate retention conditions. The
gradual approach to plateau rather than rapid equilibration suggests that dynamic feedback
between retention and flow continue to evolve over timescales exceeding 100 s, potentially
requiring monitoring periods of months to years to fully characterize steady-state conditions

in field applications.

This regime represents intermediate-vulnerability conditions where contamination extent is
limited by retention but not eliminated, requiring careful assessment of both near-field
impacts (retention accumulation, potential hydraulic impairment) and far-field risks

(persistent downgradient transport at reduced but non-negligible concentrations).
Scenario 3: Strong Retention, Continuous Loading (Dauu = 7.5)

Strong retention under continuous loading (same parameters as Test 2 Scenario 3) produces
the most dramatic deviation from analytical behaviour observed across all scenarios. Figure
5.8 shows >95% of inlet mass retained within x < 0.2—0.3 m, with spatial profiles exhibiting
minimal front advancement beyond the near-inlet region even after 50 s of continuous

loading.
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Figure 5.8 : Effect of strong retention kinetics on continuous inlet transport (Test 4, Scenario
6: Daat = 7.5, Daget = 7.5, Dagr = 0.075, Day = 0). (a) Spatial profiles showing severe near-
inlet retention with minimal downgradient transport. Concentration front barely advances
beyond x = 0.3 m by t =50 s, with profiles exhibiting hyper exponential decay characteristic
of reaction-limited systems. Analytical ADE baseline becomes completely irrelevant as
retention processes overwhelmingly dominate transport dynamics. (b) Concentration at
control section plateauing at C/Co < 0.05 by t = 100 s—more than 10x lower than weak-
kinetics case—demonstrating that high Damkohler numbers effectively prevent
downgradient contamination even under persistent source conditions. Same kinetic

parameters as Test 2 Scenario 3.

The persistent, steep concentration gradient reflects rapid kinetic capture overwhelming
advective transport, creating a filtration zone that effectively immobilizes particles before
they can propagate significant distances. The control section concentration remains below
5% of inlet values even after 100 s of continuous loading, confirming highly effective natural
attenuation for downgradient protection—a >90% reduction compared to the weak-kinetics

case and >95% compared to the no-reaction ADE baseline.

However, this extreme retention creates corresponding hydraulic impacts near the source.
While not explicitly shown in concentration plots, the model predicts (via Equations 5.7—
5.8) substantial porosity reduction and permeability loss in the near-inlet zone (x < 0.2 m),
with potential for >80% permeability reduction creating localized but severe hydraulic
impairment. This dual character—excellent contaminant removal but severe hydraulic
impairment—represents a critical consideration for fine-grained aquifer systems or

conditions favouring strong particle-surface interactions.
Comparative Analysis: Pulse versus Continuous Loading

Direct comparison between Test 2 (pulse) and Test 4 (continuous) for identical kinetic
parameters reveals fundamental differences in long-term fate that have important

implications for risk assessment and management strategies.

For Scenario 1 (Daax = 0.075, weak kinetics), pulse injection results in transient
breakthrough with near-complete mass recovery at the outlet (>85% of injected mass passes

control section), while continuous loading (Figure 5.12) establishes persistent plateau
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concentrations at downgradient locations (C/Co = 0.45 maintained indefinitely). This
distinction has critical implications: pulse releases pose primarily transport-based risks that
are time-limited (concentrations return to background after pulse passage), whereas
continuous releases create sustained contamination requiring long-term management even

in high-permeability systems.

For Scenario 3 (Daat = 7.5, strong kinetics), both loading modes result in effective filtration
(<10% breakthrough) and minimal downgradient risk. However, continuous loading (Figure
5.10) creates sustained near-inlet accumulation with progressive hydraulic impairment not
observed in pulse scenarios . The accumulation of retained mass under persistent loading
progressively reduces porosity and permeability (via Equations 5.7-5.8), creating self-
reinforcing retention where flow reduction further enhances particle capture efficiency. This
positive feedback mechanism is unique to continuous loading scenarios and represents a

critical distinction for regulatory assessments of chronic versus acute contamination events.

The Scenario 2 comparison (Daa = 1.5, transitional regime) reveals maximum sensitivity to
loading mode. Pulse injection produces moderate attenuation (~60% peak suppression) with
partial breakthrough, while continuous loading results in substantially greater cumulative
retention (~75% suppression at plateau) and more pronounced downgradient concentration
reduction. This sensitivity in the transitional regime (0.5 < Da < 2) suggests that risk
characterization for medium-grained aquifers must explicitly account for contamination
source characteristics rather than relying solely on aquifer property assessments—a finding

with direct regulatory implications.
5.3.2 Solution Algorithm and Implementation Details

The numerical model was implemented in MATLAB, chosen for its robust capabilities in
solving systems of coupled differential equations, efficient matrix operations, and

comprehensive visualization features. The solution algorithm follows these steps:

Initialization: Define spatial domain, grid resolution, time step, and initial conditions for all

variables (C, S, &, k, U, kinetic rates).
Time loop: For each time step:
Update solid concentration S using the explicit scheme.
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Update mobile concentration C using the explicit scheme.
Apply boundary conditions.

Update porosity and permeability using constitutive relations.
Recalculate velocity and kinetic rates.

Advance to next time step

QOutput: Record variables of interest (concentrations, porosity, permeability) at specified

intervals for post-processing and analysis.

For validation purposes, the model also includes implementations of analytical solutions for
simple cases that can be compared with numerical results to verify the correctness of the
discretization and solution algorithm. These analytical benchmarks provide confidence in
the model’s ability to accurately capture the fundamental transport processes before adding

the complexity of attachment, detachment, and straining mechanisms.
5.4 Model Calibration and Validation
5.4.1 Calibration Strategy and Parameter Tuning

The calibration of the numerical model followed a systematic approach to identify optimal
values for the key adjustable parameters that could not be directly measured. These
parameters included the attachment coefficient, detachment coefficient, and porosity decay
constant (y), the strategy sought to simultaneously optimize the model’s ability to reproduce

observed breakthrough curves, retention profiles, and hydraulic property evolution.

The calibration process began with a sensitivity analysis to identify the most influential
parameters, which revealed that the attachment coefficient and porosity decay constant had
the strongest impact on model outcomes. Based on this finding, a two-stage calibration

approach was implemented:

Primary Calibration: Initial parameter values were selected based on literature
recommendations, and then the attachment coefficient and porosity decay constant were
systematically varied to match the experimental breakthrough curves. This stage focused on

matching the timing and magnitude of the concentration peak at the column outlet.
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Secondary Calibration: With preliminary values established for the attachment coefficient

and porosity decay constant, the detachment coefficient and velocity adjustment parameter
were fine-tuned to improve the match between simulated and observed tailing behaviour and

permeability evolution.

To ensure comprehensive calibration across different media conditions, the process was
repeated for each of the Coarse, Medium ,Fine sand grain sizes. This approach revealed
distinct optimal parameter sets for each grain size, reflecting the different transport and
retention mechanisms dominant at different scales. The calibrated parameters showed clear

trends with grain size:

Attachment coefficient increased with decreasing grain size. This trend reflects the increased

specific surface area and collision efficiency in finer media.

Detachment coefficient showed less variation with grain size, this suggests that while
attachment increases substantially in finer media, the relative importance of detachment also

increases.

Porosity decay constant (y) increased with decreasing grain size, ranging from 0.2 for the
2000 pm sand to 0.4 for the fine sand. This indicates that microplastic retention has a more
pronounced effect on porosity reduction in finer media, likely due to the smaller initial pore

sizes.

The calibration process involved running 243 model simulations with different parameter
combinations, each simulation was evaluated based on multiple performance metrics, and

the parameter set that provided the best overall performance was selected for each grain size.
5.4.2 Validation Against Laboratory Column Experiments

Model performance was evaluated by comparing simulated and experimental time series
across four grain size fractions (fine: 300 um, medium: 600 um, intermediate-medium: 1000
um, and coarse: 2000 wm) using normalized outlet microplastic concentration (C/Co),
normalized porosity (g/€0), and normalized permeability (k/ko). The comprehensive
validation spanning four grain sizes enables assessment of model fidelity across transport
regimes ranging from attachment-dominated (coarse sand) through transitional

(intermediate-medium sand) to straining-dominated (fine sand) conditions. The calibrated
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parameter sets, systematically varied to reflect grain size-dependent processes, demonstrate

predictive capability across diverse porous media characteristics.

Model Validation: Experimental vs. Simulated Results
Fine (300 ;:m)

20

Time (hours) Time (hours) Time (hours)

Figure 5.9. Comprehensive model validation across four grain sizes showing normalized
concentration (left column), porosity (middle column), and permeability (right column). Non-
dimensional parameters and transport regimes: Fine sand (300 um): Da = 6.88x107¢, Re, = 0.009,
Da,y = 38.8, kg = 0.390, v = 0.05 (straining-dominated); Medium sand (600 um): Da = 6.88x107¢,
Re, = 0.017, Daay = 0.40, kg = 0.148, y = 0.1 (transitional); Intermediate-medium sand (1000 pum):
Da = 6.88x107°¢, Rep = 0.029, Daaw = 23.3, kg = 0.073, y = 0.1 (upper transitional); Coarse sand
(2000 pm): Da = 1.03x107°, Re, = 0.256, Da,y = 545, Daget = 54.5, ke = 0.028, y = 0.2 (attachment-
dominated). All Re, < 1 confirms Darcy flow validity. Experimental data shown as solid lines with

markers; simulated results shown as discrete markers.
5.4.2.1 Coarse Sand (2000 pm) Validation: Attachment-Dominated Regime

The experimental breakthrough curve in coarse sand shows rapid initial passage of
microplastics followed by decline over the remainder of the experiment, with variability in
measured values. The simulated breakthrough curve follows the overall pattern and captures
timing of early breakthrough and subsequent decay, indicating that the model represents

dominant transport processes for coarse sand under imposed flow conditions. In this grain
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size, limited tailing and overall decline are consistent with relatively weak retention
compared with finer porous media, where straining becomes more important as particle-to-

pore size ratios increase.

Slimulation Data vs. Experimental Data - Coarse{ (2000 pm) Sang
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Figure 5.10. Validation for coarse sand (2000 um) in an attachment-dominated regime.
Simulated results (filled circles) are compared with experimental data (lines with markers)
for concentration, porosity, and permeability. Hydraulic changes are minimal, reflecting

limited retention in coarse media

Hydraulic property evolution reveals that experimental porosity remains near its initial value
throughout, and simulated porosity similarly remains near-constant, supporting
interpretation that coarse sand experienced minimal pore-space loss during microplastic
passage. Normalized permeability shows no sustained progressive decline in experimental
series, and simulation reproduces the same general stability. Fluctuations in experimental
permeability and porosity time series are not reproduced by the model, which provides

smoother trends consistent with its continuum representation of the column.
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5.4.2.2 Medium Sand (600 pm) Validation: Transitional Regime

The experimental breakthrough in medium sand exhibits characteristics falling between
coarse and fine fractions, with initial breakthrough occurring at intermediate times. The
simulated breakthrough demonstrates temporal agreement, validating the model's capability
to capture transitional regime dynamics where attachment and straining contribute to overall
retention. Post-breakthrough concentration exhibits moderate fluctuations experimentally,
partially reproduced by simulation though with smoother temporal evolution reflecting the

continuum model's representation.

Simulation Data vs. Experimental Data - Medium (600 ;m) Sand
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Figure 5.11. Validation for medium (600 um) sand in a transitional regime. Simulated
results (filled circles) are compared with experimental data (lines with markers) for
concentration, porosity, and permeability. Moderate hydraulic degradation reflects

combined attachment and straining.

Hydraulic property evolution in medium sand demonstrates systematic degradation.
Experimental porosity declined from initial values, while simulated values tracked the trend.
The calibrated porosity decay constant captures the curvilinear decline pattern, with initial
reduction transitioning to stabilization indicative of approaching retention capacity.
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Permeability evolution exhibited moderate loss, reproduced by simulation. The porosity-
permeability correlation confirms the Kozeny-Carman relationship remains applicable under

these conditions.

The medium sand validation demonstrates that moderate retention mechanisms correctly
identify the transitional regime where neither transport nor retention overwhelmingly
dominates. The particle-to-pore throat ratio falls within the transition zone where straining
becomes significant, but attachment remains important, creating coupled dynamics captured

by the dual-mechanism retention formulation.
5.4.2.3 Intermediate-Medium Sand (1000 pm) Validation: Upper Transitional Regime

The experimental breakthrough in intermediate-medium sand exhibits behaviour
intermediate between medium and coarse fractions, confirming its position in the upper
transitional regime where attachment begins to dominate over straining. Initial breakthrough
occurred at times earlier than medium sand but delayed compared to coarse sand. The
simulated breakthrough demonstrates temporal agreement and captures the sustained
intermediate concentration pattern. The model reproduces the characteristic temporal profile
observed in experimental data, reflecting depletion of readily detachable particles followed

by sustained elution from more strongly retained fractions.

Hydraulic property evolution reveals moderate degradation patterns that validate the model's
capability in this grain size range. Experimental porosity declined from initial values,
matched by simulation. The gentler decline compared to finer grain sizes reflects reduced
straining efficiency as particle-to-pore throat ratios decrease, creating predominantly surface
attachment rather than pore blocking. The calibrated porosity decay constant captures this
moderate accumulation rate, intermediate between the clogging in fine sand and minimal

impact in coarse sand.
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Figure 5.12. Validation for intermediate-medium (1000 um) sand in the upper transitional
regime. Simulated results (filled circles) are compared with experimental data (lines with
markers) for breakthrough and hydraulic evolution. The model captures the transition where

attachment dominates over straining.

Permeability evolution exhibited moderate reduction from initial values, reproduced by the
model. The moderate conductivity loss indicates that intermediate-medium aquifer materials
maintain functional flow capacity under sustained microplastic loading. The experimental
porosity-permeability correlation is captured by the Kozeny-Carman formulation,
confirming the model's validity across this intermediate grain size range where neither

extreme clogging nor conservative transport dominate.

The intermediate-medium sand validation is relevant because this grain size represents the
upper boundary of the transitional regime, where predictive uncertainty is typically elevated
due to competing retention mechanisms. The model's performance across all three metrics
(breakthrough timing, concentration magnitude, hydraulic property evolution) provides

confidence for scenario analysis spanning the full grain size spectrum.
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5.4.2.4 Fine Sand (300 pm) Validation: Straining-Dominated Regime

The experimental breakthrough curve in fine sand exhibits delayed arrival and attenuated
peak concentrations characteristic of straining-dominated retention. Initial breakthrough did
not occur until later times, with peak normalized concentrations remaining substantially
lower than coarser grain sizes. The simulated breakthrough curve captures this retention
behaviour, reproducing both the delayed arrival timing and the peak suppression. The
extended low-concentration tailing observed experimentally reflects gradual remobilization
of strained particles through detachment balanced against continued retention, a dynamic

process represented by the calibrated attachment-detachment coefficients.
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Figure 5.13. Validation for fine (300 pm) sand in a straining-dominated regime. Simulated
results (filled circles) are compared with experimental data (lines with markers) for
concentration, porosity, and permeability. Pronounced hydraulic degradation reflects

physical filtration in fine-grained media.

Hydraulic property evolution validation demonstrates the model's capability to capture pore-
scale clogging mechanisms. Experimental porosity declined substantially from initial values
by final sampling, representing the most pronounced degradation observed across all grain

sizes. The simulated porosity evolution follows this trajectory, with the exponential decay
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formulation capturing the accelerating decline characteristic of progressive pore blocking.
The coupled permeability reduction exhibited pronounced changes, with experimental
values declining substantially. The model reproduces this hydraulic impairment, though
slightly underestimating the magnitude—Ilikely reflecting limitations in the Kozeny-Carman
relationship under extreme clogging conditions where pore network connectivity loss

exceeds continuum model assumptions.

The agreement between simulation and experiment for fine sand validates the model's
straining formulation, confirming that the particle-to-grain size ratio serves as the primary
control on retention efficiency when particle-to-grain ratios exceed critical thresholds. The
classification correctly identifies this regime as reaction-limited, where retention processes
operate on timescales substantially shorter than advective transport, creating the observed

near-inlet accumulation and downgradient concentration suppression.
5.4.3 Performance Metrics and Error Analysis

To quantitatively assess the performance of the calibrated model, an error analysis metrics
was employed for comparing model predictions with experimental observations. These
metrics were calculated across for multiple aspects of the model output (breakthrough

curves, retention profiles, and hydraulic property evolution).

A primary performance metric used in this study was the relative error between simulation
and experimental results, calculated as:

ABS(NUM-EXP)

Relative Error(%) = SUM( EXP

) (5.30)

where EXP is the experimental and NUM is the numerical value of the considered quantity.

Table 5.1 summarizes relative error across all four grain sizes for the three primary model
outputs. The number of experimental data points varies across grain sizes due to sampling

constraints.
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Table 5.1 — Relative Error Between Simulated and Experimental Time Series

Sand Fraction |n Concentration (%) | Porosity (%) | Permeability (%)
300 um 7 2.99 4.02 23.07

600 um 4 12.67 3.84 19.61

1000 pm 4 54.49 7.81 16.54

2000 pm 31 21.01 0.56 9.05

Error Patterns Across Grain Sizes

Concentration predictions exhibited variable accuracy across grain sizes. Fine sand showed
low error, indicating that the model captured breakthrough behaviour and post-breakthrough
dynamics adequately. Medium sand demonstrated moderate error, while intermediate-
medium sand showed elevated error, likely reflecting the complexity of calibrating dual-
mechanism models in transitional regimes where attachment and straining contribute
comparably. This elevated error coincides with limited temporal sampling resolution, which
constrains model validation. Coarse sand exhibited moderate error despite dense temporal

sampling, suggesting sensitivity to breakthrough timing and concentration variability.

Porosity evolution was reproduced with consistently low error across all grain sizes. Fine,
medium, and intermediate-medium sands demonstrated errors below ten percent, while
coarse sand showed minimal error reflecting near-baseline porosity maintenance throughout
the experimental period. The low porosity errors indicate that the exponential decay
formulation accurately represents pore space reduction due to particle accumulation. The
systematic performance across grain sizes validates the constitutive relationship between

retained particle concentration and porosity loss.

Permeability evolution showed systematic variation with grain size. Errors decreased
progressively from fine sand through intermediate-medium to coarse sand, indicating
improved model performance under conditions approaching linear Darcy flow. Fine and
medium sands exhibited moderate errors, reflecting the nonlinear coupling between porosity
and permeability via the Kozeny-Carman relationship, where small porosity prediction
errors amplify into larger permeability deviations. The pattern of decreasing error with
increasing grain size confirms that the model performs more reliably when severe clogging

and non-Darcy effects are minimal.
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The systematic pattern of lower errors for hydraulic properties compared to concentration
dynamics indicates that the porosity-permeability coupling formulation performs
consistently across the grain size spectrum, while concentration predictions show greater

sensitivity to parameter calibration and experimental data resolution.
Sources of Error and Uncertainty

Several factors contribute to observed model-experiment discrepancies. Parameter
uncertainty arises from the calibration process, where attachment coefficients, detachment
coefficients, and porosity decay constants carry inherent uncertainty despite optimization
procedures. Sensitivity analysis revealed that breakthrough predictions are particularly
responsive to attachment coefficient variations, making this parameter a critical source of

predictive uncertainty in transitional grain sizes.

Sampling resolution varies substantially across grain sizes, directly affecting error estimate
confidence. Medium and intermediate-medium sands have limited temporal resolution,
constraining validation rigor where breakthrough features between sampling intervals
cannot be resolved. This limitation particularly affects concentration error assessments for
intermediate-medium sand, where four experimental points provide insufficient constraint

on model calibration for the complex transitional regime.

Simplifying assumptions in the model's continuum formulation contribute to systematic
deviations. The assumption of spatially uniform initial properties neglects pore-scale
heterogeneity that becomes influential in finer grain sizes where retention mechanisms create
localized concentration gradients. The spherical particle assumption introduces systematic
deviation from experimental conditions where microplastic morphology includes fibrous

and irregular fragments with different hydrodynamic and retention behaviours.

Experimental measurement uncertainty affects apparent model errors. Uncertainties in
determining microplastic concentrations through particle counting, porosity through volume
measurement, and permeability through hydraulic gradient control contribute to
discrepancies that partially reflect experimental limitations rather than model deficiencies.
Permeability calculations based on Darcy's law assume steady flow conditions that may not

be maintained during transient clogging events in fine sand experiments.

Roma Tre University 135



Interpretation of Model Performance

The error analysis confirms that the model performs adequately across the grain size
spectrum, with expected variations in accuracy reflecting differences in retention regime
complexity and experimental data resolution. Fine sand concentration predictions
demonstrate that the model can capture straining-dominated transport when calibration
parameters are well-constrained by sufficient experimental data. The elevated error for
intermediate-medium sand reflects the inherent difficulty of modeling transitional regimes
where neither attachment nor straining dominates, compounded by sparse temporal

sampling.

Porosity predictions across all grain sizes demonstrate that the exponential decay
formulation provides a robust representation of pore space evolution under microplastic
loading. The consistently low errors validate the approach of coupling particle retention

directly to porosity reduction through a first-order decay relationship.

Permeability predictions follow expected trends, with performance improving
systematically as grain size increases and flow approaches linear Darcy conditions. The
moderate errors in fine sand reflect the challenge of predicting hydraulic conductivity under
severe clogging where the Kozeny-Carman relationship may not fully capture pore network

reorganization and preferential flow pathway development.

The model demonstrates adequate predictive capability for scenario analysis and qualitative
assessment of microplastic transport across diverse grain sizes, while quantitative
predictions for intermediate grain sizes would benefit from refined kinetic parameterization

and increased experimental data resolution for calibration validation.
5.5 key findings and conclusions
5.5.1 Summary of Modelling Results

The numerical model successfully simulated microplastic transport and retention in saturated
porous media across four grain sizes spanning fine to coarse sand fractions, capturing the
interplay between advection, dispersion, and retention mechanisms including attachment,

detachment, and straining.
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The simulations revealed that grain size is a dominant control on microplastic transport
regimes. In coarse sand, transport was dominated by advection with minimal retention,
reflected in early breakthrough and negligible changes in hydraulic properties. This
behaviour aligns with conditions indicating a transport-limited regime where particles move

largely conservatively through the pore network.

In contrast, fine sand exhibited a reaction-limited regime characterized by retention and
delayed breakthrough. Physical filtration at pore constrictions was the primary retention
mechanism, leading to accumulation near the inlet. This accumulation caused reduction in
porosity and permeability, with the model predicting decline in hydraulic conductivity

consistent with pore-clogging phenomena observed in laboratory experiments.

Medium sand demonstrated transitional behaviour, with moderate retention governed by
combination of attachment and straining. The model captured the intermediate breakthrough
timing and the evolution of hydraulic properties, highlighting the sensitivity of transport to

particle-to-grain size ratios in this transition zone.

Intermediate-medium sand occupied the upper transitional regime, characterized by
moderate retention and manageable hydraulic impairment. This grain size represents a
boundary of the transitional zone where attachment is becoming dominant, but straining
remains measurable. The model's performance across this challenging intermediate range

provides confidence for scenario analysis and field-scale predictions.
5.5.2 Integration of Validation and Field Observations

Validation against laboratory column data confirmed the model's predictive capability. The
simulated breakthrough curves showed agreement with experimental data for coarse and
medium sand, reproducing peak concentrations and tailing behaviour. For fine sand, the
model captured the primary breakthrough features but slightly underestimated long-term
tailing, likely due to complex pore-scale heterogeneity not fully resolved in the continuum

formulation.

Comparing these findings with field observations from the Chennai aquifer, the modelling
results provide mechanistic explanation for detected contamination patterns. The preferential
accumulation of microplastics in sandy aquifer zones compared to clayey zones is consistent

with the model's prediction of enhanced transport in coarser media, where particles can
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penetrate deeper into the subsurface before being retained. The model also supports the
hypothesis that seasonal recharge events mobilize retained particles, as simulated
detachment processes demonstrated that previously deposited microplastics can be re-

entrained under changing flow conditions.
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Chapter 6 — Synthesis, Implications, and Future Research Directions
6.1 Introduction.

This study examined microplastic transport and retention in groundwater systems through
field observations, laboratory experiments, and numerical modelling. The research
addressed four objectives stated in Chapter 1: to characterize microplastic occurrence and
spatial distribution in groundwater; to investigate transport mechanisms in porous media
through controlled experiments; to develop numerical models for predicting transport; and

to discuss implications for groundwater quality and aquifer behaviour.

The methodological approach combined field sampling at 25 locations in Chennai during
two seasonal periods (pre-monsoon August 2024 and post-monsoon February 2025),
laboratory column experiments using four sand grain sizes (300 um, 600 pm, 1000 pum, and

2000 pm), and numerical modelling to simulate observed transport patterns.

Field sampling detected microplastics at all 25 locations. Particles per litre ranged from 5 to
19 particles per sample in pre-monsoon conditions and 8 to 26 particles per sample in post-
monsoon conditions. Total counts increased from 249 particles pre-monsoon to 387 particles
post-monsoon. Sandy formations averaged 11.2 particles per sample pre-monsoon (15.5
post-monsoon) compared to 8.7 particles in clayey zones (11.8 post-monsoon). These

patterns indicated that porous media characteristics influence microplastic occurrence.

Laboratory experiments investigated transport across four grain sizes spanning fine to coarse
sand fractions. Fine sand (300 pum) and medium sand (600 um) exhibited delayed
breakthrough with sustained outlet concentrations and hydraulic conductivity reductions of
60-80%. Intermediate-medium sand (1000 pm) showed transitional behaviour with
moderate retention and hydraulic changes. Coarse sand (2000 pum) demonstrated early
breakthrough with minimal hydraulic impact. Pore-throat diameter estimates ranged from

36-38 um for 300 um sand to 227-237 um for 2000 um sand.

The numerical model reproduced experimental across four grain sizes. The model
incorporated advection-dispersion equations with retention terms for attachment,
detachment, and straining, and accounted for porosity and permeability evolution. Model
validation indicated that physical straining represents a primary retention mechanism, with

particle-to-grain size ratios serving as a controlling parameter (Bradford et al., 2003).
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6.2 Integrated Findings and Cross-Scale Validation
6.2.1 Convergence of Evidence Across Field, Laboratory, and Modelling Approaches

Field investigations detected microplastics at all 25 sampling locations in Chennai. Particles
per litre ranged from 5 to 19 particles per sample in pre-monsoon conditions (August 2024)
and 8 to 26 particles per sample in post-monsoon conditions (February 2025). Total counts
increased from 249 particles pre-monsoon to 387 particles post-monsoon. Samples near the
Adyar and Coovum rivers showed increases of 28-36% between sampling periods. Sandy
formations averaged 11.2 particles per sample pre-monsoon (15.5 post-monsoon) compared

to 8.7 particles in clayey zones (11.8 post-monsoon).

Laboratory experiments investigated transport across four sand grain sizes: 300 pm (fine),
600 pm (medium), 1000 pm (intermediate-medium), and 2000 pm (coarse). Fine and
medium sand exhibited delayed breakthrough with sustained elevated outlet concentrations
and hydraulic conductivity reductions of 60-80%. Intermediate-medium sand showed
transitional behaviour with moderate retention and hydraulic changes. Coarse sand

demonstrated early breakthrough with minimal hydraulic impact.

Pore-throat diameter estimates were 36-38 um for 300 um sand, 71-74 pm for 600 pum sand,
approximately 116-121 um for 1000 um sand, and 227-237 pm for 2000 um sand.

The numerical model reproduced experimental pattern across four grain sizes. The model
incorporated advection-dispersion equations with retention terms for attachment,
detachment, and straining, and accounted for porosity and permeability evolution. Model
validation indicated that physical straining represents a primary retention mechanism, with

particle-to-grain size ratios serving as a controlling parameter (Bradford et al., 2003).

Damkdhler numbers were used to characterize transport regimes. For coarse sand (2000 pm),
the system operated in an attachment-dominated regime with minimal retention.
Intermediate-medium sand (1000 um) showed upper transitional behaviour. Medium sand
(600 um) exhibited transitional characteristics with combined attachment and straining. Fine
sand (300 um) demonstrated straining-dominated retention with delayed breakthrough and

substantial hydraulic degradation.

Field observations showed temporal patterns relevant to seasonal hydrology. The 55.4%

increase in total microplastic abundance from pre-monsoon to post-monsoon periods
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occurred across the study area. Morphological composition changed: fibres increased from
153 to 225 particles (47.1% increase) and fragments increased from 96 to 162 particles
(68.7% increase). The larger increase in fragments relative to fibres may reflect mechanical
fragmentation during high-flow conditions or preferential mobilization of fragments during

monsoon periods.

Colour distribution shifted between sampling periods. Transparent/translucent particles
decreased from 79.1% (197 of 249) pre-monsoon to 27.9% (108 of 387) post-monsoon.
Coloured particles increased from 20.9% (52 of 249) to 72.1% (279 of 387). This shift
suggests fresh inputs of pigmented materials during the monsoon period rather than solely

remobilization of weathered deposits.

Polymer composition analysis identified polyvinyl chloride (22-25%), polyethylene (HDPE
18-21%, LDPE 17-19%), and polypropylene (14-16%) as dominant polymer types. The
prevalence of synthetic fibres indicates textile sources as contributors to contamination
(Browne et al., 2011). Polyurethane presence suggests tire and shoe wear contributions. The
diverse polyethylene and polypropylene components reflect packaging and consumer waste

fragmentation.
6.2.2 Physical Straining as the Dominant Retention Mechanism

Experimental results indicate that physical straining governs retention behaviour across the
grain size spectrum. In fine and medium sand (300 um and 600 um), pore-throat diameters
(36-74 um) are of similar magnitude to the median microplastic particle size (42 pm). This
size relationship creates conditions where particles can become lodged at pore constrictions.
Delayed breakthrough in finer materials, sustained elevated outlet concentrations, and

substantial porosity reduction indicate particle accumulation within the pore network.

Intermediate-medium sand (1000 um) exhibits behaviour between these extremes, with
pore-throat diameters of approximately 116-121 pum creating conditions where particles
experience partial but incomplete retention. The transitional behaviour observed in this grain
size indicates a critical threshold where neither complete retention nor unimpeded transport

dominates.
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In coarse sand (2000 um), pore-throat diameters (227-237 um) substantially exceed
microplastic dimensions. Particles pass through the porous medium with minimal

mechanical obstruction, resulting in early breakthrough and minimal porosity change.

Surface charge measurements of the microplastic particles indicated zeta potentials of -35 +
8 mV at pH 7.0 in deionized water. This moderate negative surface charge influences
electrostatic interactions with sand grain surfaces, though these interactions appear
secondary to physical straining under the experimental conditions employed. The upward
flow configuration in experiments eliminated gravitational settling effects, ensuring that

observed retention resulted from interactions with the porous media.

Particle-to-pore-throat size ratios provide a quantitative basis for retention assessment. For
300 pm sand with pore-throat diameters of 45-90 um and median particle size of 42 um,
ratios range from approximately 0.47 to 0.93. For 2000 pm sand with pore-throat diameters
of 300-600 pum, ratios range from approximately 0.07 to 0.14. These ratios indicate that fine
sand creates conditions where most particles approach or exceed pore-throat dimensions,
while coarse sand provides pore spaces substantially larger than particle dimensions. This
size-dependent control aligns with theoretical predictions (Tufenkji & Elimelech, 2004) and
field observations (Panno et al., 2019; Alimi et al., 2018).

The field observation of preferential accumulation in sandy formations compared to clayey
zones aligns with laboratory findings that intermediate grain sizes enable both particle
transport and substantial retention. Sandy formations in Chennai, characterized by grain
sizes in the medium to coarse sand range, may provide sufficient permeability for vertical

particle migration while retaining particles through straining at smaller pore constrictions.
6.2.3 Hydraulic Property Evolution and Pore Clogging

Laboratory experiments documented substantial reduction in hydraulic conductivity
accompanying microplastic accumulation in fine and medium sand. The 300 pm and 600
um sand fractions experienced hydraulic conductivity reductions in the range of 60-80%
over the experimental period. Intermediate-medium sand (1000 pm) showed moderate
conductivity reduction, occupying a position between the severe degradation observed in
finer materials and the near-baseline maintenance in coarse sand. Coarse sand (2000 pum)

maintained near-baseline hydraulic conductivity despite microplastic passage.
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Conductivity reductions were not proportional to porosity changes alone. Fine sand
exhibited substantial porosity reduction with even greater conductivity loss, suggesting that
selective blockage of high-permeability flow pathways amplifies the hydraulic impact of
particle accumulation. This interpretation is supported by observations that particle
deposition may occur preferentially in larger, higher-velocity pores, thereby reducing overall
flow capacity disproportionately to the simple geometric reduction in pore volume (Bradford

& Bettahar, 20006).

The positive correlation between porosity and hydraulic conductivity across all materials
indicates that pore-space reduction drives conductivity loss. The near-exponential form of
conductivity decline in fine sand is consistent with pore-scale bridging, where retained
particles accumulate to obstruct primary flow pathways (Johnson & Elimelech, 1995).
Intermediate-medium sand demonstrated more proportionate conductivity loss relative to
porosity reduction, indicating transitional behaviour where flow pathway blockage is

significant but not dominant.

The magnitude of observed conductivity reduction in fine and medium sands suggests
additional mechanisms beyond simple pore volume loss. These may include preferential
blockage of primary flow pathways, pore-scale bridging where retained particles create
obstacles to flow, and local increases in flow resistance near accumulation sites. The specific
mechanisms operating at the pore scale warrant further investigation through pore-scale
imaging and detailed microscopic examination of particle distributions within experimental

columns.
6.2.4 Temporal Dynamics and Seasonal Mobilization

Field observations documented temporal variability in microplastic concentrations linked to
seasonal hydrology. The 55.4% increase in total microplastic abundance from pre-monsoon
to post-monsoon periods occurred across the study area, with larger increases (28-36%) at
locations near the Adyar and Coovum rivers. This pattern is consistent with monsoon-driven
mobilization of surface debris and enhanced infiltration during recharge events (He et al.,

2020).

Morphological changes between campaigns reflected hydrological shifts. Fibres increased

from 153 (pre-monsoon) to 225 (post-monsoon), a 47.1% increase. Fragments increased
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from 96 to 162, a 68.7% increase. The more pronounced increase in fragments may reflect
mechanical fragmentation during high-flow conditions or preferential mobilization of

fragments relative to fibres from surface deposits during flooding (Hurley et al., 2018).

The colour distribution shift provides additional evidence for seasonal -effects.
Transparent/translucent particles decreased from 79.1% (197 of 249) pre-monsoon to 27.9%
(108 of 387) post-monsoon, while coloured particles increased from 20.9% to 72.1%. This
shift indicates that the post-monsoon increase included fresh inputs of pigmented materials
rather than solely reflecting remobilization of weathered deposits. The substantial change in
colour profile suggests monsoon-driven transport of recently accumulated surface materials

into the groundwater system.

Laboratory experiments demonstrated that breakthrough behaviour depends on cumulative
water throughput and that previously trapped particles can be re-entrained under changing
flow conditions. The numerical model captured these dynamics through coupled transport-
hydraulic equations accounting for velocity evolution with changing permeability. Model
sensitivity analysis revealed transitions in transport behaviour as hydraulic properties
change, supporting the hypothesis that monsoon recharge events can remobilize retained

particles from surface soils and shallow groundwater zones (Tosco et al., 2012).
6.2.5 Consistency Between Field Observations and Laboratory Findings

The preferential accumulation observed in sandy formations in Chennai (11.2 particles per
sample pre-monsoon versus 8.7 in clayey zones) aligns with laboratory findings that
intermediate grain sizes enable both particle transport and substantial retention. The
inclusion of intermediate-medium sand (1000 pm) in laboratory experiments provided
insights into the transitional regime where neither complete retention nor unimpeded
transport dominates, directly relevant to interpreting field patterns in heterogeneous aquifer

systems.

Field concentrations are lower than laboratory injection concentrations but follow similar
grain-size-dependent patterns, suggesting that field-scale transport occurs more gradually
due to lower contaminant loading and dispersion effects not fully represented in column

experiments.
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The temporal increase in field concentrations following monsoon recharge is consistent with
laboratory observations that particle elution from fine-grained materials occurs gradually
over extended flow periods. Laboratory experiments spanning hours to days demonstrated
sustained particle breakthrough following initial retention. Field observations spanning pre-
monsoon to post-monsoon periods showed comparable patterns of increased concentrations
following high-flow events, though the specific timescales differ due to natural system

complexity.

Field concentrations in Chennai ranged from 4 to 26 particles per sample depending on
location and season. Laboratory experiments employed higher injection concentrations to
enable detection and quantification within experimental timeframes. The difference in
absolute concentration levels does not invalidate mechanistic comparisons, as retention
mechanisms and hydraulic responses operate through similar pore-scale processes regardless
of concentration magnitude, though nonlinear effects at higher concentrations warrant

consideration.

Samples with shallow water tables (<5 m below ground surface) averaged approximately
25% higher microplastic counts than those with deeper tables (>10 m), suggesting enhanced
vertical infiltration in settings with direct surface-groundwater proximity. Laboratory
experiments demonstrated that particle retention occurs progressively through the porous
media column, with greater accumulation near inlet zones. Field patterns showing elevated
concentrations in shallow groundwater are consistent with this retention profile, though
additional factors including source proximity and recharge rates also influence field

distributions.

The convergence of evidence across field, laboratory, and numerical approaches provides
support for identified transport mechanisms, though uncertainty remains regarding long-
term accumulation rates and the influence of natural groundwater chemistry on retention

behaviour.
6.3 Key Findings
6.3.1 Grain Size Controls Transport and Hydraulic Vulnerability

Laboratory experiments indicate grain size as a primary control on both microplastic

transport efficiency and hydraulic consequences across four grain sizes: fine sand (300 um),
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medium sand (600 pm), intermediate-medium sand (1000 um), and coarse sand (2000 um).
Fine sand exhibits maximum retention capacity with delayed breakthrough and sustained
elevated outlet concentrations, alongside maximum hydraulic vulnerability with
conductivity reductions of 60-80%. Medium sand demonstrates severe hydraulic
degradation comparable to fine sand despite coarser grain size. Intermediate-medium sand
shows transitional behaviour with moderate retention and moderate hydraulic degradation,
occupying a distinct position between medium and coarse sand responses. Coarse sand

allows rapid particle transport with minimal hydraulic impact.

Pore-throat diameter estimates provide mechanistic basis for grain size effects: 36-38 pm
for 300 um sand, 71-74 pm for 600 um sand, 116—121 pm for 1000 um sand, and 227-237
pm for 2000 pm sand, relative to median microplastic particle size of 42 pm. These size
relationships indicate that fine and medium sands create conditions where particle
dimensions approach pore-throat diameters, facilitating straining, whereas intermediate-
medium sand provides partial retention, and coarse sand provides pore spaces substantially

exceeding particle dimensions.

This grain-size-dependent vulnerability pattern has implications for aquifer management:
finer-grained aquifers may protect deeper formations from microplastic penetration through
high retention capacity, but at the cost of potential long-term permeability loss if
microplastic loading persists. Intermediate-medium grain sizes (approximately 1000 pum)
warrant particular management attention as they occupy a transitional zone where neither
complete retention nor unimpeded transport dominates, creating conditions where both

contamination risk and hydraulic impairment may occur.
6.3.2 Physical Straining Dominates Over Chemical Attachment

Experimental results demonstrate that physical straining governs retention behaviour across
the grain size spectrum. In fine and medium sand, pore-throat diameters (36-74 pum)
approach the median microplastic particle size (42 um), creating conditions where particles
become lodged at pore constrictions (Bradford et al., 2003). Intermediate-medium sand
(1000 pm) exhibits behaviour between these extremes, with pore-throat diameters of
approximately 116—121 pum creating conditions where particles experience partial but
incomplete retention. The transitional behaviour observed in this grain size indicates a
critical threshold where neither complete retention nor unimpeded transport dominates. In
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coarse sand, pore-throat diameters (227-237 um) substantially exceed microplastic

dimensions, permitting passage with minimal mechanical obstruction.

Surface charge measurements of microplastic particles indicated zeta potentials of -35 £ 8
mV at pH 7.0 in deionized water. This moderate negative surface charge influences
electrostatic interactions with sand grain surfaces, though these interactions appear

secondary to physical straining under the experimental conditions employed.

This interpretation is supported by: (1) delayed breakthrough in finer materials, (2) sustained
elevated outlet concentrations reflecting gradual particle elution, and (3) substantial porosity
reduction indicating particle accumulation within the pore network. Particle-to-pore-throat
size ratios provide quantitative basis for retention assessment: for 300 um sand, ratios range
from approximately 0.47 to 0.93, whereas for 2000 um sand, ratios range from
approximately 0.07 to 0.14. This size-dependent control aligns with theoretical predictions
from colloid filtration theory (Tufenkji & Elimelech, 2004) and is consistent with field
observations showing preferential contamination in sandy formations where pore sizes are

intermediate relative to particle dimensions (Panno et al., 2019; Alimi et al., 2018).

However, experiments employed deionized water under controlled conditions; natural
groundwater conditions including elevated ionic strength, dissolved organic matter, and
microbial activity could promote particle aggregation and attachment, potentially altering
this conclusion under field conditions (Enfrin et al., 2020, Erhayem & Sohn, 2014). The
influence of these factors on transport behaviour in natural systems merits investigation

before field-scale predictions are made with confidence.

6.3.3 Microplastic Contamination in Chennai is Widespread but Concentrations

Modest

Field sampling detected microplastics at all 25 sampling locations, indicating pervasive
contamination affecting both shallow unconfined and deeper confined aquifers. Particles per
litre ranged from 5 to 19 particles per sample in pre-monsoon conditions and 8 to 26 particles
per sample in post-monsoon conditions, comparable to values reported from other urban
groundwater systems (Panno et al., 2019). Colour distribution shifted substantially between
campaigns. Transparent/translucent particles decreased from 79.1% (197 of 249) pre-

monsoon to 27.9% (108 of 387) post-monsoon, while coloured particles increased from
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20.9% to 72.1%. This shift suggests fresh inputs of pigmented materials during monsoon

periods rather than solely mobilization of weathered deposits.

Polymer composition reflects diverse urban sources, with dominant polymers being
polyvinyl chloride (22% pre-monsoon, 25% post-monsoon), polyethylene (HDPE 18-21%,
LDPE 17-19% across campaigns), and polypropylene (14-16%). Morphological
composition changed between campaigns: fibres increased from 153 to 225 particles (47.1%
increase), and fragments increased from 96 to 162 particles (68.7% increase). The larger
proportional increase in fragments may reflect mechanical fragmentation during high-flow

monsoon conditions or preferential mobilization of fragments relative to fibres.

Fibre morphology dominance (61.4% pre-monsoon, 58.1% post-monsoon), with nylon as a
major component, indicates that textile sources including laundry wastewater represent
significant contamination pathways (Browne et al., 2011). Samples near the Adyar and
Coovum rivers showed increases of 28—-36% between campaigns, larger than the overall
55.4% increase, consistent with enhanced mobilization in riverine corridors during monsoon
recharge. This pattern is consistent with global observations of microplastic sources in urban

settings (Eerkes-Medrano et al., 2015).
6.3.4 Numerical Modelling Reproduces Experimental Patterns

The coupled transport model incorporating advection, dispersion, attachment, detachment,
straining, and dynamic hydraulic property evolution achieved validation against laboratory
data. Relative errors for concentration predictions ranged from 2.99% (fine sand, 300 pum)
to 54.49% (intermediate-medium sand, 1000 pm), with medium sand at 12.67% and coarse
sand at 21.01%. Porosity predictions showed consistently low errors below 10% across all
grain sizes. Permeability predictions exhibited systematic variation with grain size, with

errors decreasing progressively from fine sand through intermediate-medium to coarse sand.

The model successfully classified transport regimes based on Damkohler numbers. Coarse
sand (2000 pm) operated in an attachment-dominated regime with minimal retention.
Intermediate-medium sand (1000 pm) exhibited upper transitional behaviour where
attachment was becoming dominant, but straining remained measurable. Medium sand (600

um) demonstrated transitional characteristics with combined attachment and straining. Fine
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sand (300 um) showed straining-dominated retention with delayed breakthrough and

substantial hydraulic degradation.

The model's applicability to field scales is constrained by simplifying assumptions including
one-dimensional geometry, homogeneous media properties, constant diffusion coefficients,
spherical particle and collector assumptions, absence of particle aggregation, and no
biological interactions. Field-scale transport in heterogeneous, layered aquifers with
preferential flow pathways would differ substantially from model predictions. The
successful reproduction of experimental data provides confidence in fundamental
mechanisms but should not be interpreted as field-scale predictive capability without

additional validation (Bradford et al., 2013).
6.4 Limitations of the Investigation

6.4.1 Methodological Limitations

Field Investigation

The temporal scope covering two seasonal cycles provides limited resolution of inter-annual
variability. Monsoon rainfall in Chennai exhibits documented year-to-year variation of
approximately +40%, which may affect contamination dynamics. The 25 sampling locations
provide spatial coverage across the study area but offer limited resolution for detailed three-
dimensional contamination mapping in heterogeneous urban aquifers. Sampling from
existing wells may not capture contamination in unmonitored zones or fully represent spatial

patterns.
Laboratory Experiments

Column experiments employed monodisperse sands and polyvinyl chloride (PVC)
fragments. Environmental microplastics include multiple polymer types including
polyethylene, polypropylene, polystyrene, and polyurethane, each with distinct surface
properties and densities that may result in different transport behaviours. The use of a single

polymer type limits generalizability to the diverse assemblage detected in field samples.

The experimental geochemistry employed deionized water, which does not represent natural
groundwater containing dissolved salts, organic matter, and microbial communities. These

components could alter retention behaviour through enhanced aggregation, biofilm
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formation, or surface property modification. Field groundwaters in Chennai contain elevated
ionic strength and dissolved organic matter that may substantially modify particle-media

interactions compared to simplified experimental conditions.

The upward flow configuration eliminated gravitational settling effects, ensuring that
observed retention resulted from interactions with porous media. However, natural
groundwater systems experience predominantly horizontal or downward flow where
gravitational effects on particle transport may be significant, particularly for higher-density

polymers.

Experiments spanned hours to days, whereas natural aquifer evolution occurs over years to
decades. This temporal mismatch prevents assessment of long-term processes including
continued fragmentation, biodegradation, and secondary chemical transformation. The
progressive weathering and fragmentation of microplastics under natural subsurface

conditions remain uncharacterized at timescales relevant to groundwater residence times.

Experiments employed uniform, well-packed sand columns. Natural aquifers exhibit layered
lithologies, variable porosity, preferential flow pathways through fractures or macropores,
and non-uniform sediment packing, all of which would modify transport compared to
idealized laboratory conditions. Aquifer heterogeneity likely accelerates microplastic

movement relative to breakthrough times observed in homogeneous columns.
Numerical Modelling

The model incorporates several simplifying assumptions that constrain field-scale
applicability. The one-dimensional geometry cannot represent preferential flow through
fractures and macropores that may dominate transport in natural systems. [NEW - Added
specific limitation] Field-scale transport in heterogeneous, layered aquifers with preferential
flow pathways would differ substantially from model predictions based on homogeneous

media assumptions.

The model assumes spherical particles and collectors. Real microplastics exhibit irregular
morphologies including fibres, fragments, and films, each with distinct hydrodynamic and
retention behaviours. Fibres, which comprised 58-61% of field samples across both seasons,

demonstrate transport characteristics not fully captured by spherical particle assumptions.
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The constant diffusion coefficient simplifies numerical implementation but may not capture
complex dependencies on local flow conditions and evolving pore geometry. Dispersion
coefficients can vary significantly with changes in pore structure resulting from particle

retention.

The model does not account for particle aggregation, which could alter effective particle
sizes and transport behaviour under field conditions. Natural groundwater chemistry,
particularly elevated ionic strength and organic matter presence, can promote aggregation

that would modify retention mechanisms and breakthrough patterns.

Biological interactions including biofilm formation and biodegradation are not incorporated
in the model. Biofilm development on microplastic surfaces could alter surface charge,
promote particle aggregation, or facilitate biodegradation over extended timescales,

substantially modifying transport predictions based on abiotic experiments.

Empirical attachment-detachment coefficients require site-specific calibration, limiting
transferability to different hydrogeological settings. Parameter values calibrated against
laboratory experiments may not apply directly to field conditions where complex surface

chemistry and flow dynamics operate.
6.4.2 Knowledge Gaps
Long-Term Fate and Persistence

The long-term fate of microplastics in groundwater systems remains incompletely
characterized. Potential fragmentation into nanoplastics, biodegradation rates, and chemical
transformation over decadal timescales relevant to groundwater residence times require
investigation. The subsurface environment, characterized by limited light exposure, reduced
oxygen availability, and distinctive microbial communities, likely creates degradation
patterns distinct from surface environments. Empirical data on these processes under natural

groundwater conditions are lacking.
Biofilm and Microbial Interactions

The role of biofilm formation and microbial communities in modifying microplastic surface
properties and transport behaviour remains uncharacterized. Biofilms could alter surface

charge, promote particle aggregation, or facilitate biodegradation over extended timescales.
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These biological processes may substantially modify transport predictions based on abiotic

laboratory experiments but were not investigated in this study.
Natural Organic Matter Effects

Interactions between natural organic matter, microplastic particles, and sand grain surfaces
could promote or inhibit transport through complexation and bridging mechanisms not
investigated in this study. Natural organic matter coating on microplastic surfaces can
enhance stability or promote aggregation depending on concentration and pH, with
implications for field-scale transport not captured in simplified experimental conditions

employing deionized water.
Health Implications

The toxicological significance of chronic low-level exposure to microplastics through
drinking water remains uncertain. Dose-response relationships and regulatory thresholds
based on health outcomes do not exist. The potential for smaller particles and nanoplastics
to cross biological barriers and accumulate in tissues raises concerns about long-term human
health effects. Research on these aspects remains preliminary, and comprehensive risk

assessment frameworks specific to groundwater-derived microplastics require development.
Climate Change Interactions

Potential interactions between climate change and microplastic transport in groundwater
systems remain largely unexplored. Altered precipitation patterns may modify recharge
dynamics and associated microplastic transport. Increased extreme precipitation events may
enhance particle mobilization and infiltration, while drought conditions may concentrate
contaminants and modify groundwater chemistry in ways that influence particle stability and
transport. Temperature increases may accelerate degradation rates and fragmentation into
smaller, more mobile particles. These climate-driven effects on microplastic fate and

transport warrant investigation.
6.4.3 Generalization and Transferability

The findings from Chennai may not directly transfer to groundwater systems with different
climatic regimes, urban development patterns, or hydrogeological characteristics. The

tropical monsoon climate, warm temperatures favouring weathering processes, and specific
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waste management practices in Chennai create conditions not universally applicable to other

regions.

Laboratory results using polyvinyl chloride fragments with median particle size of 42 um
may not represent transport of other polymer types or size fractions with different densities,
surface properties, or morphologies. Polyethylene and polypropylene, which together
comprised 29-35% of field samples depending on season, have lower densities (0.91-0.97
g/cm?® and 0.85-0.94 g/cm? respectively) compared to PVC (1.38 g/cm?), potentially resulting

in different gravitational settling and transport behaviours under natural flow conditions.

The numerical model requires parameter calibration for different aquifer systems.
Attachment coefficients, detachment coefficients, and porosity decay constants derived from
laboratory experiments may not apply directly to field conditions without site-specific
validation. The model cannot be applied to new settings without calibration against local

observations or experimental data representative of site conditions.

The simplified geochemical conditions (deionized water) and uniform media properties
employed in experiments create idealized conditions that differ from heterogeneous natural
aquifers with complex groundwater chemistry. Extrapolation to field scales requires careful

consideration of these differences and validation against field observations where available.
6.5 Implications for Groundwater Management
6.5.1 Aquifer Vulnerability Assessment

Laboratory experiments demonstrate that grain size controls microplastic transport
efficiency and hydraulic consequences. Fine sand (300 um) with pore-throat diameters of
36-38 um exhibits substantial retention capacity and hydraulic conductivity reductions of
60-80%. Medium sand (600 pm) with pore-throat diameters of 71-74 pm shows comparable
severe conductivity reduction. Intermediate-medium sand (1000 um) with pore-throat
diameters of 116-121 pm demonstrates transitional behaviour with moderate retention and
hydraulic changes, occupying a position between severe degradation in finer materials and
minimal impact in coarse materials. Coarse sand (2000 um) with pore-throat diameters of

227-237 um allows rapid particle transport with minimal hydraulic impact.

Field observations from Chennai indicate that sandy formations (11.2 particles per sample

pre-monsoon, 15.5 post-monsoon) contain higher microplastic abundances than clayey
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zones (8.7 and 11.8 particles respectively), consistent with laboratory findings that
intermediate grain sizes enable both particle transport and substantial retention. Aquifers
within the 600-1000 um range warrant particular management attention as they occupy the
transitional zone where neither complete retention nor unimpeded transport dominates,

creating conditions where both contamination risk and hydraulic impairment may occur.

Areas with shallow water tables (<5 m below ground surface) showed approximately 25%
higher microplastic counts than deeper tables (>10 m), suggesting enhanced vertical
infiltration in settings with direct surface-groundwater proximity. Locations within 500 m of
the Adyar and Coovum rivers showed approximately 32% higher counts than distant
locations, indicating that riverine corridors represent elevated vulnerability zones where

surface water-groundwater exchange facilitates microplastic transfer.
6.5.2 Monitoring Priorities

Field investigations demonstrate that microplastic detection in groundwater is technically
feasible using established sampling and analytical protocols. The 55.4% increase in total
microplastic abundance from pre-monsoon (249 particles) to post-monsoon (387 particles)
periods, with larger increases (28-36%) at riverine locations, indicates that monitoring
should capture seasonal variability. The shift in colour distribution from 79.1%
transparent/translucent particles pre-monsoon to 27.9% post-monsoon, with coloured
particles increasing from 20.9% to 72.1%, suggests that monsoon periods mobilize fresh

pigmented materials requiring targeted sampling during and after high-flow events.

Continued monitoring in Chennai should address: (1) seasonal campaigns during monsoon
transitions to capture mobilization events documented in riverine corridors; (2) focused
sampling in sandy formations where field data indicate preferential accumulation (15.5
particles per sample post-monsoon versus 11.8 in clayey zones); (3) depth-stratified
sampling given the observed relationship between water table depth and microplastic
abundance; (4) polymer composition analysis tracking seasonal variation in PVC (22-27%),
polyethylene (HDPE 18-21%, LDPE 17-19%), and polypropylene (14-16%) to identify

source changes.

Alternative monitoring approaches using proxy indicators warrant exploration to reduce

analytical costs and complexity while maintaining temporal resolution. Integration of
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microplastic monitoring with existing groundwater quality networks would enable detection

of trends.
6.5.3 Source Control Considerations

Field observations indicate multiple urban sources requiring different control strategies.
Fibre dominance (61.4% pre-monsoon, 58.1% post-monsoon) with nylon as a major
component indicates textile sources including laundry wastewater. Polymer composition
analysis identified polyvinyl chloride (22-25%), reflecting piping and construction
materials; polyethylene (HDPE 18-21%, LDPE 17-19%) and polypropylene (14-16%),
indicating packaging waste fragmentation; and polyurethane (9-10%), suggesting tire and

shoe wear contributions from urban transportation.

Laboratory findings indicate that source control effectiveness depends on local aquifer
characteristics. Areas with fine to medium sand (300-600 pm) beneath urban zones face
hydraulic degradation risk from sustained microplastic loading, with conductivity reductions
of 60-80% observed under experimental conditions. Areas with intermediate-medium sand
(1000 um) require management approaches addressing both transport potential and moderate
hydraulic impairment. Areas with coarse sand (2000 pm) warrant focus on preventing

downgradient transport rather than near-source retention.

The colour distribution shift and the larger increases in fragments (68.7%) compared to
fibres (47.1%) from pre-monsoon to post-monsoon periods indicate that storm-driven
surface runoff mobilizes diverse plastic debris. The substantial post-monsoon increases
observed near rivers (28-36% at specific locations versus 55.4% overall increase) indicate
that bank infiltration and urban runoff represent pathways requiring management attention
during monsoon periods. Implementation of stormwater management practices in urban
areas could reduce microplastic loading to surface waters and associated infiltration to

groundwater.

Source control efforts should prioritize zones within 500 m of the Adyar and Coovum rivers
where elevated microplastic abundances were documented (approximately 32% higher than
distant locations). Sandy formations in these riverine corridors showed the highest post-
monsoon counts (15.5 particles per sample on average), indicating that these areas require

integrated surface water and groundwater protection measures.
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6.6 Recommendations for Future Research
6.6.1 Extended Field Investigation

Long-term monitoring programs spanning multiple years would characterize inter-annual
variability in microplastic occurrence and assess accumulation trends. Monsoon rainfall in
Chennai exhibits year-to-year variation, suggesting that observations from two seasonal
cycles may not represent longer-term patterns. Monitoring should include depth-stratified
sampling to assess vertical migration and identify aquifer layers experiencing elevated

contamination.

Integration with regional hydrogeological mapping would enable identification of
preferential transport pathways and vulnerable zones . Complementary monitoring of surface
water and soil microplastic concentrations would improve source attribution and pathway
assessment (Panno et al., 2019). Integration of microplastic data with conventional
groundwater quality parameters including major ions, dissolved organic carbon, and
microbial indicators would clarify relationships between contamination sources and aquifer

conditions (Koelmans et al., 2019).

Monitoring design should account for the spatial clustering observed near riverine corridors
(28-36% higher increases at locations near the Adyar and Coovum rivers) and the seasonal
timing of monsoon-driven mobilization. Sampling frequencies should capture both baseline
conditions during dry periods and peak mobilization during and immediately following

monsoon events (He et al., 2020).

Source attribution methodologies warrant development, potentially incorporating polymer
fingerprinting techniques to distinguish contributions from different urban sources (Dris et
al., 2018). The diverse polymer assemblage observed in Chennai samples (PVC 22-27%, PE
18-21%, PP 14-16%) suggests multiple contributing sources requiring differentiation for

effective management.
6.6.2 Advanced Experimental Approaches

Laboratory experiments should extend to longer timescales (months to years) to assess long-
term accumulation and potential recovery. Current experiments spanning hours to days

cannot capture processes operating over timescales relevant to groundwater residence times
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(Gewert et al., 2015). Experiments should incorporate heterogeneous media including

natural sediment mixtures and clay lenses to better represent field conditions.

Hydrogeochemical conditions should include varied pH, ionic strength, and dissolved
organic matter concentrations representative of natural groundwater (Xu et al., 2021).
Experiments employed deionized water; natural groundwater chemistry including elevated
ionic strength and organic matter may substantially modify particle aggregation and
retention through mechanisms not captured in simplified experimental conditions (Erhayem

& Sohn, 2014).

Additional grain sizes within the 600-2000 pm range would improve characterization of the
transitional regime where retention mechanisms shift from straining-dominated to
attachment-dominated behaviour (Chapter 4). The four grain sizes investigated provide
initial coverage but additional resolution in the intermediate range would refine mechanistic

understanding.

Mixed polymer assemblages reflecting field observations (PVC, PE, PP, polyurethane)
should replace monodisperse PVC particles used in experiments (Chapter 4). Different
polymer types exhibit distinct surface properties and densities that may result in different
transport behaviours (Hartmann et al., 2019). Variable flow conditions simulating seasonal
hydrology, including periods of enhanced flow representing monsoon conditions, would

improve environmental relevance.

Pore-scale imaging techniques including X-ray computed tomography would provide
detailed visualization of particle distributions and retention mechanisms at the pore scale
(Karadimitriou et al., 2019). These techniques could clarify selective blockage phenomena
suggested by the disproportionate hydraulic conductivity reduction (60-80%) relative to

porosity changes observed in fine and medium sand experiments (Chapter 4).

Investigation of biofilm formation on microplastics and its effects on transport behaviour
would address a knowledge gap relevant to long-term field conditions (Rummel et al., 2017).
Biofilms could alter surface charge, promote particle aggregation, or facilitate

biodegradation over extended timescales not captured in short-duration experiments.
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6.6.3 Numerical Modelling Enhancement

Extension to two- and three-dimensional domains incorporating heterogeneous media
properties and preferential flow paths would enable assessment of field-scale transport
(Chapter 5). The one-dimensional model assumption limits field-scale applicability where
preferential flow through fractures and macropores may dominate transport (Tufenkji &
Elimelech, 2004). Spatial heterogeneity in aquifer properties observed in Chennai (sandy,
clayey, and hard-rock zones) cannot be represented in homogeneous one-dimensional

simulations.

Integration of chemical speciation models could address the role of natural organic matter
and electrolyte effects on retention (Xu et al., 2021). The model assumes constant surface
chemistry; natural groundwater conditions with varying ionic strength and organic matter
could substantially modify particle-media interactions through mechanisms including

enhanced aggregation and surface property modification (Wang et al., 2021).

Coupling with vadose zone transport models would enable assessment of contamination
pathways from surface sources through soil to groundwater . Current model focuses on
saturated zone transport; the vadose zone represents a critical pathway for vertical infiltration

that requires separate modelling approaches incorporating unsaturated flow dynamics.

Extension of the model to incorporate particle aggregation processes would improve
representation of field conditions (Chapter 5). The model assumes non-aggregating particles;
natural groundwater chemistry may promote aggregation that alters effective particle sizes
and transport behaviour. Biological interactions including biofilm formation represent

additional processes not currently incorporated (Rummel et al., 2017).

Machine learning approaches incorporating diverse datasets including field observations,
experimental results, and remote sensing information could complement mechanistic models
.These approaches may identify patterns in complex, non-linear relationships though they

require substantial training data and face interpretability challenges.
6.6.4 Health and Ecological Risk Assessment

Quantitative assessment of human health risks from microplastic ingestion through
groundwater-based drinking water supply requires toxicological studies establishing dose-

response relationships for chronic low-level exposure (Koelmans et al., 2019). No regulatory
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thresholds based on health outcomes currently exist. Particle size fractionation analysis
would assess bioavailability of smaller particles, particularly those below 10 pm that present

analytical challenges but potentially enhanced biological uptake (Mintenig et al., 2018).

Evaluation of polymer-specific health effects should prioritize the dominant polymers
identified in Chennai groundwater: PVC (22-27%), HDPE (18-21%), LDPE (17-19%), and
PP (14-16%) (Chapter 3). Different polymers may exhibit distinct toxicological profiles

based on their chemical composition and associated additives (Hahladakis et al., 2018).

Assessment of microplastics as vectors for co-contaminant transport warrants investigation
(Hiiffer et al., 2018). The capacity for microplastics to sorb and transport organic compounds
and heavy metals may enhance contaminant bioavailability through mechanisms not

captured in conventional risk assessments focusing on microplastics alone.

Ecological risk assessment should evaluate potential effects on aquifer microbial
communities and the broader subsurface ecosystem (Griebler & Avramov, 2015).
Groundwater ecosystems including diverse microbial communities and specialized
invertebrate fauna may experience exposure to microplastic particles with consequences for

community structure and ecological function that remain unexplored.

Investigation of interactions between microplastics and other contaminants including metals
and persistent organic pollutants could reveal synergistic or antagonistic effects relevant to
risk assessment (Koelmans et al., 2016). Natural organic matter interactions with
microplastics may influence contaminant sorption and bioavailability through complexation

and bridging mechanisms (Erhayem & Sohn, 2014).
6.6.5 Climate Change Considerations

Potential interactions between climate change and microplastic transport in groundwater
systems warrant investigation. Altered precipitation patterns may modify recharge dynamics
and associated microplastic transport (Allen et al., 2019). Increased extreme precipitation
events may enhance particle mobilization and infiltration, potentially amplifying the
seasonal effects observed in Chennai where post-monsoon samples showed 55.4% higher

total microplastic abundance compared to pre-monsoon conditions (Chapter 3).

Temperature increases may accelerate degradation rates and fragmentation into smaller,

more mobile particles (Romera-Castillo et al., 2018). Altered groundwater chemistry
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resulting from climate-induced changes in water-rock interactions, redox conditions, or
saline intrusion may influence particle surface properties and attachment behaviours
(Galloway et al., 2017). Climate adaptation measures including increased groundwater
extraction, artificial recharge, and land use changes may create secondary effects on

microplastic transport and distribution.

Research integrating climate projections with microplastic transport models would provide
insights into long-term contamination trajectories (Allen et al., 2019). Development of
monitoring networks designed to detect climate-microplastic interactions would provide

observational data to complement modelling approaches.
6.7 Conclusions

This integrated investigation examined microplastic transport in Chennai's groundwater
systems through field observations, laboratory experimentation, and numerical modelling.
The research addressed four objectives established in Chapter 1: characterizing microplastic
occurrence and spatial distribution in groundwater; investigating transport mechanisms in
porous media through controlled experiments; developing numerical models for predicting

transport; and discussing implications for groundwater quality and aquifer behaviour.
Achievement of Research Objectives

Objective 1 (Characterization): Field sampling detected microplastics at all 25 locations
across Chennai's aquifer systems. Particles per litre ranged from 5 to 19 particles per sample
in pre-monsoon conditions (August 2024) and 8 to 26 particles per sample in post-monsoon
conditions (February 2025). Total counts increased from 249 particles pre-monsoon to 387
particles post-monsoon. Sandy formations averaged 11.2 particles per sample pre-monsoon
(15.5 post-monsoon) compared to 8.7 particles in clayey zones (11.8 post-monsoon).
Samples near the Adyar and Coovum rivers showed increases of 28-36% between sampling

periods, larger than the overall 55.4% increase.

Objective 2 (Transport Investigation): Laboratory experiments across four sand grain
sizes (300 um, 600 pm, 1000 pm, 2000 um) quantified transport and retention mechanisms.
Fine and medium sand exhibited delayed breakthrough with sustained elevated outlet
concentrations and hydraulic conductivity reductions of 60-80%. Intermediate-medium sand

showed transitional behaviour with moderate retention and hydraulic changes. Coarse sand
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demonstrated early breakthrough with minimal hydraulic impact. Pore-throat diameter
estimates (36-38 um for 300 um sand, 71-74 um for 600 um sand, 116-121 pm for 1000 pm
sand, 227-237 um for 2000 pm sand) relative to median microplastic particle size (42 pm)

indicate size-dependent retention mechanisms (Bradford et al., 2003).

Objective 3 (Numerical Modelling): The coupled transport model achieved validation
against laboratory data across four grain sizes, with consistently low errors for porosity
predictions. The model incorporated advection-dispersion equations with retention terms for
attachment, detachment, and straining, and accounted for porosity and permeability
evolution. Relative errors for concentration predictions ranged from 2.99% (fine sand, 300
um) to 54.49% (intermediate-medium sand, 1000 pm), with medium sand at 12.67% and
coarse sand at 21.01%. Porosity predictions showed consistently low errors below 10%
across all grain sizes. Model validation indicated that physical straining represents a primary
retention mechanism, with particle-to-grain size ratios serving as a controlling parameter

(Tufenkji & Elimelech, 2004).

Objective 4 (Implications): The investigation identified grain size distribution as a factor
in aquifer vulnerability. Fine to medium sand (300-600 um) experiences retention capacity
alongside hydraulic degradation risk, while coarser materials enable particle transport with
less hydraulic impact. Intermediate-medium sand (1000 um) occupies a transitional zone
where neither complete retention nor unimpeded transport dominates. Field observations of
preferential accumulation in sandy formations and temporal increases following monsoon

recharge align with laboratory findings and model predictions.
Primary Findings

Grain Size Controls: Laboratory experiments demonstrate that grain size controls
microplastic transport efficiency and hydraulic consequences across four grain sizes. Fine
sand (300 um) exhibited delayed breakthrough with sustained outlet concentrations and
hydraulic conductivity reductions of 60-80%. Medium sand (600 um) demonstrated
behaviour similar to fine sand with substantial conductivity reductions. Intermediate-
medium sand (1000 pum) showed transitional behaviour with moderate retention and
moderate hydraulic degradation. Coarse sand (2000 um) allowed early breakthrough with

minimal hydraulic impact.
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Physical Straining Mechanism: Experimental results indicate that physical straining
governs retention behaviour. In fine and medium sand, pore-throat diameters (45-180 pm)
are of similar magnitude to median microplastic particle size (42 um), creating conditions
where particles lodge at pore constrictions (Bradford et al., 2003). In intermediate-medium
sand (1000 um), pore-throat diameters of approximately 150-300 pm create partial retention
conditions. In coarse sand, pore-throat diameters (300-600 pm) substantially exceed
microplastic dimensions, permitting passage with minimal mechanical obstruction.
Microplastic particles exhibited zeta potentials of -35 £ 8§ mV at pH 7.0, influencing
electrostatic interactions though appearing secondary to physical straining under

experimental conditions.

Field Contamination: Field sampling detected microplastics at all 25 locations. Particles
per litre ranged from 5 to 19 particles per sample pre-monsoon and 8 to 26 particles per
sample post-monsoon. Colour distribution shifted substantially between campaigns.
Transparent/translucent particles decreased from 79.1% (197 of 249) pre-monsoon to 27.9%
(108 of 387) post-monsoon. Coloured particles increased from 20.9% to 72.1%. This shift
indicates fresh inputs of pigmented materials during monsoon periods. Polymer composition
reflects diverse urban sources: polyvinyl chloride (22% pre-monsoon, 25% post-monsoon),
polyethylene (HDPE 18-21%, LDPE 17-19%), and polypropylene (14-16%). Synthetic fibre
prevalence (61.4% pre-monsoon, 58.1% post-monsoon) indicates textile sources (Browne et

al., 2011).

Morphological Changes: Morphological composition changed between campaigns. Fibres
increased from 153 to 225 particles (47.1% increase). Fragments increased from 96 to 162
particles (68.7% increase). The larger proportional increase in fragments may reflect
mechanical fragmentation during high-flow monsoon conditions or preferential mobilization
of fragments relative to fibres. Samples near the Adyar and Coovum rivers showed increases
of 28-36%, larger than the overall 55.4% increase, consistent with enhanced mobilization in

riverine corridors during monsoon recharge (He et al., 2020).

Numerical Model Performance: The coupled transport model achieved validation against
laboratory data across four grain sizes, with consistently low errors for porosity predictions.
Concentration prediction errors ranged from 6% (fine sand) to 23% (coarse sand). Porosity

predictions showed errors below 10% across all grain sizes. Permeability predictions
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exhibited systematic variation with grain size. The model classified transport regimes based
on Damkoéhler numbers. Coarse sand operated in an attachment-dominated regime with
minimal retention. Intermediate-medium sand exhibited upper transitional behaviour.
Medium sand demonstrated transitional characteristics with combined attachment and

straining. Fine sand showed straining-dominated retention.
Methodological Constraints

Field investigations covering two seasonal cycles provide limited resolution of inter-annual
variability. The 25 sampling locations provide spatial coverage but limited resolution for
detailed three-dimensional contamination mapping. Laboratory experiments employed
polyvinyl chloride fragments; environmental microplastics include multiple polymer types
with varying properties (Hartmann et al., 2019). Experimental geochemistry employed
deionized water, which does not represent natural groundwater containing dissolved salts,
organic matter, and microbial communities. These components could alter retention
behaviour through enhanced aggregation, biofilm formation, or surface property
modification (Rummel et al., 2017). Experiments spanned hours to days; natural aquifer
evolution occurs over years to decades. Experiments employed uniform sand columns;

natural aquifers exhibit layered lithologies and non-uniform characteristics.

The numerical model incorporates simplifying assumptions including one-dimensional
geometry, homogeneous media properties, constant diffusion coefficients, spherical particle
assumptions, and absence of particle aggregation or biological interactions (Chapter 5
Section 5.2.4). Field-scale transport in heterogeneous, layered aquifers with preferential flow
pathways would differ from model predictions. Parameter calibration was conducted for

each grain size; empirical coefficients require site-specific calibration for field applications.
Knowledge Gaps

Long-term fate and persistence of microplastics in groundwater systems remain
incompletely characterized (Wagner & Lambert, 2018). Potential fragmentation into
nanoplastics, biodegradation rates, and chemical transformation over decadal timescales
relevant to groundwater residence times require investigation. The role of biofilm formation
and microbial communities in modifying microplastic surface properties and transport

behaviour remains uncharacterized (Rummel et al., 2017). Interactions between natural
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organic matter, microplastic particles, and sand grain surfaces require investigation (Xu et
al., 2021). The toxicological significance of chronic low-level exposure to microplastics

through drinking water remains uncertain (Wright & Kelly, 2017).

Potential interactions between climate change and microplastic transport in groundwater

systems remain largely unexplored (Allen et al., 2019).
Management Implications

The investigation identifies grain size distribution as a factor in aquifer vulnerability. Fine
to medium sand (300-600 um) experiences retention capacity but faces hydraulic
degradation risk with conductivity reductions of 60-80% under experimental conditions.
Intermediate-medium sand (1000 um) occupies a transitional zone requiring management
approaches addressing both transport potential and moderate hydraulic impairment. Coarse

sand enables particle transport with minimal hydraulic impact.

Field investigations demonstrate that microplastic detection in groundwater is feasible using
established protocols. The 55.4% increase in total abundance from pre-monsoon to post-
monsoon periods, with larger increases (28-36%) at riverine locations, indicates that
monitoring should capture seasonal variability. The colour distribution shift from 79.1%
transparent pre-monsoon to 27.9% post-monsoon suggests that monsoon periods mobilize

fresh pigmented materials requiring targeted sampling during and after high-flow events.

Source control efforts should address multiple urban sources. Fibre dominance (61.4% pre-
monsoon, 58.1% post-monsoon) indicates textile sources. Polymer composition analysis
identified polyvinyl chloride (22-25%), polyethylene (18-21%), and polypropylene (14-
16%), reflecting diverse urban sources including piping materials, packaging waste, and tire
wear. The colour distribution shift and larger increases in fragments (68.7%) compared to

fibres (47.1%) indicate that storm-driven surface runoff mobilizes diverse plastic debris.
Future Research Directions

Long-term monitoring programs spanning multiple years would characterize inter-annual
variability and assess accumulation trends. Integration with regional hydrogeological
mapping would enable identification of preferential transport pathways. Laboratory
experiments should extend to longer timescales, heterogeneous media, varied

hydrogeochemical conditions, mixed polymer assemblages, and variable flow conditions.
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Investigation of biofilm formation and its effects on transport behaviour would address a
knowledge gap. Additional grain sizes within the 600-2000 pm range would improve

characterization of transitional transport regimes.

Numerical modelling extensions to two- and three-dimensional domains incorporating
heterogeneous media properties and preferential flow paths would enable field-scale
assessment. Integration of chemical speciation models could address natural organic matter
and electrolyte effects. Quantitative assessment of human health risks requires toxicological
studies establishing dose-response relationships. Ecological risk assessment should evaluate
potential effects on aquifer microbial communities. Research integrating climate projections
with microplastic transport models would provide insights into long-term contamination

trajectories (Allen et al., 2019).
Closing Statement

This investigation addressed microplastic transport and retention in groundwater systems
through integrated field, laboratory, and modelling approaches. The four research objectives
were addressed through field characterization across 25 locations, laboratory experiments
across four grain sizes, numerical model development and validation, and assessment of
implications for groundwater quality. The convergence of evidence across investigative
approaches provides support for identified transport mechanisms. The findings have
applications for groundwater monitoring and management in Chennai and similar tropical
urban aquifer systems. Substantial knowledge gaps remain regarding long-term fate,
biological interactions, and health implications, requiring continued research combining

field investigations, laboratory experimentation, and advanced analytical approaches.
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