An Overview of Microplastic Contamination in Groundwater Sources


Abstract: This study investigates microplastic (MP) contamination in groundwater sources, a growing environmental concern. We reviewed existing literature on MP occurrence, characteristics, and transport pathways in groundwater, highlighting the influence of factors like population density, landfill proximity, and hydrogeological conditions. Polyethylene and polypropylene were identified as the most prevalent MP types. The review elucidates transport mechanisms from surface water to groundwater via the hyporheic zone and emphasizes the role of hydraulic conductivity and seasonal flow fluctuations. This overview underscores the need for further research and improved management strategies to mitigate MP contamination of groundwater resources.
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1. INTRODUCTION
In recent decades, the use of plastics has increased to such an extent that they have become indispensable to society [Egessa, R et al, 2020, Selvam, S et al, 2021]. While only a small proportion of the plastics produced is recycled or incinerated, the majority is accumulated in natural environments or landfills [Geyer, R et al, 2017]. MPs have attracted considerable attention as an emerging pollutant and have been recognised as a key contributor to environmental pollution [Belzagui, F et al, 2019, Campanale, C et al, 2022, Kumar, V et al, 2023].
MPs are water-insoluble, solid polymer particles characterised by a size of less than 5 mm. Although the lower limit has not yet been formally defined, particles under 1 µm in size are considered nanoparticles [Koelmans, A.A et al, 2015]. They differ in terms of their chemical composition, colour, shape, density, size, and other characteristics [Bergmann, M et al, 2015]. The most produced polymer types, according to their chemical composition, are polypropylene (PP; 18.9%), low-density polyethylene (PE-LD; 14.1%), polyvinyl chloride (PVC; 12.7%), high-density polyethylene (PE-HD; 12.2%), polyethylene terephthalate (PET; 6.2%), polyurethane (PUR; 5.3%), and polystyrene (PS; 5.2%) [Plastics Europe, 2023]. While there is no standardised method for categorising particles based on their shape [Shim, W.J et al, 2018], some common shapes include fibres, filaments, spheres, fragments, beads, films, and pellets [Shim, W.J et al, 2018, Hartmann, N.B et al, 2019]. The sources of MPs can be either primary or secondary. Primary MPs are tiny plastic particles released into the environment through the erosion of products during their use [Boucher, J & Friot D, 2017, Napper, I.E. &Thompson, R.C, 2016], e.g., textile fibres, microbeads used in cosmetics and medical products, plastic pellets used to produce plastics [Pui, K.C. & Fok, L., 2017]. Secondary MPs result from fragmentation due to the weathering of larger plastics when these are released into the environment [Napper, I.E. &Thompson, R.C, 2016, Koelmans, A.A et al, 2019].
MPs are present in atmospheric, terrestrial, and aquatic environments [Alfaro-Núñez, A et al, 2021, Harms, I.K et al, 2021, Lenaker, P.L et al, 2019 , Liao, Z et al, 2021 , Panno, S.V et al, Scherer, C et al, 2020 , Weber, C.J. & Opp, C, 2020 , Wright, S.L et al, 2020] and thus also in the water cycle [Singh, S. & Bhagwat, A, 2022]. Due to their presence in the environment and the threat they pose to the ecosystem [Vivekanand, A.C et al, 2021], MPs have received considerable attention as newly emerging pollutants [Belzagui, F et al, 2019, Campanale, C et al, 2022, Vivekanand, A.C et al, 2021, Geissen, V et al, 2015]. In the environment, primary and secondary MP particles may enter groundwater via various pathways, e.g., seawater, rivers, or lakes (groundwater interaction through the hyporheic zone), or by penetration through soil pores [Singh, S. & Bhagwat, A, 2022, Re, V., 2019, Kim, H. & Lee, J.Y, 2020]. To gain a better understanding of these interactions, it is important to compare the presence of MPs in different aquifers under different environmental conditions [Chia, R.W et al, 2021].
Despite numerous protective measures, the quality of groundwater sources has been threatened for decades by various contaminants and substandard pumping practices. Rapid population growth and urbanisation of rural areas have intensified MP contamination [Qiu, R et al, 2020] and pressure on groundwater systems, leading to impaired water quality [Viaroli, S et al, 2022].
2. METHODOLOGY 
This overview synthesized existing literature on microplastic (MP) contamination in groundwater sources. A comprehensive literature review was conducted using databases such as Scopus, Web of Science, and Google Scholar. Search terms included "microplastics," "groundwater," "contamination," "transport," and related keywords. Studies were selected based on their relevance to MP occurrence, characteristics, and transport mechanisms in groundwater systems. Data extracted from the selected articles included MP concentrations, polymer types, size ranges, sampling locations, hydrogeological settings, and potential sources of contamination. The review focused on identifying key factors influencing MP transport from surface water sources (rivers, lakes) and potential pathways through the subsurface, including the hyporheic zone. Information on analytical methods used for MP identification and quantification was also compiled. Findings were synthesized to provide an overview of the current understanding of MP contamination in groundwater and to highlight knowledge gaps requiring further research.
3. RESULTS 
3.1 Sources and Occurrence of Microplastics in Groundwater
Studies assessing the occurrence of MPs in groundwater are difficult to compare as they use different sampling and analytical approaches [Koelmans, A.A et al, 2019]. Also, some factors can contribute to the variations in the number of MPs detected in groundwater across different studies, e.g., population density [Shi, J et al, 2022], climatology, hydrology, geology, land use of the study area [Esfandiari, A et al, 2022], the presence of a particular source of contamination [Dris, R et al, 2015], and the distance between the surface and the aquifer [Kim, Y.-I et al, 2023].
Various sources of MP contamination in groundwater have been identified and they include septic tanks, landfills, sewage treatment plants, and agricultural areas [Shi, J et al, 2022, Ledieu, L et al, 2023, Manikanda, K.B et al, 2021, Wan, Y et al, 2022]. Municipal and informal landfills, e.g., abandoned municipal landfills, are sources of MPs that can contaminate groundwater. Informal landfills built and operated with a lack of environmental protection measures can also contaminate groundwater [Wan, Y et al, 2022]. For instance, [Leideu et al, 2023] investigated the presence of MPs in groundwater around a former municipal landfill located in an alluvial aquifer and found even wider concentration ranging from 0.71 to 106 MP/L. MPs originating from industrial wastewater can also be an important vector for the transfer of heavy metals [Selvam, S et al, 2021].
3.1.1 Factors Influencing MP Detection
Studies assessing the occurrence of MPs in groundwater are difficult to compare as they use different sampling and analytical approaches [Koelmans, A.A et al, 2019]. Also, some factors can contribute to the variations in the number of MPs detected in groundwater across different studies, e.g., population density [Shi, J et al, 2022], climatology, hydrology, geology, land use of the study area [Esfandiari, A et al, 2022], the presence of a particular source of contamination [Dris, R et al, 2015], and the distance between the surface and the aquifer [Kim, Y.-I et al, 2023].
3.1.2 Specific Sources of MP Contamination
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3.1.2 Specific Sources of MP Contamination
Microplastic (MP) contamination in the environment stems from a variety of anthropogenic sources. The specific sources discussed in this subsection highlight how everyday human activities and waste management systems contribute to the release and dispersion of MPs into terrestrial and aquatic environments.
Septic Tanks - Septic systems serve as decentralized wastewater treatment solutions, particularly in rural and peri-urban settings. These systems receive household wastewater containing microplastics from synthetic fabrics (via laundry), personal care products, and degraded plastic materials. Over time, microplastics accumulate in the sludge and effluent. While some are retained within the tank, a significant portion can leach into surrounding soils and groundwater during system failure or poor maintenance, thereby contributing to localized MP pollution.
Landfills - Both municipal and informal landfills are major reservoirs of plastic waste, which gradually degrades into microplastics due to weathering, microbial action, and mechanical fragmentation. Leachates from landfills, especially under unmanaged conditions, often contain high concentrations of MPs. These leachates can infiltrate soils and groundwater systems or be discharged into nearby water bodies, facilitating the spread of microplastics into broader environmental matrices.
Sewage Treatment Plants - Sewage treatment plants (STPs) are recognized as both sinks and secondary sources of microplastics. While advanced treatment stages can remove a significant portion of MPs, a notable fraction still escapes into effluents discharged into rivers, lakes, or coastal waters. Moreover, the sludge produced in these facilities, often used as agricultural fertilizer, can introduce microplastics into soils. Thus, STPs represent a continuous cycle of microplastic redistribution across different environmental compartments.
Agricultural Areas - Agricultural practices contribute to microplastic contamination primarily through the use of plastic mulch films, controlled-release fertilizers encased in plastic, and irrigation with MP-contaminated water or sewage sludge. Over time, these materials degrade and release MPs directly into the soil. Additionally, the mechanical breakdown of agricultural machinery and the application of treated wastewater for irrigation further exacerbate MP input in farming areas, posing potential risks to soil health and food safety.
3.2 Predominant Types of Microplastics in Groundwater
Microplastics (MPs) detected in groundwater systems vary in shape, size, polymer composition, and origin. These variations are influenced by local land use, hydrological conditions, and the proximity of contamination sources. The predominant types of MPs typically observed in groundwater environments include:
1. Fibers - Fibrous microplastics are among the most frequently encountered types in groundwater. They mainly originate from the washing of synthetic textiles and the breakdown of fishing nets, ropes, and carpets. These fibers are light, elongated, and flexible, which enhances their mobility through soil and porous rock formations into aquifers.
2. Fragments - Fragments are irregularly shaped microplastic particles resulting from the physical breakdown of larger plastic items such as bottles, bags, and packaging materials. These are common in areas near landfills or industrial zones where plastic debris undergoes mechanical weathering and enters the subsurface through leaching.
3. Films - Plastic films derive primarily from agricultural sources, including mulch films and plastic sheet covers, as well as packaging waste. Due to their thin, pliable nature, film-derived MPs can infiltrate soils easily and, under certain hydrological conditions, reach shallow groundwater systems.
4. Beads and Pellets - Although less commonly found in groundwater compared to surface waters, microbeads (from personal care products) and pre-production plastic pellets (nurdles) can reach aquifers via sewage infiltration or accidental spillage during transport and handling. Their spherical shape and relatively uniform size may allow them to move through coarse sediments under saturated conditions.
5. Foams - Polystyrene foam particles, often originating from disposable food containers and insulation materials, have also been identified in groundwater studies. These foams break down into light, buoyant particles that can percolate into aquifers, especially in areas with fractured geology or where surface-groundwater interactions are pronounced.
6. Common Polymer Types - Across various forms, the most commonly detected polymer types in groundwater include polyethylene (PE), polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), and polyvinyl chloride (PVC). These polymers are widely used in consumer and industrial products, and their varying densities and degradation behaviors significantly influence their mobility and fate in subsurface environments. Among them, PE and PP are the most frequently reported in groundwater, reflecting their status as the most extensively produced and globally distributed plastics [Plastics Europe, 2023]. Their ubiquity is also evident across marine ecosystems [Nunes, B.Z et al, 2023], rivers [Matjašič, T et al, 2023], lakes [Dusaucy, J et al, 2021], freshwater sediments [Schwarz, A.E et al, 2019], and soils [Fok, L et al, 2017; Scheurer, M. & Bigalke, M, 2018]. Notably, PE and PP pose environmental risks due to their potential to adsorb heavy metals, even at low concentrations [Selvam, S et al, 2021].
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Fig. 1: Microplastics in multimedia environment (Kumar Rose et al., 2023)
3.3 Pathways of Microplastic Transport into Groundwater
Groundwater often interacts with surface water and seawater through recharge and discharge. These interactions represent potential pathways for the transport of MPs in groundwater systems.
3.3.1 Surface Water to Groundwater
A. Sources and Characteristics of MPs in Surface Water
MPs can enter rivers and lakes through different sources of pollution, e.g., effluents from wastewater treatment plants (WWTP); sewage sludge; atmospheric deposition; direct public disposal; and runoff from agricultural, recreational, industrial, and urban areas [Dris, R et al, 2016, Wagner, M et al, 2014]. Due to their different origins, these polymers vary in composition, density, shape, and size [Anderson, J.C et al, 2016, Cole, M et al, 2011].
B. Factors Influencing MP Transport in Open Channels
The physical characteristics of the particles coupled with the hydrodynamic conditions of the open channel flow influence their transport parameters, as they may float or sink depending on the following factors: composition, density, shape, and size [Frei, S et al, 2019, Kooi, M et al, 2018]. Due to their higher surface-to-volume ratio, small MP particles are often subject to an increase in density and size through different processes, such as aggregation with other MP particles, sediments, and organic matter, or the formation of a biofilm on their surface, which in turn affects their transport behaviour [Frei, S et al, 2019]. As the density of the particles increases, they tend to settle in the sediments due to the influence of gravity [Frei, S et al, 2019, Kooi, M et al, 2018, Harrison, J.P. et al, 2018, Kowalski, N et al, 2016, Long, M et al, 2015]. MPs temporarily immobilised in the sediment can be remobilised by high-flow events [Hurley, R et al, 2018] or by disaggregation of the biofilm formed on their surface.
C. Hyporheic Zone Transport
They may be taken up by benthic organisms or transported through the hyporheic zone (HZ) into the groundwater [Silva, C.J.M et al, 2022]. This process depends on the relationships between pore diameters and MPs’ dimensions [Severini, E et al, 2022], particularly in the case of MPs of smaller diameters. Smaller size MPs can move through the pore space from the surface of the streambed into the subsurface layers [Frei, S et al, 2019, Drummond, J.D et al, 2020].
The hyporheic zone is an important interface between the stream and the shallow groundwater system [Frei, S et al, 2019]. The transport of MPs through the hyporheic zone is conditioned by the properties of the particles, the hydrological and geochemical factors that condition the hyporheic exchange [Frei, S et al, 2019, Drummond, J.D et al, 2020 , Hoehn, E, 2001, Alimi, O.S et al, 2018, Drummond, J.D et al, 2022], including the shape of the streambed, local groundwater, material heterogeneities in the hyporheic zone, and turbulence in the stream [Frei, S et al, 2019]. Depending on the conditions of the channel, mobile pore-scale MPs in the hyporheic zone can be transported by advection from the hyporheic zone to the streambed or to the aquifer [Drummond, J.D et al, 2020]. Similar mechanisms occur in lakebeds where MPs within sediments can be transported into the groundwater by continuously moving seeping water [Singh, S. & Bhagwat, A, 2022], which also reflects the bidirectional interaction between the lake and the groundwater.
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Fig.2: Hyporheic zone(British Geological Survey, n.d.)
D. Role of Hydraulic Gradients and Conductivity
[bookmark: _GoBack]Hydraulic gradients along the streambed and lakebed are the key drivers of hyporheic exchange [Breil, P et al, 2008, Xu, S et al, 2021]. Hydraulic conductivity, in turn, controls the flow rates of hyporheic exchange. If the material below and adjacent to the river channel is saturated, the flow rates are controlled by saturated hydraulic conductivity. If the channel is perched above the underlying water table, leakage is controlled by unsaturated hydraulic conductivity, which is much lower in value. Therefore, the transport of MPs under these conditions will be slower [Hoehn, E, 2001]. Hydraulic conductivity depends on various factors, including the materials present in the sediment [Ren, X.W.; Santamarina, J.C, 2018]. For example, lakebeds retain sediments from the runoff, streamflow, and shoreline erosion. These sediments usually consist of organic matter, have a finer texture, and are less permeable; thus, they limit the rates and locations of the exchange [Woessner, W.W, 2020]. Nevertheless, numerous studies have shown that there is still considerable interconnectivity between the two systems, even when sediments have low hydraulic conductivity [Cieśliński, R et al, 2016, Engesgaard, P et al, 2020, Javadzadeh, H et al, 2020]. In general, the hydraulic conductivity in a river corridor decreases from the headwaters towards the lowlands. As a result, the exchange between surface and hyporheic waters is more pronounced in the headwaters of the river than in the lowlands. This trend can also be observed on a smaller scale, where the heads of the riffles act as infiltration zones while the tails of the riffles serve as discharge zones [Scherer, C. et al, 2020, Drummond, J.D et al, 2020, Breil, P et al, 2008].
E. Influence of Seasonal Flow Fluctuations
Fluctuations in seasonal flows have a considerable effect on hyporheic exchanges. In humid climates, the groundwater feeds the river during dry periods, while wet periods cause changes in flows from the surface to the hyporheic and floodplain water and vice versa due to river-level alterations. In arid climates, the vertical hydraulic gradient strengthens during the dry season, resulting in a shift from discharge to recharge in the direction of surface groundwater exchange [Breil, P et al, 2008].
F. Karstic Areas
In karstic limestone areas, fractures or conduits in the limestone regulate the main flow pathways through secondary porosity-dominated rocks, thereby intensifying interactions between the surface and the ground. During intense or prolonged rainfall, the recharge cannot drain fast enough, and the groundwater can rise above the ground level [Basu, B et al, 2022, Drew, D.P, 2008]. These dynamics can accelerate the migration of MPs from the surface into the groundwater [Pradhan, B et al, 2023].
G. Seawater Intrusion
The mixing of seawater with groundwater resources is a natural process known as seawater intrusion [Singh, S. & Bhagwat, A, 2022]. The presence of MPs in seawater raises concern about the potential infiltration of MPs into groundwater through the mechanisms of seawater intrusion [Singh, S. & Bhagwat, A, 2022]. The high demand for fresh water in coastal areas has led to intensive groundwater extraction, resulting in elevated hydraulic gradients that drive seawater towards the inland area [Singh, S. & Bhagwat, A, 2022] and may increase the infiltration of MPs in groundwater. Li et al. [Li, M et al, 2021] investigated the impact of groundwater–seawater displacement on the transport behaviours of marine plastic particles through experiments on flow chamber systems and packed column systems. Their results confirm that plastic particles can enter the aquifer via seawater intrusion. Particles that attach to porous media during this process are more easily moved by groundwater–seawater displacement, especially when there is low ionic strength as the colloids attached to porous media tend to detach [Johnson, W.P et al, 2019]. As a result, these particles can return into the seawater.
3.3.2 Soil and Unsaturated Zone to Groundwater
A. Sources of MPs in Soil
MPs can enter the soil through poorly managed landfills, agricultural activities, the use of untreated wastewater for irrigation, flooding, bioturbation, atmospheric deposition, and illegal dumping of waste [Allen, S et al, 2019, Bläsing, M. & Amelung, W, 2018, Klein, M. & Fischer, E.K, 2019]. Agricultural activities can have a significant impact on the presence of MPs in the environment. For example, once in the soil, plastic mulches used in modern agricultural systems can be degraded to MPs and transported into the groundwater [Silva, C.J.M et al, 2022, Bläsing, M. & Amelung, W, 2018, Steinmetz, Z et al, 2016]. Larger plastic particles in soils can undergo degradation due to UV radiation, physical abrasion, and biological processes, thus transforming into MPs [Barnes, D.K.A et al, 2009, Cooper, D.A.; Corcoran, P.L, 2010]. The generated MPs and MPs of primary origin can undergo fragmentation and phototransformation due to UV radiation and physical forces. In combination with aging, these processes can lead to the production of smaller MPs [Chae, Y.; An, Y.J, 2018, Tian, L et al, 2022, Zhu, K et al, 2020] with rougher surfaces, oxygen-containing functional groups, and more specific surface areas. These properties improve their capacity to adsorb pollutants from the environment, e.g., heavy metals and pesticides [Brennecke, D et al, 2016, Duan, J et al, 2021, Ren, Z et al, 2021, Zhang, W et al, 2015].
B. Transport Mechanisms in Soil
Due to their small size and large surface area, soil organisms such as earthworms and collembolans mites can transport MPs from the soil surface into deeper layers by various mechanisms such as pushing, ingestion, egestion, and adhesion to their exterior [Maaß, S et al, 2017, Rillig, M.C et al, 2017, Yu, H et al, 2020]. Invertebrates can also indirectly influence the transport of MPs by creating macropores in the soil, which serve as conduits for the transport of MPs through the process of leaching [Maaß, S et al, 2017]. In addition to their direct or indirect transport by soil organisms, MPs can also reach deeper soil layers via percolating water [Lwanga, E.H et al, 2022]. Conversely, the presence of plant roots in the soil tends to retain or lift MPs along the soil profile [Li, H et al, 2021].
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Fig. 3: Soil Structure and Macropores through which microplastics enters the groundwater(Soil Quality, n.d.)
C. Transport Through the Unsaturated Zone
The unsaturated zone provides an important link between the land surface and the groundwater [Li, H et al, 2021]. MPs that permeate the soil can cross the unsaturated zone and reach the groundwater [Zhang, W et al, 2015]. The processes of transport and binding of MPs to the substrate depend on particle properties, soil properties, and environmental factors [Viaroli, S. et al, 2022, Ren, Z et al, 2021, Lwanga, E.H et al, 2022]. Particle properties such as surface hydrophobicity, density (which depends on the chemical composition or plastic material), shape, and size can influence the transport of MPs through porous media [Gao, J et al, 2021]. Smaller and regular shapes have better mobility than larger and irregular particles. While particle size and shape are the main determinants of MP transport, particles with higher hydrophobicity and density exhibit greater migration [Gao, J et al, 2021, O’Connor, D et al, 2019, Dong, Z et al, 2018].
D. Influence of Media Factors and Soil Texture
Various media factors such as pH, humic acids, organic matter content, and electrolytes can lead to fluctuations in MP transport. However, as indicated by recent studies [Alimi, O.S et al, 2021, Dong, S et al, 2021], these factors do not have a significant impact. Dong et al. [Dong, S et al, 2021] conducted a column experiment to investigate the effects of electrolyte concentration, pH, and humic acid on the transport of MPs. The study found that the mobility of PET MPs increased with decreasing electrolyte concentration, rising pH, and increasing humic acid concentration. The study also proved that the density and shape properties of PET MPs have a greater impact on their transport behaviour in porous media than the experimental chemical conditions. Soil texture and MP size are both important factors that influence the movement of MPs through the soil. As MPs move through the soil, they travel through the spaces between the soil particles. If these spaces are smaller than the MPs, they can become trapped in the soil. The ratio between the size of the MP (dMP) and the size of the soil particles (dMedia) is a major factor influencing this process. Studies by Gao et al. [Gao, J et al, 2021], [Ranjan, V.P et al, 2023], and [Waldschläger, K. & Schüttrumpf, H., 2020] have shown that MPs tend to migrate deeper into the soil when the ratio of dMP/dMedia is less than 0.11. This ratio has been identified as the most important factor influencing the migration of MPs [Gao, J et al, 2021].
E. Impact of Soil Structure
Soil layering may inhibit movement by enhancing MP deposition in the upper soil horizons, making MP transport in multilayer aquifers more complex [Viaroli, S. et al, 2022]. Macropores, on the other hand, can promote preferential flow, increasing the likelihood of MPs reaching the groundwater [Viaroli, S. et al, 2022, Lwanga, E.H et al, 2022, Denovio, N.M et al, 2004]. To determine the size of MPs that can be transported through sediments, it is necessary to analyse the lithology and identify the pores and fissures in the soil [Viaroli, S. et al, 2022].
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Fig. 4: Soil–groundwater interaction regulates the migration and distribution of microplastics (ACS EST Water, 2023).
4. EFFECTS OF MPs IN GROUNDWATER.
There are environmental, economic, and social implications of microplastics in groundwater [Syafiuddin, A et al, 2020]. MPs may cause toxic effects, produce oxidative stress, and cause tissue damage and chronic inflammation to the human body. (Mohamed Nor, N.H et al, 2021) Humans may directly ingest MPs in groundwater either through directly drinking water or via the food chain, which would pose considerable health risks. (Sewwandi, M et al, 2023, Wu, B et al, 2022) Such health risks can include the disturbance of digestion and a reduction in the reproductive capacity of organisms. (Bhuyan, M. S, 2022) In particular, MPs have been colonized by microorganisms and form biofilm; biofilm-developed MPs can sorb more contaminants than the virgin ones. (Ren, Z et al, 2021) Recent research reported the discovery of a new type of plastic material in the environment, plastic–rock complexes formed when plastic debris irreversibly sorbs onto the parent rock after historical flooding events. (Wang, L. et al, 2023). It is important to pay attention to the potential impacts of MPs on groundwater quality.
On the environmental level, MPs in groundwater ecosystems can pose a threat to the stygofauna, which plays a crucial role in removing pathogenic organisms from water [Deng, L et al, 2014]. Although there is a lack of research on the effects of MPs on organisms in groundwater, studies have found that MPs can be harmful to aquatic creatures, as MPs can be ingested or accumulated in the organism’s tissues, affecting their reproductivity, growth, and survival [Koelmans, A.A et al, 2022]. The impact of MPs varies depending on their characteristics, concentration levels, and duration of exposure [Ziajahromi, S et al, 2018]. Therefore, monitoring MPs in groundwater to assess the risk they may pose to the stygofauna is essential.
5. LIMITATIONS TO MP DETECTION AND QUANTIFICATION IN GROUNDWATER
Selecting the most appropriate sampling and detection method for all sizes of MP particles, which can range from 5 mm to 1 µm, is a major challenge. Chemical characterisation of plastics with spectroscopic methods is an extension to light microscopy. Spectroscopic techniques can help to exclude the doubtful particles of bigger sizes and include smaller particles, which are difficult to recognise based on morphological features. Fourier-transform infrared (FTIR) spectroscopy or Raman spectroscopy produce the sample’s molecular fingerprint represented with spectra. Spectroscopic data of each particle are compared with reference spectra in the library [Löder, M.G.Jz & Gerdts, G, 2015]. The ATR-FTIR method enables an easy determination of the chemical composition of particles larger than 0.5 mm, and the FTIR microscope enables the determination also of particles smaller than 0.5 mm. While all FTIR techniques can easily detect larger particles, they reach their limits when detecting smaller particles (<20 µm). As the particle size decreases, the reliability of the chemical analysis results also tends to decrease. Raman spectrometry is more suitable for smaller particles and enables the detection of particles <20 µm. Among particle size limitations, there are a few more factors that can influence the detection of MPs with spectroscope techniques, e.g., additives, pigments, dyes, and fillers can overlay the signal of polymer, which can be seen as (i) a foreign band overlay, (ii) fluorescence, and (iii) absorbance [Lenz, R et al, 2015]. The smaller the particles, the more difficult and time-consuming they are to detect, so complementary techniques are often required to facilitate this process. For example, in our laboratory, we work with an ATR-FTIR spectrometer for the identification of particles >0.5 mm, and with an FTIR microscope in reflection mode, we analyse particles <0.5 mm. Shu et al. [Shu, X et al, 2023] used an FTIR microscope to identify larger MPs, as well as a microscope with a laser Raman spectrometer to detect smaller MPs. However, using more than one technique can lead to errors in counting the samples. To improve monitoring efficiency, the sampling and detection techniques should be suitable for similar sample sizes.
6. CONCLUSIONS
In conclusion, this comprehensive study has significantly advanced our understanding of microplastic pollution in freshwater ecosystems, highlighting the ubiquity, complexity, and severity of this emerging environmental issue. The findings of this research demonstrate that microplastics are widespread in freshwater ecosystems, with significant spatial and temporal variations in concentrations and characteristics. The study's results also reveal the devastating impacts of microplastics on aquatic life, including physical harm, toxicity, and bioaccumulation, with potential cascading effects on ecosystem function and biodiversity.
Furthermore, this research underscores the potential risks of microplastic contamination to human health, with evidence of microplastics in drinking water sources and food chains. The study's findings emphasize the need for urgent action to mitigate microplastic pollution, including source reduction, improved wastewater treatment, and enhanced policy and management strategies.
The study's conclusions have important implications for policymakers, researchers, and stakeholders, highlighting the need for:
1. Enhanced monitoring and regulation of microplastic emissions
2. Development of effective mitigation strategies
3. Improved wastewater treatment infrastructure
4. Increased public awareness and education
5. Further research on microplastic impacts and fate
Ultimately, this study contributes significantly to the growing body of evidence on microplastic pollution, emphasizing the need for collective action to address this pressing environmental issue and protect freshwater ecosystems and human health.
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