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Abstract
An overview of the current state of knowledge on the pollution of agricultural soils with microplastic and nanoplastic
(MnP) particles is provided and the main MnP sources are discussed. MnP transport mechanisms from soil to groundwater,
as well as the potential impact of MnPs on soil structure are considered, and the relevance of co-contaminants such
as agrochemicals is further highlighted. We elaborate on why MnPs in soil and groundwater are understudied and how
analytical capabilities are critical for furthering this crucial research area. We point out that plastic fragmentation in soils
can generate secondary MnPs, and that these smaller particles potentially migrate into aquifers. The transport of MnP in
soils and groundwater and their migration and fate are still poorly understood. Higher MnP concentrations in agricultural
soils can influence the sorption behavior of agrochemicals onto soil grains while attachment/detachment of MnPs onto
soil grains and MnP-agrochemical interactions can potentially lead to enhanced transport of both MnP particles and
agrochemicals towards underlying groundwater systems.
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Mikro- und Nanoplastik in der Landwirtschaft – eine potenzielle Quelle für Boden- und
Grundwasserkontamination?

Zusammenfassung
In diesem Artikel liefern wir einen Überblick über den derzeitigen Kenntnisstand zu Mikro- und Nanoplastikpartikeln
(MnP) in landwirtschaftlich genutzten Böden einschließlich der wichtigsten Quellen. Die Transportmechanismen und
Auswirkungen von MnP in Böden sowie mögliche Eintragspfade ins Grundwasser werden ebenso betrachtet wie die
Bedeutung von Co-Kontaminanten. Wir erläutern, warum MnP in Boden und Grundwasser unbedingt weiterer Forschung
bedarf und weisen darauf hin, dass durch die Fragmentierung von Plastik sekundäre MnP entstehen, und dass diese
kleineren Partikel potenziell in Grundwasserleiter transportiert werden können. MnP in landwirtschaftlich genutzten Böden
können das Sorptionsverhalten von Agrochemikalien verändern und die unterschiedliche Bindung/Ablösung von MnP an
Bodenkörner und dieWechselwirkungen zwischen MnP und Agrochemikalien können möglicherweise zu einem verstärkten
Eintrag von MnP und Agrochemikalien in Grundwassersysteme führen. Es zeigt sich im Allgemeinen, dass der Transport
von MnP in Böden und Grundwasser nur unzureichend bekannt ist.
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Introduction

Global plastic pollution has received growing attention as
plastic waste has become an increasing environmental threat
(Borrelle et al. 2020; Krause et al. 2021). Global annual
plastic production currently surpasses more than 450 mil-
lion metric tons (MMT), and is assumed to further increase
by a factor of 2–3 by 2060 if no mitigating actions are taken
(OECD 2022). With growing production, plastic waste has
also increased to an estimated 353 MMT in 2019 (OECD
2022) with about 22 MMT having leaked into the envi-
ronment as mismanaged plastic waste. Mitigation of such
waste will thus be a major challenge for decades to come
(Borrelle et al. 2020).

Plastic debris is frequently categorised into subgroups
based on particle size (Galgani et al. 2013; Alimi et al.
2018), distinguishing between macroplastics (>25mm),
mesoplastics (5–25mm), microplastics (1µm–5mm) and
nanoplastics (<1μm). However, these individual size ranges
are not unanimously established but often serve as mere
indicators and a basis for further discussion (see Hartmann
et al. (2019) for a review). Microplastic and nanoplastic
particles (MnPs) are typically classified as primary or sec-
ondary particles. Primary MnP particles are intentionally
manufactured in their size range, e.g., for use in cosmetics,
personal care products, industrial processing, textile ap-
plications, or synthetic clothes production (Gregory 1996;
Browne et al. 2011). In addition, secondary MnPs can
result from the weathering and fragmentation of larger
plastic items. Both primary and secondary MnPs can en-
ter the environment via a variety of point sources (e.g.,
wastewater treatment plants) and diffuse sources (e.g., ur-
ban and agricultural runoff) (Waldschläger et al. 2020) as
will be discussed in the following chapters.

MnPs have been detected in all environments, but their
versatility and omnipresence make source identification
very challenging (Rochman et al. 2019; Horton et al.
2017). A substantial number of studies have been dedi-
cated to MnPs in marine (Kane and Clare 2019; Nel et al.
2020; Alfaro-Núñez et al. 2021) and riverine environments
(Li et al. 2018a; Hoellein et al. 2019; Drummond et al.
2022) where MnPs have been found to have the capability
to enter food webs (Krause et al. 2021) or pose a potential
threat to a variety of species (Kukkola et al. 2021; Kwak
et al. 2022) and even entire ecosystems (de Souza Machado
et al. 2018). However, research on the fate, transport and
impact of microplastics in soils and especially groundwater
is still in its infancy (Re 2019; Goeppert and Goldscheider
2021). While microplastics were recently found in drinking
water (Eerkes-Medrano and Thompson 2018; Schymanski
et al. 2018; Koelmans et al. 2019) the occurrence, fate and
major transport processes of MnPs in soil and groundwater
are far less understood.

Concerns have been raised with respect to the techniques
used in the agricultural sector that may cause MnP pollution
in agricultural soils (Kumar et al. 2020; Tian et al. 2022).
Common agricultural practices such as the use of plastic
films for insulation and mulching, plastic water pipes for ir-
rigation and plastic greenhouse covers, or the application of
sewage sludge as fertilizer, are some of the potential sources
of MnP contamination (Steinmetz et al. 2016; Brodhagen
et al. 2017) in agricultural areas. Unsurprisingly, agricul-
tural soils are therefore estimated to receive a major portion
(up to 14%) of the total released plastic to the environment
(Alimi et al. 2018; Horton et al. 2017) and are thought to be
a major sink for MnP pollution, with the number of MnPs
released onto land estimated to be 4–23 times more than to
the ocean (Horton et al. 2017).

Whether agricultural soils are mostly permanent sinks
for MnPs or can also act as an intermediate storage site on
their way to nearby freshwater systems and the groundwater
is much debated (The Royal Society 2019) but first studies
indicate that in general, transport of MnPs in the subsurface
is potentially taking place (Viaroli et al. 2022; Goeppert and
Goldscheider 2021). On the one hand, soil erosion by wind
and surface runoff represents a key mechanism of MnP
transport to nearby rivers or lakes similar to fine particulate
organic matter from agriculture to surface water (Schönen-
berger et al. 2022). Additionally, MnPs in agricultural soils
can be transported further by drainage water and over time
might be able to reach nearby water bodies via surface
runoff or groundwater recharge. Yet, surprisingly little is
known about actual MnP transport processes and pathways
from agricultural topsoil, their retention times in the vadose
and saturated zones, their potential for releasing chemical
additives into the environment, their interaction with soil
constituents such as organic matter, biofilms and the wider
soil microbiome, or their co-transport to and within aquifers
in the presence of nutrients and pesticides (Wanner 2021).
Closing this knowledge gap seems imperative as the vadose
zone, aquifers and nearby receiving freshwater bodies are
inextricably linked and MnPs have the potential to migrate
in pristine or weathered form between those compartments
(Horton et al. 2017).

In this review, we provide an overview of the current
understanding of MnP in agricultural soil and discuss the
main sources and entry points into soils. We furthermore
consider the potential transport mechanisms of MnPs from
soil to groundwater, as well as the potential impact MnPs
can have on soil structure and characteristics which could
influence transport, and we discuss the relevance of possible
co-contaminants such as pesticides. Finally, we elaborate on
why MnPs in soil and groundwater are less studied than in
marine and riverine systems and how analysis and detection
capabilities are critical to furthering this research area.
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Sources and amounts of micro and
nanoplastics in agriculture areas

Plastic is prevalent in agriculture crop and livestock produc-
tion because of its low cost, versatility and durability that
make it a highly useful material for a wide range of differ-
ent applications. In 2020, agricultural production systems
accounted for 3.2% of European plastic demand, which rep-
resents around 1.5 MMT of plastic (PlasticsEurope 2019).
Global plastic usage in agriculture is not well documented,
but the FAO (2021) has estimated that at least 12.5 MMT of
plastics are used globally, with 10 MMT of this attributed
to crop and livestock production. Much of the plastic used
in agriculture is of single use, that, if mismanaged, is at
risk to persist in the environment and degrade into smaller
particles over time. Estimates of MnPs in soils are limited,
with only very few studies providing particle numbers or
plastic mass due to the lack of analytical methods capable
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Fig. 1 Plastic pathways to agricultural soils grouped into plastics from agricultural practices, urban influence, and hydrometeorological drivers
Abb. 1 Plastikeinträge in landwirtschaftliche Böden, unterteilt in Plastik aus landwirtschaftlichen Praktiken, städtische Einflüsse und hydrome-
teorologische Faktoren

of readily and cost-effectively identifying and quantifying
microplastics in soils, in particular smaller fractions be-
low 5–10µm (Caputo et al. 2021). Büks and Kaupenjohann
(2020) provide a comprehensive meta study on MnPs in
different soils comparing agricultural and horticultural sites
around the world. They found microplastic concentrations
in agricultural soils to be between <1 and <530,000 parti-
cles kg–1 dry weight (based on 118 samples) with average
concentrations of about 1200 particles kg–1. Concentrations
seem highly variable and strongly depend on the approaches
used for sampling, polymer extraction and identification.

Plastic enters agricultural soils in all size ranges with
pathways varying based on agricultural practices, urban
influence, and hydrometeorological drivers (Fig. 1). Mi-
croplastic addition can be intentional and unintentional.
Unintentional microplastic addition is rooted in the frag-
mentation of larger plastics, for example when using plastic
mulching film or plastic packaging. Other unintentional
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sources of microplastics include atmospheric deposition,
machine and tire wear particles from agricultural vehi-
cles and machinery, flooding events, or managed aquifer
recharge. Microplastics are also directly applied to agri-
cultural soil by using sewage sludge or other compost as
fertiliser, by irrigation with wastewater, and through the
application of agrochemicals and seeds which are often
encapsulated in a polymer coating (Yang et al. 2021; Tian
et al. 2022).

Current agricultural practices result in significant emis-
sions of MnPs to soils. Plastic mulch films that are heavily
used in agriculture to improve crop yields (Qian et al. 2018)
and water consumption efficiency account for about 75% of
all plastic usage in agriculture (APE Europe 2019).

Plastic mulch covers about 20 million hectares of farm-
land globally, with China accounting for 90% of this area
(Yang et al. 2021). Research in China has found high lev-
els of microplastic pollution with 40.35mg kg–1 soil in ar-
eas where plastic mulching had been used continuously for
30 years (Li et al. 2020). According to Ramos et al. (2015),
plastic mulch is often made of low-density polyethylene
(LDPE) and removal/disposal is difficult, so usually it re-
mains in situ, resulting in fragmentation to smaller MnPs in
soil over time. Biodegradable plastic mulches are increas-
ingly being suggested as alternatives, yet these will also
form microplastics, thus further contributing to the pollu-
tion issue (Serrano-Ruiz et al. 2021). Moreover, biodegrad-
able particles are assumed to degrade over a comparably
short time span with potentially no ecotoxicological impli-
cations. Thus, polymer degradability is not the only factor to
consider while attempting to replace common-use plastics
with biodegradable products. The potential adverse effects
of plastic additives and their degradation products on biota
also need further evaluation (Bettas Ardisson et al. 2014;
Haider et al. 2019; Palsikowski et al. 2018). Unfortunately,
ecotoxicological data for biodegradable polymers is scarce
(Haider et al. 2019).

Additional problems arise from those plastic films that
contain phthalate esters or other chemical additives that
have been shown to adversely affect microbial community
composition and soil enzymatic activity (Liu et al. 2014;
Qian et al. 2018).

The use of sewage sludge from wastewater treatment
plants (WWTPs) has been estimated to be one of the largest
sources of MnPs to agricultural soil (Hurley and Nizzetto
2018; Zubris and Richards 2005). While removal efficiency
of WWTPs depends on their treatment process design, stud-
ies (Iyare et al. 2020; Gatidou et al. 2019) have shown that
often more than 90% of microplastic influent concentrations
are removed by WWTPs containing at least a secondary (bi-
ological) treatment stage. Here MnPs will accumulate in the
sewage sludge which in many countries is applied as agri-
cultural fertiliser as it has a positive impact on soil fertility

(Corradini et al. 2019; Coors et al. 2016). However, the ap-
plication of sewage sludge as fertiliser bears the risk of MnP
contamination of agricultural soils. For example, sewage
sludge from 28 WWTPs in China was found to contain av-
erage microplastic concentrations of 22.7± 12.1× 103 parti-
cles kg–1 dry sludge (Li et al. 2018b). Microplastics have
furthermore been found in other organic fertilisers such as
composts (Bläsing and Amelung 2018).

MnPs can also be added to agricultural soil intention-
ally, for instance via the application of industrially produced
chemical fertilisers and pesticides which often are encapsu-
lated in a polymer shell (Puoci et al. 2008; Weithmann et al.
2018; Wang et al. 2019). For example, a recent study from
Japan has shown that microcapsules from coated fertiliser
accumulated in paddy fields with an average concentration
of 144mg kg–1 of soil (Katsumi et al. 2021). Furthermore,
Accinelli et al. (2018, 2019) discussed more novel appli-
cations where crop seeds are directly laced with polymer
films containing pesticides, binding agents and synthetic
pigments and how these films can fragment through abra-
sion.

Wear and tear of agricultural equipment can also be con-
sidered a source of MnPs in agricultural soils. This in-
cludes tire wear abrasion, or abrasion of other machine
parts made of plastics during machine operation. Addition-
ally, tire wear can potentially accumulate in agricultural
areas from nearby road-runoff and via atmospheric deposi-
tion as the wear products often constitute small particles in
the low micrometre to nanometre range. For example, Kole
et al. (2017) estimated that in the Netherlands, 67% of tire
particles that are released to the environment, end up in the
soil, making this a potentially large source of soil MnPs.

Agricultural soils also receive MnP input via direct at-
mospheric deposition. In fact, MnPs are omnipresent in the
atmosphere and have been found even in remote locations
such as the Pyrenees where Allen et al. (2019) encoun-
tered average daily deposition rates of 365± 69 particles
m–2 d–1 while Kernchen et al. (2022) estimated daily depo-
sition rates of 99± 85 particles m–2 d–1 for the River Weser
catchment.

Another MnP source to agricultural soil is irrigation
with both freshwater and wastewater depending on irriga-
tion and drainage network design (Bläsing and Amelung
2018; Yang et al. 2021). However, comprehensive studies
quantifying this potential MnP source to agricultural soils
are still lacking. Irrigation practices differ widely but ar-
eas that extensively use potentially polluted surface water
for irrigation such as on floodplains or terrace farms, or
apply untreated municipal wastewater, might be especially
prone to increased microplastic pollution. Additionally, nat-
ural events such as floods can result in microplastic addi-
tion to soils near rivers. For example, Scheurer and Bigalke
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(2018) found that 90% of 29 investigated Swiss floodplain
soils in nature reserves contained microplastics.

MnPs accumulating in agricultural soil can potentially
be transported further downwards over time into underly-
ing groundwater and could therefore potentially be present
as an emerging pollutant, especially in unconfined and
shallow aquifers. Additionally, direct input of MnPs into
aquifers under agricultural areas has also been recently
highlighted. For example, Re (2019) and Viaroli et al.
(2022) discuss MnP input due to practices such as man-
aged aquifer recharge or the use of water abstraction near
rivers with significant microplastic loads and groundwater-
surface water interaction. In particular, rivers and streams
are a primary transport vector for MnPs, which can infil-
trate into streambed sediment up to a depth of twice the
bedform amplitude (Boos et al. 2021) and accumulate there
over time while posing a potential threat to freshwater
resources. While Goeppert and Goldscheider (2021) show
that transport of microplastics in alluvial aquifers over
larger distances is possible, quantitative studies regarding
the direct input of MnP through groundwater management
practices are still lacking. Landfills, dump sites and domes-
tic septic tank effluent might constitute further potentially
significant local sources of MnP input into nearby soil and
groundwater. The latter can be especially important in more
sparsely populated areas without centralised wastewater
treatment and with shallow water tables. While recent stud-
ies have demonstrated the potential of soil and groundwater
to receive dissolved pollutants such as nutrients or artificial
sweeteners from septic tank-based effluent (Tamang et al.
2022; Oldfield et al. 2020), studies focused on MnPs have
yet to be conducted. The aforementioned input and vectors
of MnPs into aquifers are important because the presence
of plastic particles has been confirmed in source waters
of several drinking water treatment plants, raising concern
whether current conventional treatment technologies can
satisfactorily remove plastic particles (Pulido-Reyes et al.
2019). For instance, Pulido-Reyes et al. (2019) show that
ozonation, often applied in WWTPs in Europe, does not
appear to either fragment plastic particles or change their
aggregation state and does not affect MnP retention during
water treatment. However, as an important result to ensure
drinking water safety, Pulido-Reyes et al. (2022) also show
that slow sand filtration during drinking water treatment is
an efficient process for MnP removal.

MnP transport and fate in porous media

Soil and vadose zone

To better understand MnP transport and fate in soils and
the vadose zone, previous studies have used lab-based col-

umn experiments where the soil or other media (e.g., glass
beads) were well characterized and MnPs were typically
spherical (e.g., Ron et al. 2019; Dong et al. 2018; Torkza-
ban et al. 2008; Keller et al. 2019). In those studies, it was
demonstrated that MnPs can in principle migrate through
soil and unsaturated porous media and pose a threat to soil
and groundwater, even though both plastic particles as well
as the porous media only mimicked natural conditions. Ag-
gregation and deposition of MnPs as well as the water sat-
uration seem to be important parameters that control MnP
transport apart from physical properties of the porous media
such as porosity and plastic size in some of these experi-
ments (e.g. Hoggan et al. 2016, Keller et al. 2019, Sajjad
et al. 2022).

Plastic particle size is especially critical as particles
larger than pore throat openings found in the porous
medium might simply accumulate in the uppermost part of
the soil unless preferential flow paths or macropores exist
(e.g., Bläsing and Amelung (2018)). On the other hand,
the transport of MnP particles smaller than pore throat
openings is mainly governed by the interaction with soil
grains that act as collector surfaces (Liang et al. 2022). As
with other engineered nanoparticles, interaction energies
between these MnPs and the solid-water interface then play
a decisive role, together with surface roughness and charge
heterogeneity, on particle behavior (Adrian et al. 2018;
Bradford et al. 2017). In a recent study, Keller et al. (2019)
also showed that particle shape is an important parameter
controlling MnP transport, with fibres being retained in
soils to a much higher degree than spheres with a rough
surface structure. They hypothesise that particle shapes that
deviate strongly from a spherical form more often lose their
orientation along flow lines.

Earthworms, microarthropods and other bioturbators can
accelerate vertical transport of MnPs by creating preferen-
tial flow paths (Heinze et al. 2021). Some studies have
shown that this can lead to MnPs being transported to
depths of up to 40–50cm (Huerta Lwanga et al. 2017; Rillig
et al. 2017; Rodríguez-Seijo and Pereira 2019). Depending
on the depth of the water table, these MnPs could thus reach
shallow aquifer systems. Root growth and microbial com-
munities can further affect soil structure (e.g., by creating
vertical macropores) and therefore MnP transport (Huerta
Lwanga et al. 2017; Prata et al. 2021; Rillig et al. 2017). Yet
other studies have also revealed MnP transport in the ab-
sence of earthworm and microarthropods (Yan et al. 2020).
For example, apart from biological activity, weather con-
ditions such as wet-dry cycles with associated soil cracks
can also accelerate vertical MnP transport (O’Connor et al.
2019).

Soil typically contains some degree of organic matter
and studies on MnP transport using natural soils (Huerta
Lwanga et al. 2017; Yan et al. 2020; Keller et al. 2019;
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Fig. 2 Plastic fragmentation
leading to secondary MPs and
NPs. Due to their smaller size,
plastic might migrate through
soils into underlying aquifers
Abb. 2 Plastikfragmentierung,
die zu sekundären MP und NP
führt. Aufgrund der geringe-
ren Größe kann Plastik durch
den Boden in darunterliegende
Grundwasserleiter migrieren
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Rillig et al. 2017; Rodríguez-Seijo and Pereira 2019), have
shown a tendency for particles to attach onto mobile or-
ganic matter, resulting in accelerated MnP transport. Other
studies have found MnP transport to simply increase with
increasing organic matter content (Alimi et al. 2021; Keller
et al. 2019; Yan et al. 2020).

Depending on the respective MnP properties, plastic par-
ticles might also be a favorable environment for microor-
ganisms that attach to the polymer surfaces and degrade
MnP by secreting enzymes in order to obtain energy for
their growth (Danso et al. 2019). This process, paired with
photo-oxidation, can generate secondary MnPs, which in
turn are more easily transported to greater depths (Piehl
et al. 2018) towards the groundwater (Fig. 2). Agricultural
practices can also affect the distribution of MnPs within
soils. For instance, conventional tillage practices such as
harvesting or plowing could turn over the surface and deep
soil, resulting in plastic from topsoils being transported to
greater depths.

MnP accumulation in the soil can directly affect soil
physico-chemical properties (Zhang et al. 2019; Dong et al.
2021a; Lozano et al. 2021) and changes to soil structure and
composition are important in that they will affect further
MnP transport. For example, Wang et al. (2020) showed
that soil bulk density, water holding capacity and soil struc-
ture were affected by MnP concentration. Cramer et al.
(2022) showed that for areas with high MP content, water
infiltration and thus transport were significantly reduced and
decreasing water saturation paired with entrapped air could
lead to more tortuous flow paths. MnP-induced changes in

available pore space (e.g., reduction in pore size due to fill-
ing of pore spaces with MnPs) have been shown to lead
to both enhanced or reduced MnP transport (Scheurer and
Bigalke 2018; Zhang et al. 2019). According to Ingraffia
et al. (2022) the effects of plastic on soil parameters and
soil erosion are strongly dependent on soil type.

Chemical conditions in soils also affect the transport and
retention of MnPs. For example, enhanced MnP transport
was observed with increasing pH (Jiang et al. 2021; Wu
et al. 2020) and decreasing ionic strength (Dong et al. 2018;
Hou et al. 2020; Wu et al. 2020). While smaller plastic par-
ticles (0.02µm) do not show a change in transport in the
presence of iron oxides, the transport of larger particles
seems to be affected. In addition, an increase in MnP trans-
port with decreasing Fe/Al-oxide contents has also previ-
ously been observed (Li et al. 2019; Tong et al. 2020; Wu
et al. 2020). Moreover, ionic compounds show an impact on
MnP transport. Generally, certain compounds such as KCl
and CaCl2 are more effective in decreasing plastic mobility
in porous media than others such as NaCl and MgCl2 (Jiang
et al. 2021; Yan et al. 2020). Overall, cations with smaller
ionic radii (Na+ and Mg2+) seem to have greater hydrated
radii, which can result in weaker charge screening and ob-
struction of deposition through steric hindrance, which can
thus decrease MnP retention in porous media.
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Groundwater

To date only few studies exist that assess MnP contami-
nation of aquifers, with none of them focusing specifically
on groundwater resources underlying major agricultural ar-
eas (see Viaroli et al. (2022) for a review). Average MnP
concentrations in groundwater vary from less than 0.001
particles l–1 (Johnson et al. 2020) for a chalk and sandstone
aquifer in the UK, to about 7 particles l–1 in a karst ground-
water system in the US (Panno et al. 2019), to 38 particles l–1

in an alluvial unconfined aquifer in Australia (Samandra
et al. 2022) and even 2103 particles l–1 in China (Mu et al.
2022). This wide range of concentration highlights a dire
need for further observations with regards to the occur-
rence of MnP in aquifers around the world using well estab-
lished protocols for sampling, extraction and quantification
to ensure better comparability among sites. Additionally,
observed groundwater MnP concentrations can be influ-
enced by poorly developed wells, as plastic particles can
potentially enter the subsurface during well construction,
pumping or cleaning. Moreover, practices such as managed
aquifer recharge or the use of water abstraction near rivers
can be a primary MnP transport vector. Because MnPs can
accumulate in streambed sediment and subsequently enter
aquifer systems (Frei et al. 2019), they pose a potential
threat to drinking water supplies, especially during drink-
ing water production via riverbank filtration (Boos et al.
2021; Frei et al. 2019; Gillefalk et al. 2018).

Similar to soils, fine-grained unconsolidated aquifer ma-
terial typically contains organic matter, which is an impor-
tant parameter controlling transport of colloidal particles
(Adrian et al. 2019). Aquifer chemical properties such as
pH or ionic strength can also significantly affect MnP trans-
port and retention (Dong et al. 2021b, Jiang et al. 2021;
Wu et al. 2020). In summary, MnP transport through sub-
surface porous media depends primarily on i) MnP prop-
erties such as size, density, shape, composition and surface
characteristics; ii) environmental conditions of the porous
medium such as grain size distribution and material compo-
sition, pore geometry, organic matter content, groundwater
flow velocity, and groundwater or soil water chemistry, and
iii) the interaction of MnPs with flora and fauna such as
plant roots, biofilm formation or invertebrate activity. Even
though transport of MnPs in soils has been observed, soils
may under specific circumstances also represent effective
barriers against groundwater plastic contamination. How-
ever, while a few studies show that MnPs can potentially
reach groundwater and thus may pose a credible threat to
water supplies, there is still little representative data on the
transport of MnP particles in natural soil and groundwater
environments. Also, many transport and fate processes such
as MnP interactions with the porous medium or additive
leaching over time are so far poorly understood. Addition-

ally, analytical detection limits in environmental groundwa-
ter MnP studies might have resulted in an underestimation
of plastic particles thus far.

Interaction between contaminants andMnPs

MnPs with high specific surface area and hydrophobicity
are more likely to favour adhesion and sorption of or-
ganic contaminants. Hydrogen bonds, hydrophobic inter-
actions, van der Waals forces and electrostatic interactions
can lead to adhesion and sorption of organic contaminants
on plastic particle surfaces (Atugoda et al. 2020). For ex-
ample, Shi et al. (2022) found antibiotics in groundwa-
ter samples, where concentrations were significantly cor-
related with MP occurrences. This is important as due to
their extensive application in agriculture, both pesticides as
well as other agrochemicals and plastics co-exist. However,
sorption affinity strongly differs for different agrochemical
contaminants and plastic types, with Kd values potentially
varying over several orders of magnitude (Wanner 2021).
Furthermore, the sorption of pesticides to MnP particles de-
pends on a number of parameters, such as hydrophobicity
of the pesticide, the pH of the soil, the polymer type and
the degree of weathering of the MnP (Hüffer et al. 2019;
Seidensticker et al. 2018).

Moreover, microbial colonization can have a significant
impact on agrochemical contaminant-plastic interaction.
Puglisi et al. (2019) showed that biodegradable and non-
biodegradable plastics can be colonized by microbial com-
munities. It is likely that MnPs provide favorable habitats
for different microorganisms, leading to biofilm build-up.
Biofilm and consequently microorganism activity can lead
to the mobilisation of pesticides or other agrochemical
contaminants. Thus, long-distance migration of contami-
nants and the production of metabolites in some cases with
greater toxicity than the parent component are possible (Li
et al. 2018b). For example, Hüffer et al. (2019) observed
enhanced transport of atrazine and 4-(2,4-dichlorophenoxy)
butyric acid through plastic-containing agricultural soils as
compared to plastic-free soils. In contrast, Castan et al.
(2021) indicate that desorption of most organic contami-
nants is too fast for MnPs to act as transport facilitators in
soils, and contaminant transport enabled by MP was found
to be relevant only for very hydrophobic contaminants
(log Kow> 5) under preferential flow conditions. Thus, their
study suggests that MnPs do not significantly enhance
contaminant mobility.

In summary, whether and to what extent MnPs facili-
tate the transport of organic contaminants in soil remains
uncertain. Plastic-induced changes in the sorption behav-
ior of pesticides to agricultural soils can enhance pesticide
transport twofold: through plastic particle-mediated pesti-
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?
Fig. 3 Plastic-induced change of the transport and sorption behavior of agrochemicals such as pesticides to agricultural soils. a Enhanced transport
because plastic particles mediate pesticide transport and through a reduced soil sorption capacity depending on the sorption affinity of pesticide
to plastic compared to natural soil particles. b Microorganism activity can lead to pesticide or other agrochemical contaminant degradation and
sorption and thus to reduced transport but metabolisation can still occur
Abb. 3 Plastikbedingte Veränderung des Transport- und Sorptionsverhaltens von Agrochemikalien (z.B. Pestiziden) in landwirtschaftlichen Bö-
den. a Verstärkter Transport, da Plastikpartikel den Transport von Pestiziden beschleunigen und die Sorptionskapazität des Bodens je nach Sorp-
tionsaffinität des Pestizids an Kunststoff im Vergleich zu natürlichen Bodenpartikeln verringert wird. b Die Aktivitäten von Mikroorganismen
können zum Abbau und zur Sorption von Pestiziden oder anderen agrochemischen Schadstoffen führen und somit den Transport verringern, aber
es kann auch eine Metabolisierung stattfinden

cide transport or through a reduced soil sorption capacity
depending on the sorption affinity of the pesticide to the
plastic compared to natural soil particles (Fig. 3).

Although interactions of agrochemical contaminants
(pesticides, fungicides, pharmaceuticals, etc.) and MnPs
are of high relevance, very little is known about their pref-
erential transport processes. Studies focussing on sorption
mechanisms of agrochemical contaminants to plastic are
scarce (Castan et al. 2021; Seidensticker et al. 2018; Hüffer
et al. 2019; Wanner 2021). For small particles, for instance,
attachment to collector surfaces (soil grains) happens not
evenly around a grain but only in certain spots depending
on surface roughness and local energy minima/maxima.
Additionally, elastomeric nanoparticles can form chemi-
cal bonds with grains but when those potential bonding
sites are already occupied (e.g., through pesticide sorp-
tion) nanoparticle transport through the subsurface can be
enhanced with potentially much higher subsurface concen-
trations occurring. However, this possible behaviour is not
well researched yet.

Analysis and detection capabilities

MnPs in groundwater have been rarely discussed, with only
a few studies focusing on their occurrence (e.g., Table 1
in Khant and Kim (2022)). There are no standardized or
well-established procedures for quantifying or even report-
ing MnPs in soil and groundwater samples, even though
they are needed (Viaroli et al. 2022) and existing com-
munity efforts (e.g., Cowger et al. (2020)) show poten-
tial for designing more formal guidance documents. The
scarcity of laboratory and especially field data with regard
to the mobility of MnPs in agricultural soils and groundwa-
ter is strongly linked to analytical challenges around their
quantification. Analytical methods for microplastics in soils
have been reviewed extensively (e.g., Möller et al. 2020),
with larger microplastics (≥500µm) being relatively easily
sorted and identified (Schrank et al. 2022). However, there
is no consensus yet on the analysis of smaller microplas-
tics (<500µm) (Möller et al. 2020). Generally, procedures
followed to extract microplastics from soil samples will in-
clude a density separation step using a high-density salt
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solution that will separate out any inorganic materials (Qi
et al. 2020). The separated MnP supernatant is then digested
by means of acids, alkalis, oxidation, or enzymatic methods
to remove any organic matter (although sometimes diges-
tions are carried out before density separation). Once these
steps are completed, most of the soil matrix should have
been removed before polymer identification and analysis
start.

Commonly used MnP detection and quantification meth-
ods can be grouped as follows, but they all have advantages
and disadvantages:

� Visual identification using light microscopy, which can
be combined with fluorescent dyes such as Nile Red
(Maes et al. 2017; Nel et al. 2021).

� Vibrational spectroscopy such as Raman or Fourier trans-
form infrared spectroscopy (microFTIR) (Käppler et al.
2016).

� Chromatography such as pyrolysis gas chromatogra-
phy mass spectrometry (Pyr GC-MS) (Fischer and
Scholz-Böttcher 2017) or thermal extraction desorp-
tion gas chromatography mass spectrometry (TED GC-
MS) (Dümichen et al. 2017).

� Thermogravimetric analysis (David et al. 2018)

Light microscopy is a relatively low-cost and simple
technique but is only suitable for the identification of larger
plastic fragments, plus it does not provide information about
polymer type. Combining light microscopy with the appli-
cation of fluorescent dyes such as Nile Red can improve
the accuracy of particle identification. However, as many
dyes are unselective, organic matter such as chitin (Helm-
berger et al. 2020) needs to be properly digested before
MnP quantification as it could otherwise exhibit a strong
fluorescent signal itself. Any form of light microscopy of
small particles can also potentially lead to observer bias
and as such it should not be the only method of quantifying
plastics in a sample. The more frequent use of vibrational
spectroscopy methods is often restricted by limited access
to the more expensive equipment as compared to light mi-
croscopy and thus often only a limited number of subsam-
ples are analysed. The main benefits of Raman spectroscopy
and microFTIR analyses are that they provide polymer iden-
tification, as well as information on MnP shape and size.
FTIR is thought to be reliable at detecting microplastics
down to 10–20µm in size, whereas Raman can theoreti-
cally go down to 1µm (Xu et al. 2019). Chromatography
methods such as Pyr-GC-MS and TED-GC-MS, and ther-
mogravimetric methods are good at detecting microplastics
in environmental samples, and they can identify the poly-
mer type. However, they are destructive methods so, while
providing MnP and additives total mass, they are unable to
provide information on number and size of particles.

Various attempts have been made to lower the detec-
tion limits of existing analytical methods to study nano-
sized plastics. Examples are the coupling of Raman mi-
croscopy and field-flow fractionation enabled by optical
tweezers (RM-FFF) (Schwaferts et al. 2020) as well as
accelerated solvent extraction combined with quantitative
proton nuclear magnetic resonance (q-1H NMR) (Nelson
et al. 2019). Using the RM-FFF method, detection limits
for nanoplastics are down to a size of ~200nm at a min-
imum concentration of 1mg l–1, however, the method was
primarily developed for aqueous solutions and it remains
to be seen whether it is also applicable to complex samples
such as agricultural soils.

Every step during sampling and sample processing can
introduce additional contamination with MnPs, but MnPs
contained in the original sample can also get lost during
transport, filtration or digestion. Hence, it should be com-
mon practice to establish both negative and positive controls
(Koelmans et al. 2019; Philipp et al. 2022) and whenever
possible, sampling in and use of plastic materials has to be
avoided (Koelmans et al. 2019). The use of both methods
and field blanks helps to verify the existence of potential
contamination, while laboratory control samples account
for losses.

Summary and conclusions

Current agricultural practices constitute potentially signif-
icant sources of plastic, with plastic entering agricultural
soils in a wide size range and via numerous pathways. Plas-
tic fragmentation can generate secondary MnPs that might
migrate through soils into underlying aquifers analogously
to natural colloids, although it has been argued that soils
may still represent an effective barrier against groundwater
contamination by plastics. So far, very few studies have
investigated the transport of MnP particles in soils and
groundwater and thus their migration and fate are poorly
understood, leading to a large knowledge gap that must
be addressed in order to provide adequate risk assessment
and to develop appropriate management practices. Initial
results indicate that higher MnP concentrations in agricul-
tural soil can change the sorption behavior of agrochemi-
cals (e.g., pesticides) onto soil grains. Varying attachment/
detachment of MnPs onto soil grains and MnP-agrochem-
ical interactions can then potentially lead to enhanced co-
transport of both MnPs and agrochemicals towards under-
lying groundwater systems depending on chemical charac-
teristics as well as MnP and agrochemical properties. This
hints towards a contamination risk for aquifers and drinking
water supplies underlying agricultural areas which would
call for improved regulatory measures regarding plastic use
in agriculture. However, further research is needed to better
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understand MnP-agrochemicals-soil interactions, and MnP
fate and retention times in soil and groundwater.

Despite a general increase in MnP studies, open ques-
tions and challenges regarding the identification of MnP
particles remain, especially when dealing with complex
agricultural soils and groundwater samples. Future research
needs can be broadly classified into six open topic areas:
(1) the assessment of occurrence and distribution of MnPs,
especially in groundwater; (2) understanding MnP transport
mechanisms and pathways, and the identifying factors that
influence their occurrence and distribution; (3) development
of rapid quantification methods allowing for high sample
throughput with low detection limits and yet sufficiently
high accuracy and measurement repeatability; (4) standard-
ization of sampling, processing and analysis procedures;
(5) improved understanding of plastic-agrochemical inter-
actions and relevance for groundwater quality, and finally
(6) assessing the significance of the impact of plastics on
environmental and human health and wellbeing.
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