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Abstract

Microplastics (MPs) in soils have recently emerged as a significant environmental concern because of their
potential impacts on ecosystems and human health. In this study, MPs have been determined in genetic soil horizons
to a maximum depth of 140 cm along four transects that encompass various land uses (managed and unmanaged)
in Fars Province, southwest Iran. Soils have also been characterised in terms of texture and chemistry using
established methods. With little contemporary or historical application through agricultural practices, MPs were
dominated by fibres of various colours and sizes and polymeric construction (mainly polyamides, polyesters and
polyolefins), with remaining particles largely consisting of sheet-like fragments. MP abundance (up to about 200
per kg of dry soil) and size were heterogeneously distributed throughout the region and with respect to soil depth,
regardless of land use, with inverse correlations with soil particle size observed at two locations. We infer that
atmospheric deposition is the principal source at the soil surface and that MPs that evade erosion are able to readily
migrate downwards to depths extending to at least that of the lowest horizon sampled. Migration appears to be
independent of particle size or density and is likely driven by percolating precipitation but facilitated through
bioturbation and soil cracking during dry periods. The persistence and vertical migration of MPs in soils may have
adverse impacts on subterranean ecosystems and ground water quality.
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Introduction

Despite the majority of microplastic (MP) sources being land-based, studies
in the terrestrial environment have emerged relatively recently (Horton et
al., 2017). Soils receive MPs through atmospheric fallout (Klein and Fischer,
2019), practices related to land use (Cusworth et al., 2024), and
contamination from local industrial or urban sources (Afrin et al., 2020).
Soils can then act as a secondary source of MPs to the atmosphere through
surface erosion (Abbasi et al., 2023) or a receptor that has potential impacts
on communities and habitats or soil structure, aeration, fertility and nutrient
cycling (de Souza Machado et al., 2019; Gao et al., 2021). Over time, MPs
can also migrate downwards through soil with precipitation or via
bioturbation and have the potential to impact groundwater resources (Ren et
al., 2021).

Several studies have recently compared the effects of land use on the
abundance and characteristics of MPs in soils. In general, these have
focussed on different agricultural practices, including land managed for
arable crops, pasture, orchards, plantations, greenhouses and forests
(Alvarez—Lopeztello etal., 2021; Liu et al., 2022; Zhang et al., 2022a; Bi et
al., 2023; He et al., 2023; Li et al., 2023; Qiu et al., 2023). In most cases,
differences reported are related to soil characteristics (e.g., pH, texture,
organic matter, nitrogen content), climatic factors (e.g., precipitation,
temperature, wind speed) and/or practices that involve the direct
introduction of plastics from mulching, fertilisers, sludge or irrigation water.
However, differences are location- or activity-specific and are not always
statistically verified, and data are usually reported for surface soils or
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samples down to typical tillage depth (about 25 cm; Hobson et al., 2022).
This means that a general understanding and prediction of the key drivers
for MP distributions in soils and their propensity for migration is lacking.

In the present study, we investigate the abundance and characteristics of
MPs in soils from an arid-semi humid region of Iran (Fars Province) that
encompasses various managed and unmanaged land uses, including barren
land where degradation takes place under wind erosion, but where distinct
sources of MPs are lacking. We examine genetic soil horizons to depths
exceeding one metre and determine key physical and chemical soil
properties with the aim of improving our broader understanding of the
vertical distribution and persistence of MPs and their potential for impacting
on subterranean ecosystems and groundwater.

2. Material and methods
2.1. Study area

Fars province is located in southwest Iran. It covers an area of about 120,000
km2 and is home to about 5 million people, with about a third of the
population concentrated in the provincial capital city of Shiraz. The more
mountainous, northern areas of Fars have cold winters and mild summers,
while southern Fars experiences cold winters but hot summers; the central
region has mild and relatively wet winters and hot, dry summers (Haghighi
and Keshtkaran, 2014). The average annual precipitation for the whole
province is 330 mm.

The agricultural sector of Fars plays a key role in the production and security
of food for Iran and makes a significant contribution to the gross national
product. It is also responsible for around 95% of total annual water
consumption of about 10 billion m3 (Haghighi and Keshtkaran, 2014).
Important agricultural products across the province include wheat, corn,
rice, dates, barley, figs, pomegranates, cotton, walnuts, pistachios, citrus
fruits, sugar beets and tomatoes.

2.2. Sampling

Sampling was undertaken from the calcareous soils of the alluvial plains of
four regions: Dasht Arjan, Darab, Sarvestan and Sepidan (Figure 1; Table
1); that encompassed different land uses. Specifically, agriculture for wheat
and pistachios, second and third grade pastures (low vegetation cover), oak
forest, private gardens and barren land subject to erosion and with some
evidence of historical agricultural practices. In each region, six to eight
profiles (up to 1.4 m in depth) along a sloping transect of between about 3
and 10 km were exposed by digging with a stainless-steel shovel.
Approximately 2 kg of soil (n = 73 in total), collected from each visible,
genetic horizon (two to four) with a smaller shovel, were stored in
aluminium foil and transported to the laboratory where they were passed
through a 2-mm stainless-steel sieve.

2.3. Microplastic separation

Fifty g of each soil sample was transferred to a cleaned (washed in 50% HCl
and rinsed with deionised water) 600 mL glass beaker using a stainless-steel
spoon before the contents were loosely covered with foil and air-dried in a
laminar flow hood (without airflow) for 24 h at 25 °C.

In new (and cleaned) 600 mL glass beakers, organic matter was decomposed
by oxidising 50 g of each sample in 300 mL of 30% H202 solution (Arman
Sina, Tehran) at 25°C until the cessation of bubble formation. The remaining
material (and H202) was washed through a 150-mm diameter S&S filter
paper (blue ribbon cellulose circle, grade 589/3, 2-um pore size) with
filtered, deionised water before residues, on their filters, were dried for 2 h
in a sand bath at 60°C and stored in individual glass Petri dishes.

Dried residues were added to saturated, 300 mL solutions of ZnCI2 (Arman
Sina, Tehran; density ~ 1.7 g cm-3) in a series of cleaned, 600 mL glass
beakers. Following a period of initial agitation at 350 rpm on a lateral shaker,
the contents were allowed to settle for 24 h before the decanted contents
were vacuum-filtered through S&S filter papers. This procedure was
repeated twice, with the resulting filters being air-dried for 72 h at 25°C in
the laminar flow hood (without airflow) and transferred to individual Petri
dishes.
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2.4. Microplastic identification and characterisation

Filters were inspected under a binocular microscope (Carl-Zeiss) at
magnifications of up to 200x, aided by ImagelJ software, to identify, quantify
and characterise microplastics. Criteria for identification included thickness,
cross-sectional properties, shininess, hardness, surface structure and their
response to a hot, 250 um stainless steel probe. Size measurements were
based on the length along the longest axis (L) and particles were classified
as follows: L < 100 um (with a detection limit of about 30 um), 100 <L <
500 um, and L > 500 pum. Colour was categorised as white-transparent,
yellow-orange, red-pink, blue-green or black-grey, and shape was
categorised as fibre (with a length to diameter ratio of > 3), film-fragment or
spherule-granule.

The polymeric makeup of 98 MPs of a range of shapes, sizes and colours
from different locations (specifically, from profiles DAS, DB1, DB3, DB4,
DBS5, SAl, SA3 and SE7) was determined using a micro-Raman
spectrometer (pn-Raman-532-Ci, Avantes, Apeldoorn, Netherland) with a
laser of 785 nm and Raman shift of 400-1800 cm-1.

2.5. Minimisation and assessment of microplastic contamination

In the laboratory, windows and doors remained closed, benches were
thoroughly cleaned using ethanol and attire was exclusively composed of
cotton-based materials. All reagents and solutions employed (including
deionised water) were vacuum-filtered through 2 um before being used and
aluminium foil was used to cover equipment while not in use.

Contamination in the laboratory was assessed by processing ten aliquots of
filtered, deionised water according to the protocols outlined above.
Microscopic analysis of these filters revealed no detectable MPs.

2.6. Physical and chemical properties of soils

Physical and chemical parameters of the soils or their saturated pastes or
extracts (in pure water) were measured by established techniques (e.g.,
Puffeles and Nessim, 1957; Gee and Bauder, 1986; Ryan et al., 2007).
Briefly, organic carbon was measured by wet oxidation with potassium
dichromate and sulphuric acid; texture was determined by hydrometry with
sodium hexametaphosphate as a dispersing agent; pH and electrical
conductivity were measured directly in pastes and extracts, respectively;
soluble Embedded Image and Embedded Image concentrations were
determined by titration with sulphuric acid; calcium carbonate equivalent
was determined by neutralisation with HCI; soluble Mg and Ca
concentrations were determined by titration with EDTA; and soluble Na and
K concentrations were measured directly in extracts using a Corning 405
flame photometer.

2.7. Data presentation and statistics

MP data are presented as both number per sample (50 g) or concentration on
a dry weight basis (number per kg). Parametric or non-parametric
correlations and difference testing between variables were undertaken for
each region using SPSS 26.0 (IBM) after checking for data normality using
a Kolmogorov-Smirnov test, with an a-value for significance of 0.05.

3. Results
3.1. Soil characteristics

The physical and chemical characteristics of the soils from each transect
(region), profile and genetic horizon are summarised in Table 2 (the full set
of measurements are provided in Table S1). Values of pH revealed that soils
are either neutral or, mostly, alkaline (pH > 7.5), and exhibit little variation
with transect distance or height or soil depth. Overall, pH is lowest at
Sepidan (mean = 7.37) and greatest at Darab (7.91). Electrical conductivity
(EC) is variable between and within the regions but is always non-saline (<
2 dS m-1) or very slightly saline (< 4 dS m-1). Values are mostly between
0.30 and 0.60 dS m-1 at Sepidan (mean = 0.43 dS m-1), with a small but
persistent decrease with soil depth. By contrast, at Dasht Arjan, Darab and
Sarvestan EC ranges from 0.35 to 2.27 dS m-1 (mean = 1.05 dS m-1), 0.58
t0 1.92 dS m-1 (mean =1.16 dS m-1) and 0.50 to 2.75 dS m-1 (mean = 1.50
dS m-1), respectively, and there are no systematic trends with soil depth.
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A summary of the physical and chemical properties of the soil samples by
region, profile and horizon (horizon data are separated by /). EC = electrical
conductivity; OC = organic carbon.

Organic carbon (OC) contents of the soils are variable between and within
regions, with averages higher at Dasht Arjan and Sepidan (about 0.85%)
than at Darab and Sarvestan (< 0.45%). Despite this variation, there is, in
most cases, a reduction in OC with increasing soil depth. This reduction is
most persistent at Sepidan and greatest, quantitatively, at Sarvestan, where
values decrease by more than an order of magnitude in two profiles. Soil
texture is summarised in terms of the percentages of sand and clay (with the
remainder comprising silt). Thus, at Darab an increase in clay content and
decrease in sand content was observed with increasing depth, while at
Sepidan an increase in clay but similar sand content was generally found. At
Dasht Arjan, there was a similar distribution of clay and sand with depth but
at Sarvestan clay and sand distributions were more variable and a shift
towards more sand and less clay was observed with increasing elevation
along the transect.

3.2. Microplastic abundance and distributions

MPs isolated from the soil samples are exemplified in Figure 2. In total, 392
MPs were retrieved, comprising 342 fibres, 48 fragments or (mainly) films,
and two spherules. Overall, MPs were present in all but five soil samples
and fibres were present in all but seven samples. Fibres appeared to be
roughly equally distributed throughout each horizon at the four locations,
and were most abundant at Sepidan (134 in 25 soils) and least abundant at
Sarvestan (45 in 19 soils). Other shapes were least abundant at Sarvestan (1
in 19 soils) but most abundant at Dasht Arjan (24 in 17 soils). As a
consequence, the ratio of other shapes to fibres ranged from about 0.02 at
Sarvestan to about 0.36 at Dasht Arjan. Regarding individual profiles, the
highest numbers of fibres (> 20) were observed in DB2, DB3 and SA7
(barren land), DB3 and SEI1 (pasture), and SE7 (rainfed agriculture). The
highest number of other shapes was encountered at three sites in Dasht Arjan
consisting of agriculture, pasture and forest.

With respect to MP size, 118 were small (< 100 pum) and 24 were large (>
500 pm), with ratios of small to large ranging from 2 at Sarvestan to about
7.2 at Darab. Fibres exhibited a range of colours but were mainly black or
blue throughout, and while fragments and films displayed various colours,
we noted mainly black or white at Darab, Sepidan and Sarvestan but a
dominance of orange or pink/red at Dasht Arjan.

3.3. Polymeric makeup of MPs

The results of p-Raman analysis of MPs from eight profiles encompassing
all four regions are summarised in Table 4. Polyamide, and mainly nylons,
was the most widely distributed and abundant, although in a few cases nylon
appeared to be blended with polypropylene. Polyester (including
polyethylene terephthalate) and (pure) polypropylene were next in
abundance but exhibited an unequal distribution between the regions (for
example, the latter was absent from Dasht Arjan and the former absent from
Sepidan). Polyethylene was detected in each region and polystyrene was
absent from Sarvestan. Among the “other” category were acrylonitrile
butadiene styrene, ethylene-vinyl acetate, various polydienes and the
biopolymer, polylactic acid. Aside from the differences among the regions
referred to above, polymers appeared to be heterogeneously distributed, with
no evidence of fractionation by, for example, density, along transects or with
profile depth.

4. Discussion

The results of the study reveal that MPs are ubiquitous throughout soils at
concentrations up to about 200 per kg but are heterogeneously distributed in
terms of size, shape, colour and polymer, and with respect to location, land
use, horizon and soil characteristics. Results reported in the literature where
MPs have been determined in surficial or rhizospheric soils encompassing
different land uses are generally heterogeneous, but more distinct
differences between land uses or relationships with environmental variables
are often observed, albeit not always with statistical confirmation. For
instance, differences in soil MP abundance have been reported among
different ecosystems (Alvarez-Lopeztello et al., 2021; Xu et al., 2022),
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different agricultural practices (Liu et al., 2022; Zhang et al., 2022a; Bi et
al., 2023; He et al., 2023), and different agricultural practices, urban areas
and woodland (Qiu et al., 2023; Yoon et al., 2024), and between managed
and unmanaged land (Corradini et al., 2021) and agricultural land and urban
areas (Akca et al., 2024). By contrast, and consistent with our study, Zhang
et al. (2024) report no differences in soil MP abundance between industrial
land, different agricultural fields and woodland. Relationships (or trends)
have been reported between MP abundance and soil properties, including
clay-sand content, pH, bulk density, organic matter and nitrogen (Alvarez-
Lopeztello et al., 2021; Liu et al., 2022; Zhang et al., 2022b; Qiu et al., 2023;
He et al., 2023; Zhang et al., 2024), climatic factors, such as precipitation,
surface temperature and wind speed (Zhang et al., 2022a), and population
density (Bi et al., 2023). Moreover, we observed significant relationships
with soluble Na or K content and the inverse of sand or silt at two locations.
However, it could be argued that these relationships are not necessarily
related to land use but are some function of more general environmental or
anthropogenic variables.

In a review of MP abundance in agricultural soils of China, where most
studies above have been undertaken, Liu et al. (2023) suggest that mulching
using plastic films is responsible for the variations observed, at least in the
agricultural sector. Accordingly, contamination depends on the type of
plastic used, the period and length of mulching and the degree of weathering
effected by, for example, irrigation. Mulching cannot, however, account for
the results observed here, where the practice is not common and the most
abundant MPs were persistently fibres (rather than films) that extended
beyond cultivated land (well water- and rainfed-irrigated gardens and
agriculture) into forest and barren land. Fibres have relatively low settling
velocities and high degrees of horizontal and upward motion in air, allowing
them to be transported long distances and become heterogeneously
dispersed (Abbasi et al., 2023; Preston et al., 2023; Xiao et al., 2023).
Subsequent deposition may be dry or wet, with the majority of studies
concluding that washout with rainfall is more important either directly
(Szewc et al., 2021; Kyriakoudes and Turner, 2023; Yuan et al., 2023) or,
under vegetation, via combing-out (filtering) of particles by the canopy and
washing off during precipitation (Klein and Fischer, 2019). Dry and wet
deposition, combing-out and rainfed agricultural practices are all likely to
contribute to contamination by fibrous MPs in the region under study in Iran.

The present investigation has also shown the propensity for MPs to migrate
to depths beyond 1 m in soils of various land uses. Previous studies have
found MPs below the soil surface, although most report arbitrary depths of
a few tens of cm and not distinctive soil horizons. For example, Zhang and
Liu (2018) found similar MP concentrations (and mainly fibres) in surface
(0 to 5 cm) and subsurface (5 to 10 cm) agricultural soils, while Xu et al.
(2022) observed higher MP concentrations in subsurface (10 to 20 cm) soils
than surface (0 to 10 cm) soils of artificial ecosystems (plantations) but
higher concentrations below the surface in natural ecosystems (forests). Yu
et al. (2021) found that smaller MPs (< 0.5 mm), and mainly fragments and
films, tended to migrate to deeper layers (10 to 25 cm) in various agricultural
soils. Li et al. (2023) examined MPs (of various shapes) in three soil depths
down to 60 cm of seven land use types (mainly different agricultural
practices). MPs of various shapes were encountered throughout the soil
profiles but both abundance and size tended to decline with depth.

There are a number of mechanisms by which MPs deposited at the soil
surface may penetrate deeper horizons. Being a porous medium, soil allows
the migration (or leaching) of particles with percolating precipitation under
gravity. In theory, smaller particles (including those generated by
weathering in situ) and those that are denser and more hydrophobic are more
mobile, while longer fibres are subject to greater retardation (Engdahl, 2018;
Gao et al., 2021). Our observations do not indicate a shift in MP size, shape
or density-hydrophobicity (polymer type) with depth or soil particle size,
however, requiring the presence of additional vertical transport mechanisms.
Where land is managed, disturbance can result in homogenisation to the
tilling depth, although typically this is down to about 25 cm (Hobson et al.,
2022). Bioturbation by earthworms (through adhesion, ingestion-egestion or
burrowing) and plant roots (through movement, expansion, water retention
or decomposition) may facilitate downward migration to 50 cm or more
(Gabet et al., 2003; Rillig et al., 2017; Li et al., 2020), as might soil cracking
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in dry climates. Column experiments have shown that granular and spherical
MPs are able to penetrate to greater depths in soils over successive wet-dry
cycles, with calculations suggesting penetration depths below 5 m over a
100-year period are possible (O’Connor et al., 2019). The extents to which
longer but more flexible and irregular fibres are able to migrate by this
process are, however, unknown.

The significance or relevance of each mechanism above is unclear in the
present context. However, the similarities in MP shape, size, colour and
polymer throughout the soil depths sampled and across the region studied
suggest that any vertical (or horizontal) sorting is not specific to these
characteristics and that any in situ physico-chemical or biological
degradation into smaller particles is not discernible. Moreover, although we
do not know the precise timescales involved in vertical migration in the
region under study (we may infer it might be on the order of a decade based
on the calculations by O’Connor et al. (2019)), our results suggest that,
quantitatively and qualitatively, MP input at the soil surface has been rather
consistent over this period. The depth to which we have observed MP
migration also suggests that subterranean ecosystems and ground water may
be readily contaminated. Moreover, given the ubiquity of MP deposition
from the atmosphere, contamination of these resources is not necessarily
specific to locations where point sources of MPs exist.

5. Conclusions

This study has shown that MPs, dominated by dark-coloured fibres and up
to concentrations of about 200 kg-1, are ubiquitous in soils from four regions
of Fars Province, Iran, that encompass various land uses, and extend to the
deepest horizons excavated (140 cm). Distributions are, however,
heterogeneous in terms of abundance, size and polymeric make up and with
respect to land use, elevation, soil depth and soil characteristics. With few
or no direct inputs from point sources related to agriculture, urbanisation or
industry, for example, the main vehicle for accumulation appears to be
atmospheric deposition at the soil surface, with subsequent downward
migration likely assisted by precipitation, bioturbation and cracking of the
soil structure through wetting-drying cycles. Migration poses risks to
subterrancan ecosystems and impacts on groundwater quality that are
currently poorly defined.

Data Availability
Data will be available upon request from Sajjad Abbasi.
Acknowledgements

We gratefully acknowledge Shiraz University for funding this Ph.D. thesis
(Grant Number: 2GRC1M371631) and the Centre for Environmental
Studies and Emerging Pollutants (ZISTANO) for their technical support.

References

1. Abbasi, S., Rezaei, M., Mina, M., Sameni, A., Oleszczuk, P.,
Turner, A., Ritsema, C., 2023. Entrainment and horizontal
atmospheric transport of microplastics from soil. Chemosphere
322, 138150.PubMedGoogle Scholar

2. Afrin, S., Uddin, M.K., Rahman, M.M., 2020. Microplastics
contamination in the soil from urban landfill site, Dhaka,
Bangladesh. Heliyon 6, €05572.Google Scholar

3. Akca, M.O., Giindogdu, S., Akca, H., Delialioglu, R.A., Aksit,
C., Turgay, O.C., Harada, N., 2024. An evaluation on
microplastic accumulations in Turkish soils under different land
uses. Science of the Total Environment 911,
168609.PubMedGoogle Scholar

4. Alvarez—Lopeztello, J., Robles, C., del Castillo, R.F., 2021.
Microplastic pollution in neotropical rainforest, savanna, pine
plantations, and pasture soils in lowland areas of Oaxaca,
Mexico: Preliminary results. Ecological Indicators 121,
107084.Google Scholar

5. Bi,D., Wang, B., Li, Z., Zhang, Y., Ke, X., Huang, C., Liu, W.,
Luo, Y., Christie, P., Wu, L., 2023. Occurrence and distribution
of microplastics in coastal plain soils under three land-use types.

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

Page 4 of 6
Science of the Total Environment 855, 159023.PubMedGoogle
Scholar
Corradini, F., Casado, F., Leiva, V., Huerta-Lwanga, E.,
Geissen, V., 2021. Microplastics occurrence and frequency in
soils under different land uses on a regional scale. Science of the
Total Environment 752, 141917.PubMedGoogle Scholar
Cusworth, S.J., Davies, W.J., McAinsgh, M.R., Gregory, A.S.,
Storkey, J., Stevens, C.J., 2024. Agricultural fertilisers
contribute substantially to microplastic concentrations in UK
soils. Communications Earth and Environment 5, 7.Google
Scholar
Engdahl, N.B., 2018. Simulating the mobility of micro-plastics
and other fiber-like objects in saturated porous media using
constrained random walks. Advances in Water Resources 121,
277-284.Google Scholar
Gao, J., Pan, S., Li, P., Wang, L., Hou, R., Wu, W. M., Luo, J.,
Hou, D., 2021. Vertical migration of microplastics in porous
media: Multiple controlling factors under wet-dry cycling.
Journal of Hazardous Materials 419, 126413.PubMedGoogle
Scholar
Gabet, E.J., Reichman, O.J., Seabloom, E.W ., 2003. The effects
of bioturbation on soil processes and sediment transport. Annual
Review of Earth and Planetary Science 31, 249-273.Google
Scholar
Gee, G.W., Bauder, J.W., 1986. Particle-size analysis. In:
Methods of Soil Analysis: Part 1 -Physical and Mineralogical
Methods. American society of Agronomy, Madison, WI,
pp.383—411.Google Scholar
Haghighi, A.T., Keshtkaran, P., 2014. Methods of facing with
drought in Fars Province — Iran. International Water Resources
Association, abstract 370.Google Scholar
He, XK., Qian, Y.B., Li, Z.L., Yang, S., Tian, J.F., Wang, Q.X.,
Lei, J.M., Qi, R.F., Feng, C.H., 2023. Identification of factors
influencing the microplastic distribution in agricultural soil on
Hainan Island. Science of the Total Environment 874,
162426.PubMedGoogle Scholar
Hobson, D., Harty, M., Tracy, S.R., McDonnell, K., 2022. The
effect of tillage depth and traffic management on soil properties
and root development during two growth stages of winter wheat
(Triticum aestivum L.). Soil 8, 391-408.Google Scholar
Horton, A.A., Walton, A., Spurgeon, D.J., Lahive, E., Svendsen,
C., 2017. Microplastics in freshwater and terrestrial
environments: evaluating the current understanding to identify
the knowledge gaps and future research priorities. Science of the
Total Environment 586, 127-141.CrossRefPubMedGoogle
Scholar
Klein, M., Fischer, E.K., 2019. Microplastic abundance in
atmospheric deposition within the Metropolitan area of
Hamburg, Germany. Science of the Total Environment 685, 96—
103.CrossRefPubMedGoogle Scholar
Kyriakoudes, G., Turner, A., 2023. Suspended and deposited
microplastics in the coastal atmosphere of southwest England.
Chemosphere 343, 140258. PubMedGoogle Scholar
Li,J., Zhu, B., Huang, B., Ma, J., Lu, C., Chi, G., Guo, W., Chen,
X., 2023. Vertical distribution and characteristics of soil
microplastics under different land use patterns: A case study of
Shouguang City, China. Science of The Total Environment 903,
166154.PubMedGoogle Scholar
Liu, X., Tang, N., Yang, W., Chang, J., 2022. Microplastics
pollution in the soils of various land-use types along Sheshui
River basin of Central China. Science of the Total Environment
806, 150620.PubMedGoogle Scholar
O’Connor, D., Pan, S., Shen, Z., Song, Y., Jin, Y., Wu, W.M,,
Hou, D., 2019. Microplastics undergo accelerated vertical
migration in sand soil due to small size and wet-dry cycles.
Environmental Pollution 249, 527-534.PubMedGoogle Scholar
Preston, C.A., Neuman, C.L.M, Aherne, J., 2023. Effect of shape
and size on microplastic atmospheric settling velocity.



J. Archives of Clinical and Experimental Pathology

22.

23.

24.

25.

26.

27.

28.

29.

Environmental Science and Technology 57, 11937—
11947 . PubMedGoogle Scholar

Puffeles, M., Nessim, N.E., 1957. Comparison of flame-
photometric and chemical methods for determining sodium and
potassium in soil, plant material, water and serum. Analyst 82,
467-474.Google Scholar

Qiu, Y., Zhou, S., Qin, W., Zhang, C., Lv, C., Zou, M., 2023.
Effects of land use on the distribution of soil microplastics in the
Lihe River watershed, China. Chemosphere 324,
138292.PubMedGoogle Scholar

Ren, Z., Gui, X., Xu, X., Zhao, L., Qiu, H., Cao, X., 2021.
Microplastics in the soil-groundwater environment: Aging,
migration, and co-transport of contaminants — A critical review.
Jounral of Hazardous Materials 419, 126455.Google Scholar
Rillig, M.C., Ziersch, L., Hempel, S., 2017. Microplastic
transport in soil by earthworms. Scientific Reports 7,
1362.PubMedGoogle Scholar

Ryan, J., Estefan, G., Rashid, A., 2007. Soil and plant analysis
laboratory manual. ICARDA, Beirut.Google Scholar

de Souza Machado, A.A., Lau, C.W., Kloas, W., Bergmann, J.,
Bachelier, J.B., Faltin, E., Becker, R., Gorlich, A.S., Rillig,
M.C., 2019. Microplastics can change soil properties and affect
plant performance. Environmental Science and Technology 53,
6044-6052.PubMedGoogle Scholar

Szewc, K., Graca, B., Dolega, A., 2021. Atmospheric deposition
of microplastics in the coastal zone: Characteristics and
relationship with meteorological factors. Science of the Total
Environment 761, 143272.PubMedGoogle Scholar

Xiao, S., Cui, Y., Brahney, J., Mahowald, N.M., 2023. Long-
distance atmospheric transport of microplastic fibres influenced
by their shapes. Nature Geoscience 16, 863—870.Google Scholar

30.

31.

32.

33.

34.

35.

36.

37.

Page 5 of 6
Xu, G.R., Yang, L., Xu, L., Yang, J., 2022. Soil microplastic
pollution under different land uses in tropics, southwestern
China. Chemosphere 289, 133176.PubMedGoogle Scholar
Yoon, J.H., Kim, B.H., Kim, K.H., 2024. Distribution of
microplastics in soil by types of land use in metropolitan area of
Seoul. Applied Biological Chemistry 67, 15.Google Scholar
Yu, L., Zhang, J.D., Liu, Y., Chen, L.Y., Tao, S., Liu, W.X.,
2023. Distribution characteristics of microplastics in agricultural
soils from the largest vegetable production base in China.
Science sof the Total Environment 756, 143860.Google Scholar
Yuan, Z., Pei, C., Li, H., Lin, L., Liu, S., Hou, R., Liao, R., Xu,
X., 2023. Atmospheric microplastics at a southern China
metropolis: Occurrence, deposition flux, exposure risk and
washout effect of rainfall. Science of the Total Environment 869,
161839.PubMedGoogle Scholar
Zhang, G.S., Liu, Y.F., 2018. The distribution of microplastics
in soil aggregate fractions in southwestern China. Science of the
Total Environment 642, 12-20.PubMedGoogle Scholar
Zhang, H., Yimei, H., An, S A.,, Haohao, L., Xiaoqian, D., Pan,
W., Mengyuan, F., 2022a. Landuse patterns determine the
distribution of soil microplastics in typical agricultural areas on
the eastern Qinghai-Tibetan Plateau. Journal of Hazardous
Materials 426, 127806.PubMedGoogle Scholar
Zhang, H., Huang, Y., An, S., Zhao, J., Xiao, L., Li, H., Huang,
Q., 2022b. Microplastics trapped in soil aggregates of different
land-use types: A case study of Loess Plateau terraces, China.
Environmental Pollution 310, 119880.PubMedGoogle Scholar
Zhang, F., Yang, X., Zhang, Z., 2024. Effects of soil properties
and land use patterns on the distribution of microplastics: A case
study in southwest China. Journal of Environmental
Management 356, 120598.PubMedGoogle Scholar



J. Archives of Clinical and Experimental Pathology Page 6 of 6

& ClinicSearch

Ready to submit your research? Choose ClinicSearch and benefit from:

»  fast, convenient online submission

> rigorous peer review by experienced research in your field
> rapid publication on acceptance

> authors retain copyrights

> unique DOI for all articles

> immediate, unrestricted online access

At ClinicSearch, research is always in progress.

Learn more https://clinicsearchonline.org/journals/archives-of-clinical-
and-experimental-pathology

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver
(http://creativeco mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless
otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
https://clinicsearchonline.org/journals/archives-of-clinical-and-experimental-pathology
https://clinicsearchonline.org/journals/archives-of-clinical-and-experimental-pathology

