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A B S T R A C T   

Sewage sludge applications release contaminants to agricultural soils, such as potentially toxic metals and 
microplastics (MPs). However, factors determining the subsequent mobility of MPs in long-term field conditions 
are poorly understood. This study aimed to understand the vertical distribution of MPs in soils amended with 
sewage sludge in comparison to conventional mineral fertiliser for 24 years. The depth-dependent MP mass and 
number concentrations, plastic types, sizes and shapes were compared with the distribution of organic carbon 
and metals to provide insights into potentially transport-limiting factors. Polyethylene, polypropylene and 
polystyrene mass concentrations were screened down to 90 cm depth via pyrolysis-gas chromatography/mass 
spectrometry. MP number concentrations, additional plastic types, sizes, and shapes were analysed down to 40 
cm depth using micro-Fourier transform-infrared imaging. Across all depths, MP numbers were twice and mass 
concentrations 8 times higher when sewage sludge was applied, with a higher share of textile-related plastics, 
more fibres and on average larger particles than in soil receiving mineral fertiliser. Transport of MPs beyond the 
plough layer (0–20 cm) is often assumed negligible, but substantial MP numbers (42 %) and mass (52 %) were 
detected down to 70 cm in sewage sludge-amended soils. The initial mobilization of MPs was shape- and size- 
dependent, because the fractions of fragmental-shaped and relatively small MPs increased directly below the 
plough layer, but not at greater depths. The sharp decline of total MP concentrations between 20 and 40 cm 
depth resembled that of metals and organic matter suggesting similar transport limitations. We hypothesize that 
the effect of soil management, such as ploughing, on soil compactness and subsequent transport by bioturbation 
and via macropores drives vertical MP distribution over long time scales. Risk assessment in soils should 
therefore account for considerable MP displacement to avoid underestimating soil exposure.   

1. Introduction 

Organic residues such as sewage sludge are typically applied to 
agricultural land to recycle nutrients. Other than a more efficient use of 
resources, sewage sludge also increases the carbon content of soils in 
contrast to conventional mineral fertilisers. However, sewage sludge 
may also release a range of potentially toxic metals (Chu and He, 2021; 

van Straalen et al., 1989) and, as recently highlighted, microplastics 
(MPs, ≤5 mm) to soils (Hurley and Nizzetto, 2018). Frequently occur-
ring plastic types are polyesters (including polyethylene terephthalate, 
PET) and polyamides (PA), both commonly used in textiles, but also 
polyethylene (PE), polypropylene (PP) and polystyrene (PS) (Klem-
mensen et al., 2024). Most of these polymer types are resistant to 
biodegradation (Chamas et al., 2020) and may cause adverse effects in 
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the long term either emerging from the plastics themselves or by 
releasing potentially toxic additives (Bucci et al., 2020; de Souza 
Machado et al., 2018). Transport processes may alter the distribution of 
both, MPs and metals, in the soil profile and thereby determine the local 
exposure concentrations of crops or terrestrial biota. 

While it has been established that agricultural soils become enriched 
in MPs following sewage sludge applications (Corradini et al., 2019; 
Crossman et al., 2020; Ljung et al., 2018; Schell et al., 2022; Tagg et al., 
2022; van den Berg et al., 2020; Zhang et al., 2020), there are still un-
certainties about the subsequent mobility and further vertical distribu-
tion of MPs in agricultural soils, especially under long-term field 
conditions. Most of the existing field investigations on sewage 
sludge-amended soils have focused on the uppermost few centimetres of 
the soil assuming a limited mobility of MPs beyond the plough layer 
(Crossman et al., 2020; Ljung et al., 2018; Schell et al., 2022; Zhang 
et al., 2020). MPs may, however, be incorporated deeper into the soil by 
burrowing soil biota (Heinze et al., 2021; Huerta Lwanga et al., 2017; 
Rillig et al., 2017) and by transport with penetrating rainfall or irriga-
tion water (Ren et al., 2021; X. Zhang et al., 2022; Zhao et al., 2022) or 
because of soil management, such as ploughing (Weber et al., 2022). MP 
properties, such as the polymer type (Gao et al., 2021; Koutnik et al., 
2022), size (Dong et al., 2018; Qi et al., 2022; Ranjan et al., 2023) and 
shape (Han et al., 2022; X. Zhang et al., 2022), are thought to determine 
the magnitude of these transport processes and whether MPs are 
retained in the uppermost layers of the soils. Most of these aforemen-
tioned MP studies were laboratory-based and focused on isolated 
transport processes and thus, the obtained transport depths are not 
readily transferable to soils in the field. Factors facilitating or limiting 
MP transport in agricultural soils under long-term field conditions are 
still evasive. Transport of other soil constituents, such as metals and 
organic matter, is comparably better understood. While some metals can 
be transported in dissolved form, other metals are predominantly 
transported with preferential flow while bound to organic matter or 
mineral colloids (Moreira et al., 2022; Zheljazkov and Warman, 2004). 
Hence, comparing the distribution pattern of different metals or organic 
matter with that of MPs could facilitate the identification of factors that 
similarly control MP transport. 

The overarching aim of this study was to understand the long-term 
vertical distribution of MPs in soil amended with sewage sludge in 
comparison to soil receiving conventional mineral fertiliser. MP ana-
lyses are often limited to either particle-based or mass-based methods, 
though both metrics are necessary for a comprehensive exposure 
assessment (Thomas et al., 2020; Thornton Hampton et al., 2022). We 
therefore measured MP mass and numbers directly by applying both a 
thermo-analytical and a spectroscopic method. We sampled soils from 
long-term field trials with these two fertiliser regimes and examined the 
mass-based distribution of MPs along the soil profile to 90 cm depth. For 
improving our understanding of potentially transport-limiting factors 
under long-term field conditions, we subsequently examined MP 
numbers and particle characteristics in the most enriched depth layers. 
Lastly, we compared the depth-distribution of MPs with that of organic 
matter and potentially toxic metals commonly associated with sewage 
sludge applications to provide insights into potentially soil-specific 
factors of transport dynamics. Our hypothesis was that MPs are redis-
tributed in the soil profile by anthropogenic and natural transport pro-
cesses, with transport distances decreasing with increasing MP size and 
elongated shapes. 

2. Materials & methods 

2.1. Field trials and soil properties 

Soils were sampled at the Lanna long-term field trials, Skara, Sweden 
(N58.344, E13.104), in January 2021. Soils with two common agricul-
tural fertilisation practices were compared: field plots with bi-annual 
application of municipal sewage sludge at rates of 8 tons dry weight 

(DW) ha− 1 since 1996 (4 tons DW ha− 1 year− 1, total 96 tons ha− 1), and 
annual application of conventional mineral fertiliser during the same 
period (80 kg ha− 1 N as calcium nitrate, 40 kg ha− 1 P, 30 kg ha− 1 K). 
Each treatment comprised four replicate field plots with areas of 112 m2 

(8 × 14 m) except one field plot of the mineral fertiliser treatment with a 
smaller area (6 × 14 m). The plots had a minimum distance of 8 m 
relative to each other (see Supplementary Material S1 for a field map). 
Based on the maximum distance (120 m) between plots, the potential 
background contamination from diffuse microplastic sources may be 
assumed similar across plots. The difference in MP concentrations be-
tween the treatments can therefore be explained by differences in fer-
tilisation inputs. Aboveground plant material was harvested each year, 
after which plots were fertilised and mouldboard-ploughed to a depth of 
ca. 20 cm. The dewatered and digested sewage sludge was sourced from 
nearby municipal wastewater treatment plants (WWTPs), with suppliers 
changing between years. In the autumn of 2020, the applied sewage 
sludge had a dry matter content of 18 % and an organic matter content of 
62 % (loss on ignition). The dominant cropping system was spring- 
sowed oats and barley. 

The soil at the site was classified as a Eutric Cambisol according to the 
World Reference Base (IUSS Working Group, 2015) with clay, silt and 
sand contents of 45 %, 47 % and 8 % in the plough layer (0–20 cm), and 
61 %, 36 % and 3 % in deeper soil layers (20–40 cm) respectively 
(Kätterer et al., 2014), making it susceptible to compaction under 
management (Jarvis et al., 1991). The bulk density in the plough layer 
was lower for the sewage sludge-amended soil compared to the mineral 
fertiliser treated soil (1.30 g cm− 3 versus 1.36 g cm− 3). For the soil 
below the plough layer, a bulk density of 1.5 g cm− 3 was assumed for 
both treatments according to personal communication with the field 
station. The sewage sludge-amended soil was relatively acidic (pH 4.9) 
in comparison to the conventionally fertilised soil (pH 6.7) (Börjesson 
et al., 2014), and had a higher total organic carbon (TOC) content (2.28 
± 0.07 % versus 1.9 ± 0.1 %). For soils at this site, Jarvis et al. (1991) 
previously remarked the well-structured subsoil (0.3–0.7 m) dominated 
by angular aggregates, and the presence of biopores down to 1.0 m 
depth in their soil profile description. In 2021, an earthworm abundance 
of 150 individuals m− 2 (2.8 g DW m− 2) was measured in the sewage 
sludge-amended soil, and 70 individuals m− 2 (2.5 g DW m− 2) for the 
mineral fertiliser treatment (Viketoft et al., 2021). 

2.2. Sampling and sample homogenization 

Soil cores of 90 cm depth (diameter 2.5 cm) were used for deter-
mining the vertical distribution of MPs, selected metals, TOC and total 
nitrogen (N). In each field plot, 6–8 soil cores were taken at randomly 
selected positions. The cores were segmented into sections of 10 cm and 
mixed on-site, yielding one composite sample per depth segment for 
each replicate field plot (306–647 g DW, Supplementary Material S1). 
Samples from the uppermost 0–20 cm, corresponding to the plough 
layer, were pooled together given the probable homogenization of this 
layer (n = 8 per field, n = 32 per treatment). Samples were stored and 
air-dried in glass jars covered with aluminium foil. Then, approximately 
200–300 g of the dried sample was homogenized with a mortar and 
pestle, and sieved to 2 mm. 

2.3. Metal, organic carbon and total nitrogen analysis 

Potentially toxic metals that are commonly associated with sewage 
sludge, i.e. cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead 
(Pb) and zinc (Zn), were analysed using inductively coupled plasma 
sector field mass spectrometry following an acid extraction with aqua 
regia in a closed-vessel microwave system. For details on the procedure 
and quality control, see Supplementary Materials S2. TOC and total N 
were determined on 1.0 g subsamples using an elemental analyser (Leco, 
Tru-Mac). The mobility of metals in soils is often expressed by parti-
tioning coefficients (Kd-values). We estimated the Kd value for Cu and Cd 
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from the prevalent soil conditions (pH, TOC) for the sewage sludge- 
amended soil based on empiric correlation equations from the litera-
ture (Sauvé et al., 2000) to compare the potential mobility of these 
metals. 

2.4. Microplastic analysis 

We used a thermo-analytical method to screen the vertical mass 
distribution of the most frequent MP types (PE, PP, PS) to a depth of 90 
cm, followed by a more in-depth analysis using micro-Fourier Trans-
form-Infrared (μ-FT-IR) imaging on selected samples to capture a wider 
range of plastic types and to assess the effect of MP size and shape on 
transport dynamics. The combination of the two methods further 
allowed us to compare the relative contribution of different plastics in 
terms of particle mass and numbers. 

2.4.1. Py-GC/MS 
The mass-based distribution of PE, PP, and PS was measured to a 

depth of 90 cm using Py-GC/MS (n = 32 per treatment). The MP 
extraction and analysis procedure was largely based on Steinmetz et al. 
(2022, 2020). Briefly, 50 g soil underwent density separation using a 
saturated sodium chloride solution (1.19 g cm− 3, 250 mL) to selectively 
extract the target plastics (0.86–1.05 g cm− 3) reducing possible in-
terferences. After shaking (4 h) and at least 16 h of sedimentation, the 
settled material was released and the supernatant was collected with 
cellulose filters (pore size 4–12 μm). The filters were transferred to 
culture tubes and plastics extracted with 1,2,4-trichlorobenzene and 
p-xylene (1:1, 7.76 mL) at 180 ◦C for 1 h with intermittent vortexing (0, 
20, 40 min and after cooling). Then, 200 μL of the supernatant was 
spiked with deuterated polystyrene as internal standard (PS-d5, 4 μL of 
5 mg L− 1). In contrast to Steinmetz et al. (2022), MP detection limits 
were decreased by analysing larger sample volumes (6 μL instead of 2 
μL) by sequentially transferring 3 μL with intermittent air-drying (≥24 
h) onto sample carriers. The resulting methodological limits of detection 
were 0.51 mg kg− 1 for PE, 0.13 mg kg− 1 for PP, and 0.02 mg kg− 1 for PS 
(Supplementary Material S3). 

Samples were pyrolyzed in a Pyroprobe 6150 filament pyrolyzer 
(CDS Analytical) and measured with a Trace GC Ultra (DSQII mass 
spectrometer, Thermo Fisher Scientific). Pyrolysis steps included an 
initial heating to 300 ◦C (3 min), followed by a flash pyrolysis at 700 ◦C 
(15 s, 10 K ms− 1) and a vent time of 3 min at 300 ◦C. The peaks used for 
quantification of PE, PP, and PS were 1,21-docosadiene, 2,4-dimethyl-1- 
heptene and styrene respectively. We used the open-source software 
OpenChrom for data processing (Wenig and Odermatt, 2010), with an 
automatic peak integration based on retention indices followed by a 
manual control (Steinmetz et al., 2022). All Py-GC/MS based results 
were corrected for negative controls and corrected for the daily drift 
using bracketing standards. For details on the general contamination 
control, setup and quality control for Py-GC/MS following reporting 
guidelines by Cowger et al. (2020) see Supplementary Material S3. 

2.4.2. FPA-μ-FT-IR imaging 
Focal plane array (FPA) μ-FT-IR imaging was used on separate sub-

samples for capturing particle sizes and shapes, as well as covering a 
wider range of plastic types. We chose to focus on the particle fraction 
<500 μm because these MPs are expected to be more mobile than larger 
MPs in soils. Soil samples (100 g) were selected based on MP concen-
trations from Py-GC/MS analyses, i.e. only depth segments between 
0 and 40 cm (n = 12 per treatment). The sample preparations followed 
developed methods (Hurley et al., 2018; Liu et al., 2019; Löder et al., 
2017), with deviations in the order of steps and reagents used. A higher 
density solution of zinc chloride (≥1.6 g cm− 3, 500 mL) than during the 
previous screening with Py-GC/MS was used to extract a wider range of 
MP types. Density separations were repeated three times for each sam-
ple, and the supernatant was filtered through a stainless-steel mesh 
(mesh width 10 μm). Organic material was removed by a sequence of 

hydrogen peroxide (H2O2, 10 %), sodium dodecyl-sulphate, protease 
(Bacillus licheniformis) and cellulase (Aspergillus sp) treatments. Particles 
≥500 μm were removed with a test sieve, and the remaining sample was 
treated with a final H2O2 step and density separation. The supernatant 
was collected, rinsed, dried and re-suspended in 5.00 mL ethanol. For 
the field samples, 500–600 μL (10–12 % of total sample volume) were 
measured on zinc selenide windows with FPA-μ-FT-IR (Cary 670, Agi-
lent Technologies, 128 × 128 FPA, wavelength range 850–3750 cm− 1, 
pixel resolution 5.5 μm). Procedural blanks revealed a potential 
contamination of 16 ± 15 particles per sample (n = 3), corresponding to 
160 ± 150 particles kg− 1, and therefore a potential maximum error of 
5.2% for the lowest detected concentration in field soils (3100 particles 
kg− 1). 

After automatic processing in the freeware siMPle (Primpke et al., 
2017, 2020a), the spectra of all detected MP particles were manually 
checked (n = 10 087). Approximately 15 % of particles initially classi-
fied as MPs were rejected in this process due to potential interferences of 
other organic materials, the lack of unique peaks used for identification 
within the recorded IR range or a combination thereof. Plastic types with 
a relative frequency of less than 5 % in any sample were jointly classified 
as “other”. The setup was limited to MP sizes of 10–500 μm, based on 
filter and sieve mesh width. Large but thin fibres may still bypass the 
sieve, so detected particles larger than 500 μm were excluded from the 
analysis (1.7 % of all detected MPs). Particles were distinguished into 
fragments and fibres based on their aspect ratio, i.e. the ratio of the 
largest to the smallest Feret diameter. Particles with an aspect ratio ≥3.0 
were classified as fibres (Cole, 2016; Zhang et al., 2022), all other par-
ticles were classified as fragments. For more details on protocols, quality 
control and a comprehensive list of detected plastic types see Supple-
mentary Material S4. 

2.4.3. Recovery tests for MP extraction 
Recoveries of 48–53% for PS spheres (52 μm and 106 μm) were found 

previously for the μ-FT-IR method (Klemmensen et al., 2024). Recovery 
tests for Py-GC/MS analysis were done by spiking the target plastics (PE, 
PP, PS) at three different concentrations (5, 20, 40 mg kg− 1) into two 
soils (50 g): a fine-textured reference soil (RefeSol06 A) and a composite 
sample of the deeper soil layers of the mineral fertiliser treatment 
(60–90 cm). Average recoveries ranged from 30 to 70% at the lowest, 
and 50–100% at the highest spike concentration (Supplementary 
Table S6). Improved recoveries at higher spike concentrations may 
explain the lower recovery observed here in comparison to other studies 
with substantially higher spike concentrations (20 g kg− 1 to 50 g kg− 1) 
(Okoffo et al., 2020). There was only little to weak evidence that re-
coveries were different between the soils (PE: p = 0.17, PP: p = 0.07, PS: 
p = 0.9). However, recoveries in the reference soil were more variable, 
which might indicate background contamination as reference soils are 
typically not processed with measures to prevent plastic contamination. 
While our recoveries were lower than expected, we still deemed the 
method suitable for screening purposes of PE, PP and PS. 

2.5. Data processing and statistical analysis 

Further data processing of the Py-GC/MS and μ-FT-IR data was done 
in R (version 4.3.0), see Supplementary Material S5 for a comprehensive 
overview of R packages used. For testing statistical significance, we used 
two-tailed t-tests (α = 0.05) and reported the p-value according to rec-
ommendations (Wasserstein et al., 2019), unless p-values were below 
0.001. For a more comprehensive assessment of MP presence and 
mobility in the soil, we compared the mass of PE, PP and PS as directly 
measured by Py-GC/MS with a mass estimate based on particle metrics 
obtained via μ-FT-IR imaging. We illustratively applied the conversion 
method incorporated into the siMPle software (Liu et al., 2019; Simon 
et al., 2018). In brief, the particle type-specific density is combined with 
size metrics, with the ratio of minor to major Feret diameter used to 
estimate particle thickness, assuming ellipsoid shapes for all but fibrous 
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particles. 

3. Results 

3.1. Microplastic mass concentrations 

Overall, the application of sewage sludge was associated with an 
enrichment of PE, PP, and PS in terms of mass concentration obtained by 
Py-GC/MS (p = 0.003) (Fig. 1), especially in the plough layer where 
concentrations ranged from 0.97 to 2.4 mg kg− 1 (mean 1.47 ± 0.66 mg 
kg− 1). Concentrations in soils receiving mineral fertiliser overall were 8 
times lower and even 25 times lower in the plough layer located at 0–20 
cm depth, i.e. 0.00–0.09 mg kg− 1 (mean 0.06 ± 0.04 mg kg− 1). To a 
large degree, this trend was caused by substantially higher PE concen-
trations in the sewage sludge treatment (p = 0.001). 

MP mass concentrations generally decreased with depth, although 
the highest average mass concentration was found at 20–30 cm depth in 
sewage sludge-amended soils, largely due to high PS concentrations in 
one replicate field plot (Fig. 1). While MPs were detectable to depths of 
60–70 cm in discrete instances, 48 % of the MP mass was detected in the 
plough layer, 37 % at 20–30 cm and 11 % at 30–40 cm for the sewage 
sludge-amended soil. Hence, only these depth segments were selected 
for in-depth analysis using μ-FT-IR imaging. 

3.2. Microplastic number concentrations 

MP number concentrations were measured via μ-FT-IR imaging for 
the depth segments 0–20, 20–30 and 30–40 cm as displayed in Fig. 2. 
Sewage sludge applications resulted in higher average particle numbers 
than mineral fertiliser applications (plough layer: averages 53 700 ±
5900 particles kg− 1 versus 30 000 ± 37 000 particles kg− 1; p = 0.002). 
The unexpectedly high average concentrations in soils receiving mineral 
fertiliser were mostly due to one sample in which MP numbers were 
5–12 times higher than in the other three replicate field plots (Fig. 2). 

MP number concentrations were similar in the plough layer and in 
20–30 cm depth sections for the sewage sludge-amended soils (p = 0.4), 
but then decreased to half at 30–40 cm depth (p < 0.001). Accordingly, 
58 % of the total MP numbers in the sewage sludge treatment were 
found in the plough layer, 27 % were located in 20–30 cm and 14 % in 
30–40 cm depth. Soils receiving mineral fertiliser showed a comparable 
distribution in terms of particle numbers with 57 %, 32 %, 11 % for 

0–20 cm, 20–30 cm and 30–40 cm, when excluding the aforementioned 
highest value. 

3.3. Depth-dependent distribution of microplastic types, shapes and sizes 

The most abundant plastics found in the sewage sludge-amended 
soils are commonly associated with textiles (polyester, acrylic, poly-
amides; 63 %). While polyester was an important plastic type in both 
field treatments, PP, PS, and epoxy/phenoxy resins accounted for a 
larger proportion of all MPs when soils received mineral fertiliser 
(Fig. 2). There was no consistent depth-dependent pattern that would 
indicate preferential transport of a particular plastic type. 

The majority of detected MPs were classified as fragments, but the 
proportion of fibres in sewage sludge-amended soil was higher (Table 1) 
and decreased from the plough layer to the underlying layers shown by 
decreasing aspect ratios (p < 0.001 for 20–30 cm). However, there was 
no evidence that shape differed at even greater depths for either treat-
ments (sewage sludge: p = 0.5, mineral fertiliser p = 0.9). 

Most of the MPs within the top 40 cm of the soil were <100 μm in 
size, i.e. 84 % of all particles in the mineral fertiliser, and 73 % for the 
sewage sludge treatment. Mean and median particle sizes were overall 
smaller in soils treated with mineral fertiliser than in soils treated with 
sewage sludge (p < 0.001, Table 1). MP sizes further decreased from the 
plough layer down to 20–30 cm for soils treated with mineral fertiliser 
(p = 0.034) and sewage sludge (p < 0.001). However, the size distri-
butions within either treatment were very similar at greater depth 
(sewage sludge: p = 0.8; mineral fertiliser: p = 0.9). Interestingly, the 
size distribution showed plastic-type and treatment-dependent trends 
(Fig. 3). Polyester, PE and PP particles tended to be much larger than the 
other plastic types, but only in the sewage treated soils. PS and PA, in 
contrast, were much smaller with narrower size distributions. 

3.4. Comparison of mass-based and number-based concentrations 

Based on mass measurements of the sewage sludge-amended soil (Py- 
GC/MS), PE dominated and PS was primarily present in 20–30 cm depth 
sections, whereas PP concentrations were negligible. μ-FT-IR imaging 
conversely suggested that PP was as or even more important than PE in 
terms of particle numbers. Comparisons between mass-based and 
number-based methods are challenging but can be facilitated by 
particle-to-mass conversions based on size metrics obtained via μ-FT-IR. 

Fig. 1. Detected concentrations of polyethylene (PE), polypropylene (PP) and polystyrene (PS) according to sampling depth segments in sewage sludge and mineral 
fertiliser treatments in mass concentrations for Py-GC/MS (n = 4 for each treatment and depth). 
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After particle-to-mass conversion, we found the relative importance of 
PE increased owing to on average larger particle sizes than PP (Fig. 3), 
whereas PS continued to play a minor role because small average 

particle sizes translated into small masses (Figs. 3 and 4). A lower size 
cut-off was used during sample preparing for the μ-FT-IR imaging 
method (500 μm) compared to that of the Py-GC/MS method (2 mm). 

Fig. 2. MP number concentration (A) and plastic type composition (B) for sewage sludge-amended soil in comparison to soil receiving mineral fertiliser in 0–20, 
20–30 and 30–40 cm depth in the soil profile. 

Table 1 
Treatment- and depth-dependent number based size and shape distribution of MPs in sewage sludge-amended soil and soil receiving mineral fertiliser.   

Depth (cm) Size (μm) Shapea (%) Size classes (%) μm 

Median Mean Fibre Fragments <50 50–100 100–200 200–300 300–400 400–500 

Sewage sludge 0–20 66 101 ± 91 28.0 72.0 36 31 19.7 7.8 3.6 1.8 
20–30 54 84 ± 81 23.1 79.6 46 30 15.0 4.7 3.1 1.1 
30–40 56 85 ± 81 23.4 76.6 44 32 13.9 5.6 2.8 1.1 
All 59 91 ± 86 25.2 74.8 42 31 16.7 6.1 3.3 1.4 

Mineral fertiliser 0–20 46 71 ± 71 13.5 86.5 55 28 10.9 4.3 1.2 1.0 
20–30 43 64 ± 65 14.2 85.8 62 24 9.1 3.1 1.6 0.5 
30–40 46 64 ± 60 14.0 86.0 57 28 10.8 2.7 0.9 0.5 
All 45 68 ± 68 13.2 86.8 57 27 10.4 3.8 1.3 0.8  

a Classification based on aspect ratio (major to minor Feret diameter), <3 as fragment, >3 fibre. 

Fig. 3. Size distribution of the dominating plastic types (≥5% of all plastics in any one sample) according to depth segments (0–20, 20–30, 30–40 cm), for soils 
treated with sewage sludge and mineral fertiliser. 
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Py-GC-MS was thus expected to yield higher mass concentrations than 
μ-FT-IR. However, mass concentrations for PE, PP, and PS estimated 
from particle-based size distributions generally exceeded the mass 
concentrations measured by Py-GC/MS, often by a factor of 2–4 (Sup-
plementary Material S6). 

3.5. Metal, organic carbon and nitrogen concentration and distribution 

Unsurprisingly, sewage sludge applications increased the TOC, total 
N content and Cu (p < 0.001) and Zn (p < 0.001) concentrations in 
comparison to soils receiving mineral fertiliser, especially at 0–40 cm 
depth (Fig. 5). The concentrations of other metals commonly associated 
with sewage sludge, i.e. Cd, Cr and Ni were not noticeably affected by 
the different fertiliser regimes (Supplementary Material S2). The 
elevated Cd concentrations in the upper soil profile occurred similarly 
regardless of fertilisation practice (p = 0.8, Fig. 5). 

For the sewage sludge amended soils, the concentrations of Cu, Cd, 
TOC, and total N concentrations were the highest between 0 and 30 cm 
depth, followed by a pronounced depth-dependent decline (Cu: p < 
0.001, Cd: p = 0.001, TOC: p = 0.001, total N: p < 0.001). Notably, the 
vertical distribution of TOC, total N, Cu and Zn coincided with that of 
MPs (Fig. 1). Kd-values estimated based on pH and organic matter 
content were higher for Cu (920 L kg− 1) than for Cd (100 L kg− 1) in the 
sewage sludge-amended soil. Hence, a lower mobility is expected for Cu 
compared to Cd, mostly because of a stronger adsorption to organic 
matter at the prevailing soil conditions. Accordingly, the depth distri-
bution of Cu coincided with that of TOC (Fig. 5), whereas Cd penetrated 
slightly deeper in the soil profile. 

4. Discussion 

4.1. Sewage sludge amendments caused enrichment of metals and 
microplastics in soil 

Sewage sludge applications increased soil TOC and total N, but also 
led to an enrichment of potentially toxic metals and MPs when 
compared to conventional mineral fertiliser applications (Figs. 1, 2 and 
5). Only Cu and Zn were elevated in response to sewage sludge appli-
cations (Fig. 5), but they remained below recommended maximum 
thresholds for Sweden (Naturvårdsverket, 2009). The total number 
concentrations of MPs were approximately twice and mass concentra-
tions even 8 times higher when sewage sludge was used instead of 
mineral fertiliser. Although MPs found in soils treated with conventional 
fertiliser could originate from storage bags, we deem it more likely that 
they were transported from nearby field plots by ploughing, given the 
high MP concentrations in the sewage sludge-amended soils and the 
proximity between field plots (Figs. 1 and 2). Weber et al. (2022) 
recently attributed the spread of MPs from soils with a history of sewage 
sludge applications to ploughing activities with even larger transport 
distances of up to 40 m. 

Both MP mass concentrations and number concentrations in our 
study were higher than previously reported for sewage sludge-amended 
soils. Field measurements of MP mass concentrations in soil are scarce 
(Steinmetz et al., 2022), and to our knowledge completely lacking for 
sewage sludge-amended soils. However, our measured concentrations 
(1.5 ± 0.6 mg kg− 1) exceed expected concentrations when combining 
previously reported MP mass concentrations for sewage sludge with the 
sludge application rate. For instance, based on PE concentrations in 
sewage sludge measured by Okoffo et al. (2020) (1.9 mg g− 1 DW), we 
would expect only 0.07 mg kg− 1 PE in our soil. 

Fig. 4. Relative distribution of PE, PP and PS in sewage sludge-amended soil 
according to mass concentrations (mg kg− 1) measured using Py-GC-MS, number 
concentrations (particles kg− 1) measured using μ-FT-IR imaging and mass 
concentrations (mg kg− 1) estimated from μ-FT-IR-based size distributions by 
sampling depth. 

Fig. 5. Depth-dependent distribution of selected metals (cadmium, copper, and zinc), total organic carbon and total nitrogen in sewage sludge-amended soil in 
comparison to soil receiving mineral fertiliser. 
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Likewise, MP numbers were much higher than previously reported 
for sewage sludge-amended soils, ranging from 600 to 10 400 particles 
kg− 1 (Corradini et al., 2019; Magnusson and Norén, 2014; Schell et al., 
2022; van den Berg et al., 2020), and surpassed estimates based on MP 
numbers measured in sewage sludge and sludge application rates 
(Harley-Nyang et al., 2023). We infer that the lower size cut-off of our 
method (10 μm) partly explains the differences with other studies: 
42–57 % of all MPs were below 50 μm in our study (Table 1). In com-
parison, Van den Berg et al. (2020) found ten times lower concentrations 
despite twice the amount of sewage sludge applied, but only reported 
numbers for particles >50 μm. Indeed, MP concentrations in our soils 
are within the expected range when estimating MP numbers based on 
recent sewage sludge measurements from Europe with a comparable 
lower size cut-off and quantification method (Chand et al., 2021; Horton 
et al., 2021). In addition, previous work on MP loads in sewage sludge 
has illustrated a high variability between sludge sourced from different 
WWTPs ranging between 644 and 5.8 × 106 particles kg− 1 DW (Har-
ley-Nyang et al., 2023). Such variability has been related to methodo-
logical differences between studies, but also different wastewater 
treatment steps and seasonal fluctuations of plastic inputs (Hooge et al., 
2023; Li et al., 2018; Lofty et al., 2022). For instance, digested sludge, as 
was applied in our study, can contain higher MP numbers (Chand et al., 
2021; Lares et al., 2018). Location-specific MPs loads might, for 
instance, explain that fragmental shaped MPs dominated in our study 
(Table 1), although sewage sludge is usually more associated with MP 
fibres (Corradini et al., 2019; Mahon et al., 2017). 

4.2. Comparison of detected mass and number concentrations 

In this study, we combined thermo-analytical and spectroscopic 
methods to directly measure MP mass and particle numbers for a more 
comprehensive assessment of MP concentrations in the soil. Unsurpris-
ingly, the relative importance of the plastic types analysed with both 
methods (PE, PP, PS) depended on the presented metric because large 
quantities of small particles do not necessarily translate to large masses 
(Fig. 4). Conversion methods are commonly applied to translate particle 
sizes to particle masses for exposure assessments (Klemmensen et al., 
2024). In terms of plastic mass concentrations, both analytical methods 
confirmed the importance of the on average larger sized PE MPs, and the 
minor role of the on average smaller PS MPs (Fig. 4). Discrepancies 
remained between the two methods concerning the role of PP, even after 
particle-to-mass conversion, likely related to analytical challenges of 
both methods: for Py-GC/MS with the quantification limit and μ-FT-IR 
imaging with the correct identification of PP. Weathering of PP can 
result in reduced signals in Py-GC/MS (Toapanta et al., 2021), though 
the effect on organic solvent-extracted PP detection is currently unclear. 
Furthermore, interferences and misclassification in μ-FT-IR imaging are 
potential sources for overestimating PP contents (Supplementary Ma-
terial S4). 

The comparison of directly measured MP mass with particle-based 
mass estimates also illustrated remaining challenges of conversion fac-
tors: Particle-derived MP masses greatly exceeded measured mass con-
centrations, a trend that was earlier reported for surface water and 
sediment samples (Primpke et al., 2020b; Viitala et al., 2022). While the 
omission of additives by Py-GC/MS can be a potential source for 
underestimating MP masses for some plastics, PE, PP and PS tend to 
contain only negligible concentrations of additives (Hahladakis et al., 
2018). To address persisting uncertainties of conversion factors, further 
systematic comparisons of spectroscopic and thermo-analytical methods 
are necessary to understand the relationship between MP number, size 
and mass concentrations. 

4.3. Microplastics are transported to soil depths below the plough layer 

Sewage sludge application to agricultural soil is usually followed by 
ploughing that mixes sewage sludge and therefore organic matter, 

associated metals and MPs into the soil. Existing studies often assume a 
low mobility of MPs beyond this ploughed topsoil (Crossman et al., 
2020). MP concentrations were indeed high in the plough layer (Figs. 1 
and 2), but we were able to detect a substantial amount of MPs at greater 
depths in terms of mass (52 %) and number concentrations (42 %). Local 
variations in ploughing depth may have contributed to the presence of 
MPs, metals and organic matter at 20–30 cm depth. However, MPs found 
at greater depths up to 60–70 cm suggest continued transport in the soil 
profile by other transport processes. 

In laboratory-based transport studies, MP mobility is often consid-
ered negligible (Alimi et al., 2018). Especially larger-sized (Dong et al., 
2018; Ranjan et al., 2023) and fibrous MPs (Schell et al., 2022; X. Zhang 
et al., 2022) are typically considered largely immobile because of size 
exclusion, entanglement, straining or sedimentation. Indeed, we found a 
larger fraction of fragmental and smaller particles beyond 20 cm depth, 
but plastic type, as well as particle shape and size remained similar at 
greater depths (Table 1, Fig. 3). This lack of size- or 
shape-discrimination at greater depths can either be explained by the 
presence of macropores in which relatively large particles can still be 
transported by preferential flow or another less size-selective transport 
process. Burrowing soil biota play a vital role in the vertical redistri-
bution of soil particles (Taylor et al., 2018). Earthworms, for instance, 
can transport particles as large as 5 mm through ingestion (McTavish 
and Murphy, 2021), potentially including MPs (Huerta Lwanga et al., 
2017; Prendergast-Miller et al., 2019). Biopores at this site were previ-
ously found as far down as 1.0 m (Jarvis et al., 1991), making 
bioturbation-driven transport a likely process causing the observed 
transport distances of MPs. Similarly to other macropores, biopores can 
further facilitate the transport of relatively large particles to deeper parts 
of the soil profile (Jarvis et al., 2016; Leuther et al., 2023; Yu et al., 
2019). MP transport in laboratory studies is accelerated and less 
size-restricted when processes such as bioturbation, drying-wetting or 
freeze-thawing cycles are included (Koutnik et al., 2022; O’Connor 
et al., 2019; Yu et al., 2019; X. Zhang et al., 2022; Zhao et al., 2022). 
These processes promote the development of connected macropores that 
can result in strong preferential flow, which was also observed for the 
clayey subsoils at the study site (Jarvis et al., 1991; Larsson and Jarvis, 
1999). Consequently, bioturbation and preferential flow in macropores 
are likely causes for the observed translocation of even relatively large 
MPs in this agricultural soil. 

The observed vertical MP transport in this and other field studies 
with soils under different management systems (Wahl et al., 2024; 
Weber et al., 2021) likely contributes to the reported discrepancies be-
tween estimated MP inputs, based on measurements in the initial sewage 
sludge in comparison to MP concentrations measured in soil plough 
layers (Crossman et al., 2020; Klemmensen et al., 2024). Neglecting 
vertical MP transport in sampling schemes can therefore result in a 
systematic underestimation of MP exposure of the soil ecosystem. 

4.4. Microplastic and metal transport is affected by management 

Although MPs were transported to the deeper soil, MP concentra-
tions decreased considerably between 20 and 40 cm depth (Figs. 1 and 
2). We suspect that this depth reflects the effect of heavy machinery and 
ploughing activities on the soil structure and pore connectivity below 
the plough layer, because similar depth distributions were found in 
other studies of agricultural cropland (Qiu et al., 2023; Tagg et al., 2022; 
Wahl et al., 2024; Weber and Opp, 2020). No-plough soils, such as 
grassland and riparian soils, often demonstrate more connected and 
deeper reaching soil pore systems (Larsbo et al., 2009; Torppa and 
Taylor, 2022), where indeed large MPs (2–5 mm) were found as deep as 
60–90 cm in soil profiles reaching down 2 m (Weber and Opp, 2020). 

Soil compactness can reduce plant rooting and the activity of 
earthworm burrowing (Arrázola-Vásquez et al., 2022; Capowiez et al., 
2021), while annual tillage can disrupt deep-burrowing earthworm 
species, and the soil pore connectivity (Capowiez et al., 2009). Transport 
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dynamics can thus be affected directly by soil management, through 
decreased water movement (Schlüter et al., 2020), and indirectly 
through a changed behaviour of soil biota (Blanchy et al., 2023; Jégou 
et al., 2002; Keller et al., 2017). The previously recorded strong decrease 
in hydraulic conductivity in soils at our study site between 15 and 30 cm 
depth (Jarvis et al., 1991) may indicate such compaction. While this 
measurement was done ca. 30 years before samples were taken for the 
current study, continued agricultural activity would be expected to 
further increase these trends. The depth distribution of other soil con-
stituents likewise suggested reduced transport dynamics at greater 
depths (Fig. 5). For instance, the sharp decrease of TOC not only coin-
cided with the distribution of MPs (30–40 cm, Fig. 5), but is also char-
acteristic for mouldboard-ploughing systems with compact layers below 
the plough layer (Martínez et al., 2016; Zhou et al., 2023). The distri-
bution of Cu largely followed that of TOC, Cd, in contrast, is expected to 
transport in dissolved form both in macro- and micropores, explaining 
its slightly higher mobility in the soil. Hence, although agricultural 
management practices did not completely restrict transport dynamics of 
MPs, TOC and metals entering the soil via external sources, it likely 
explains why transport distances of MP in agricultural soils were on 
average lower compared to MPs in other land uses such as grassland 
(Weber and Opp, 2020). 

5. Implications and conclusion 

24 years of sewage sludge applications to agricultural soil increased 
soil TOC but also led to a higher exposure to MPs and potentially toxic 
metals as compared to soils receiving mineral fertiliser. The measured 
MP particle and mass concentrations exceeded previously reported 
values, likely because of methodological differences and variations in 
MP contents in applied sewage sludges. The relative contribution of 
different plastic types depended on the measured metric, i.e. mass or 
number concentration, highlighting the need for measuring both for a 
comprehensive assessment. Long-term exposure to field conditions 
facilitated the vertical transport of a substantial fraction of particularly 
relatively small, fragmentally shaped MPs below the plough layer, likely 
facilitated by burrowing soil biota and connected macropores. 
Neglecting vertical MP transport during long-term projections of MP 
exposure therefore results in a systematic underestimation of MPs pre-
sent in the whole soil ecosystem. Despite the observed transport, con-
centrations of MPs, TOC and metals all decreased sharply between 20 
and 40 cm depth; a depth that is indicative of compaction in response to 
agricultural soil management practices like ploughing. Hence, there is a 
further need to improve our understanding of the interactions between 
soil structure, soil management and MP properties to assess their long- 
term fate in agricultural soils reliably. 
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Sauvé, S., Hendershot, W., Allen, H.E., 2000. Solid-solution partitioning of metals in 
contaminated soils: dependence on pH, total metal burden, and organic matter. 
Environ. Sci. Technol. 34, 1125–1131. https://doi.org/10.1021/es9907764. 

W.M. Heinze et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.scitotenv.2020.138334
https://doi.org/10.1021/acs.est.8b02212
https://doi.org/10.1016/j.watres.2018.07.007
https://doi.org/10.1016/j.jhazmat.2021.126413
https://doi.org/10.1016/j.jhazmat.2021.126413
https://doi.org/10.1016/j.jhazmat.2017.10.014
https://doi.org/10.1016/j.scitotenv.2022.154989
https://doi.org/10.1016/j.scitotenv.2022.154989
https://doi.org/10.1016/j.scitotenv.2023.164068
https://doi.org/10.1016/j.scitotenv.2023.164068
https://doi.org/10.1021/acs.est.1c05614
https://doi.org/10.1016/j.trac.2023.117184
https://doi.org/10.1016/j.trac.2023.117184
https://doi.org/10.1016/j.envpol.2020.115841
https://doi.org/10.1016/j.envpol.2020.115841
https://doi.org/10.1016/j.envpol.2016.09.096
https://doi.org/10.1016/j.envpol.2016.09.096
https://doi.org/10.1021/acs.est.8b01517
https://doi.org/10.1016/j.coesh.2017.10.006
https://doi.org/10.1016/j.coesh.2017.10.006
http://refhub.elsevier.com/S0269-7491(24)01057-1/sref28
http://refhub.elsevier.com/S0269-7491(24)01057-1/sref28
http://refhub.elsevier.com/S0269-7491(24)01057-1/sref28
https://doi.org/10.1111/j.1365-2389.1991.tb00092.x
https://doi.org/10.2136/vzj2016.09.0075
https://doi.org/10.2136/vzj2016.09.0075
https://doi.org/10.1016/S1164-5563(02)01148-2
https://doi.org/10.1016/S1164-5563(02)01148-2
https://doi.org/10.1016/j.agee.2014.03.025
https://doi.org/10.1016/j.agee.2014.03.025
https://doi.org/10.2136/vzj2016.11.0118
https://doi.org/10.1016/j.scitotenv.2024.171394
https://doi.org/10.1016/j.watres.2022.118950
https://doi.org/10.1016/j.watres.2018.01.049
https://doi.org/10.1016/j.still.2009.08.003
https://doi.org/10.1016/j.still.2009.08.003
https://doi.org/10.1016/S0022-1694(98)00267-4
https://doi.org/10.1016/S0022-1694(98)00267-4
https://doi.org/10.1016/j.geoderma.2023.116464
https://doi.org/10.1016/j.geoderma.2023.116464
https://doi.org/10.1016/j.watres.2018.05.034
https://doi.org/10.1016/j.scitotenv.2019.03.416
https://doi.org/10.1016/j.scitotenv.2019.03.416
http://refhub.elsevier.com/S0269-7491(24)01057-1/sref42
http://refhub.elsevier.com/S0269-7491(24)01057-1/sref42
http://refhub.elsevier.com/S0269-7491(24)01057-1/sref42
https://doi.org/10.1021/acs.est.7b03055
https://doi.org/10.1016/j.envpol.2022.119198
http://refhub.elsevier.com/S0269-7491(24)01057-1/sref45
http://refhub.elsevier.com/S0269-7491(24)01057-1/sref45
https://doi.org/10.1021/acs.est.6b04048
https://doi.org/10.1016/j.still.2016.05.021
https://doi.org/10.1016/j.pedobi.2021.150752
https://doi.org/10.1016/j.pedobi.2021.150752
https://doi.org/10.1016/bs.agron.2022.02.005
https://doi.org/10.1016/bs.agron.2022.02.005
http://refhub.elsevier.com/S0269-7491(24)01057-1/sref50
http://refhub.elsevier.com/S0269-7491(24)01057-1/sref50
https://doi.org/10.1016/j.envpol.2019.03.092
https://doi.org/10.1016/j.envpol.2019.03.092
https://doi.org/10.1016/j.scitotenv.2020.136924
https://doi.org/10.1016/j.envpol.2019.05.037
https://doi.org/10.1016/j.envpol.2019.05.037
https://doi.org/10.1177/0003702820917760
https://doi.org/10.1177/0003702820917760
https://doi.org/10.1007/s00216-020-02979-w
https://doi.org/10.1039/C6AY02476A
https://doi.org/10.1039/C6AY02476A
https://doi.org/10.1016/j.chemosphere.2022.135322
https://doi.org/10.1016/j.scitotenv.2023.166902
https://doi.org/10.1016/j.scitotenv.2022.161148
https://doi.org/10.1016/j.scitotenv.2022.161148
https://doi.org/10.1016/j.watres.2021.117407
https://doi.org/10.1016/j.watres.2021.117407
https://doi.org/10.1038/s41598-017-01594-7
https://doi.org/10.1021/es9907764


Environmental Pollution 356 (2024) 124343

10

Schell, T., Hurley, R., Buenaventura, N.T., Mauri, P.V., Nizzetto, L., Rico, A., Vighi, M., 
2022. Fate of microplastics in agricultural soils amended with sewage sludge: is 
surface water runoff a relevant environmental pathway? Environ. Pollut. 293, 
118520 https://doi.org/10.1016/j.envpol.2021.118520. 

Schlüter, S., Albrecht, L., Schwärzel, K., Kreiselmeier, J., 2020. Long-term effects of 
conventional tillage and no-tillage on saturated and near-saturated hydraulic 
conductivity – can their prediction be improved by pore metrics obtained with X-ray 
CT? Geoderma 361, 114082. https://doi.org/10.1016/j.geoderma.2019.114082. 

Simon, M., Alst, N. van, Vollertsen, J., 2018. Quantification of microplastic mass and 
removal rates at wastewater treatment plants applying Focal Plane Array (FPA)- 
based Fourier Transform Infrared (FT-IR) imaging. Water Res. 142, 1–9. https://doi. 
org/10.1016/j.watres.2018.05.019. 
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