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ARTICLE INFO ABSTRACT

Editor: Kevin V. Thomas Increasingly, environmental research efforts seek to understand how the continuous input of microplastics into
terrestrial environments alters soil physicochemical properties and affects plants and other soil biota. However,

Keywords: fundamental understanding is hampered by the destructive nature of current analytical techniques, which

Non-destructive microplastic detection typically require the disruption of soil samples and often the removal of soil organic matter. This results in the

Microplastic effects on soil microstructure

X . . irretrievable loss of essential information about soil microstructure and the spatial distribution of microplastic
Microplastic shape analysis

Mapping 3D soil structure particles. We showed that the non-invasive approach of dual neutron and X-ray tomography is capable of
Neutron tomography detecting and localizing microplastics embedded in soil environments with organic components, here tested with
X-ray tomography peat, charcoal, and bark mulch additions. We explored how the number of microplastic particles can be deter-
mined on intact samples, even accompanied by add-on information on the size, shape and distribution of
microplastic particles. For some combinations of plastic types and organic material amendments, the basic
approach was not successful, but could be enhanced by soaking the sample in hydrogen peroxide solution while
largely preserving the integrity of the microstructure, or by including shape parameters into the image analysis.
By segmenting images using region growing, we were able to identify all microplastic particles without false
positives, even in the presence of organic material. We also succeeded in analyzing small-sized microplastic
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particles, such as film or fibers, embedded in natural sandy soil. 3D visualization of plastic film fragments
together with the soil matrix made it obvious that larger fragments can have a significant impact on soil hy-
draulic properties. It has also been shown that a group of microplastic fibers can induce a planar crack in the soil
matrix. Finally, roots and microplastics could be differentiated and visualized in a soil sample, demonstrating the
leeway for the non-invasive study of potential interactions between roots and microplastics.

1. Introduction

A wide range of inexpensive and versatile plastic materials has
enabled the mass production of affordable consumer goods in the last
decades, leading to a massive increase in the number and types of plastic
items used in everyday life, including vast quantities of disposable
packaging. The downside of this socio-economic success story, however,
is that microplastics have become a ubiquitous pollutant (Rochman,
2018). While plastic contamination of oceans and then other aquatic
ecosystems has already been acknowledged as environmental issue for
well over a decade, the effects of microplastics (MP) in terrestrial eco-
systems have moved into focus of research just comparatively recently
(Rillig and Lehmann, 2020). Sources of MP in soils are littering, atmo-
spheric deposition, irrigation and flooding, agricultural mulching and
application of compost and sewage sludge (Yu and Flury, 2021). Once
these particles have arrived at the soil surface, management practices
(Weber et al., 2022), bioturbation (Huerta Lwanga et al., 2017; Rillig
et al.,, 2017) or water percolation (Lwanga et al., 2022; Munz et al.,
2023b) contribute to the relocation of microplastics down to consider-
able depths, where they persist likely for decades or even centuries.
Microplastics have been shown to affect various soil properties such as
bulk density, contact angle, water holding capacity (Guo et al., 2022;
Wang et al., 2023), rate of soil water evaporation (Wan et al., 2019) and
the functional relationship between the microbial activity and water
stable aggregates (de Souza Machado et al., 2018). The effects of MPs on
soil properties and processes appears often conveyed by physical pa-
rameters such as shape and size of particles rather than direct chemical
toxicity (Rillig and Lehmann, 2020), though MP can also act as carrier of
other pollutants that may be released from them (Tang et al., 2021). MP
particles more dissimilar in shape to the typical shape of naturally
occurring soil particles are thought to have substantial effects on bio-
physical properties of soil (Rillig et al., 2019). In causing changes in the
soil habitat, MP represent a potential threat for soil biota and a risk for
food security if entering the food chain (Bldsing and Amelung, 2018).

The effects of MP on plant performance are still largely unclear. In
experimental studies, different effects on plant growth have been
observed: positive, neutral as well as negative effects. de Souza Machado
et al. (2019) showed that higher concentrations of MPs in the soil
increased the belowground biomass of spring onions, with the most
pronounced effect observed for polyester fibers, whose linear shape, size
and flexibility are very different from most natural components of the
soil. In another study, the presence of low density polyethylene particles
in sandy soil at concentrations above 1 wt% had a positive effect on the
growth performance of common beans while the addition of a biode-
gradable microplastics resulted in significantly lower biomass produc-
tion (Meng et al., 2021). Decades of mulching practices can lead to
massive contamination of agricultural soil with film residue (Huang
et al., 2020), which can affect the soil structure hydraulics (Wan et al.,
2019). Qi et al. (2018) reported that starch-based biodegradable plastic
mulch showed stronger negative effects on wheat growth compared to
low density polyethylene. In another experiment, plastic film fragments
were shown to have more negative effects on soil water content at low
water availability, but positive effects on plant growth were observed
with increasing concentration (Krehl et al., 2022). The mentioned
studies analyzed the impact of microplastics on plant performance for
different soils that contained particles in various concentrations, plastic
types, particle shapes and sizes. Such studies generally work with high
or extremely high loads of microplastics, because effects on plants are

then more easily to identify by statistical analysis. However, often such
studies do not allow for directly identifying the underlying processes and
may not be able to observe also more subtle effects of MP at smaller
environmentally relevant concentrations (Yu et al., 2023). To gain a
better mechanistic understanding of how microplastics influence soil
properties and how this affects plant performance, studies are required
that provide spatially resolved information about the MP distribution in
soil including an assessment of the local soil microstructure surrounding
the plastic particles.

In recent years, various methods have been developed to detect and
analyze microplastics in soil samples. Depending on the objective of the
study optical inspection spectroscopic, thermoanalytical or chemical
methods are used to analyze specific traits of microplastic pollutants
such as abundance, shape, size, type or additives. But all of these
methods are based on destructive sampling or involve destructive
sample processing, see e.g. the review by Prata et al. (2019). This means
that essential information about soil microstructure and the spatial
distribution of MP is inevitably lost during the analysis, making it
impossible to directly study the impact of the plastic particles on the
local microstructure of the soil. Also, fragile MP may be further frag-
mented during processing or existing fragments of a particle or foil
displaced and then only recognized as seemingly separate individuals.
An elegant way to get around this problem is to use non-invasive im-
aging methods that preserve the integrity of the sample structure, useful
for time-resolved investigations, analyzing undisturbed cores or relating
microplastic position to its local environment. This could be used for
concluding on past deposition in sediments or soils (Totzke et al., 2021b;
Weber and Lechthaler, 2021), study microplastic relocation processes,
the impact on the pore structure of soil (Xu et al., 2020) or the response
of root growth on the presence microplastics. Recently, we presented a
combination of neutron and X-ray tomography for detecting and
analyzing microplastic particles in a sand column (Totzke et al., 2021b).
While neutron tomography was the key step in detecting MP as
hydrogen-rich particles, the analysis of corresponding X-ray images
enabled the unambiguous identification as MP particles and provided
complementary 3D information about the sand matrix. Other tomogra-
phy approaches for MP detection seem not yet available.

With the current work, we aimed to advance the development in two
directions: Firstly, testing the potential of the method to detect micro-
plastic particles in more natural soil environments and, secondly,
detecting microplastic particles with smaller dimensions and different
shapes. The sand used in the pilot study of Totzke et al. (2021b) was just
a simplistic approximation of natural soils. But now we have improved
the samples to contain more of the organic components usually present
in natural soils. However, being able to distinguish between microplastic
particles and organic soil components represents a major challenge in
natural soil samples. As a first step to better mimic natural soil condi-
tions, we tested the detection and localization of MP particles in sand
mixed with different organic components. In a further step, we then also
used natural sandy soil, in some cases together with a living plant root
system. Furthermore, we demonstrated the capability of detecting
smaller MP with different shapes in natural sandy soil and finally discuss
potential applications, challenges and limitations of this non-invasive
analytic approach.
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2. Material and methods
2.1. Sample preparation

A first set of samples was prepared to test the detectability of MP
particles in sand enriched with organic components, mimicking a sandy
soil environment. Six boron-free glass cylinders (designated as specimen
group #A) with an inner diameter of 20 mm and a height of 80 mm were
used to hold the sand columns containing a predefined number of MP
particles. Sand (type FH 31, Quartzwerke Frechen/Germany) was mixed
with various organic additives at a concentration of 2 wt%. MP frag-
ments with a maximum edge-to-edge length of 0.5-2 mm were prepared
from standard plastic materials, covering three different polymer types:
polypropylene (PP), polystyrene (PS), and polyethylene terephthalate
(PET). The sand columns were divided by paper disks into three distinct
compartments each containing five particles of one type of plastic, as
illustrated for sample #A_peat in Fig. 1a. Three natural materials served
as organic additives for the sand to simulate different types of particu-
late organic matter present in a sandy soil environment: peat was added
to samples #A_peat and #A_peat HyO,, bark mulch to #A_bark and
#A bark HO, and finally charcoal to samples #A_char and
#A_char_H»05. One sample from each group was treated for seven days
with 30 % vol. HoOy solution (indicated by index “_Hy0»”) as pre-
processing method to decompose the organic matter in the sample and
facilitate the identification of MP particles during the segmentation
process. This treatment has been used in a similar way when processing
destructed soil or sediment samples (Munz et al., 2023a), usually after
separation of grains from the filtrate containing the MP. Here, however,
it was applied to the intact sample.

A second set of samples was prepared to investigate the feasibility of
detecting different MP particle shapes in natural soil. (i) Fragments of
different polyethylene films used in asparagus cultivation were mixed
with natural sandy soil collected from an asparagus cultivation field
near Beelitz, Brandenburg, Germany and filled into a boron-free glass
container with an inner diameter of 20 mm and a height of 80 mm. (ii) A
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PTFE cylinder with an inner diameter of 9 mm served as sample holder
for MP fibers, which were also embedded in natural sandy soil collected
from the “Chicken Creek” catchment near Cottbus, Germany (Dara et al.,
2015). (iii) Finally, two samples were prepared to test the detectability
of MP in soil columns containing a living root system. Lupine plants were
grown in boron-free glass cylinders (27/30 mm inner/outer diameter,
100 mm height) also filled with sandy soil collected from the “Chicken
Creek” catchment, mixed with either polycarbonate particles or PP film
fragments at a concentration of 0.4 % wt/wt. Plants were grown in a
plant growth cabinet according to the protocol described in Totzke et al.
(2017), and scanned at the neutron imaging station ten days after

planting at a soil water content of 0.04 cm®cm 3,

2.2. Dual-mode neutron and X-ray tomography for detecting MP

All 3D imaging experiments were performed at the neutron and X-
ray tomography station “NeXT” at the Institut Laue-Langevin (ILL) in
Grenoble, France. A curved neutron guide delivers cold neutrons from
the ILL's 58.3 MW high-flux reactor to the imaging station, where for
performing the tomography the sample is placed in front of a neutron
detector at a distance of 10 m from a group of pinholes (Tengattini et al.,
2020). Using the largest pinhole with 30 mm in diameter, the neutron
flux at the measuring position is high (about 3.8-10% neutrons cm=2.s71)
with a L/D ratio of 333. The medium-resolution detector consists of a 50
um thick °LiZnS:Ag scintillator screen (converting incident neutrons into
visible light) and a sSCMOS camera (Hamamatsu Orca 4V2) combined
with a high aperture Canon photo lens (aperture f./1.2, focal length 50
mm) (Totzke et al., 2019). After binning (2 x 2) an effective pixel size of
48.6 pm was obtained, resulting in a physical spatial resolution of 100
pm estimated from the “Siemens star” test pattern (Kozhuharova, 2022).
The exposure time was set to 1 s and a total of 3 images were averaged
for each angle in order to improve the statistics. 736 projections were
captured over an angular range of 360° resulting in a total acquisition
time of approximately 40 min per scan. To better resolve the fine
structures of MP films and fibers, we used the high-resolution neutron
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Fig. 1. Sample designs for analysis of MP particles in sandy soil environments a) Photograph and schematic drawing of vertically partitioned sample cylinders each
containing different MP particles embedded in sand that was amended with one of the three natural organic materials (and one of these two was subjected to HoO5
treatment as a pre-processing step); b) Partitioned sample cylinder containing MP film fragments embedded in natural sandy soil; ¢) Sandy soil column containing MP
fibers in its center; d) Lupin plant grown in sandy soil containing either polycarbonate MP particles or polypropylene film fragments.
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detector with a pixel size of 16 pm, which is described in detail in
Tengattini et al. (2020).

The X-ray setup included a microfocus X-ray source (type
L12161-07, Hamamatsu Photonics, Hamamatsu, Japan), operated at an
acceleration voltage of 100 kV and a current of 300 pA, and a flat panel
detector (type PaxScan® 2530HE, Varex Imaging cooperation, Salt Lake
City, USA) (Tengattini et al., 2020). The source-detector and source-
object distance were set to 507.5 and 182.6 mm, respectively, result-
ing in an effective pixel size of 50 pm. Here also 736 projections were
acquired over an angular range of 360°. Neutron and X-ray radiographs
(projection images) were corrected from flatfield and darkfield images
and reconstructed using a filtered back projection algorithm.

2.3. Image registration

The evaluation of bimodal tomography data sets generally requires
image registration. This involves adjusting the spatial resolution and
precisely aligning the data to obtain congruent three-dimensional X-ray
and neutron images of the samples. Registration of bimodal data sets is
particularly challenging because the gray scale and contrast levels of
individual phases can vary substantially from one modality to another.
We used the registration software called “spam” (Stamati et al., 2020) to
register the set of samples containing MP particles in sand enriched with
organic materials. The remaining samples, i.e., the soil samples con-
taining MP film fragments, MP fibers and lupine roots, were registered
using the software “Fiji”. The field of view, spatial resolution, and 3D
orientation of the volume datasets were manually adjusted similar to the
procedure described in Haber-Pohlmeier et al. (2019).

The X-ray tomography (CT) data was used as reference during image
registration with “spam”, which means that the voxel size, the canvas
size, and the number of tomographic slices of the neutron tomogram
were adapted to the dimensions of the CT images. The multimodal
registration algorithm is considered as an extension of classical digital
image correlation methods (Roubin et al., 2019). Its goal is to determine
the linear transformation operator F, affecting the coordinates of one
modality image, in our case neutron tomography (NT), so that it matches
the reference image, here X-ray CT. Prior to the actual registration in
“spam” the NT data were scaled to the spatial resolution of the CT
dataset and roughly aligned manually using “Fiji”. For robustness and
speed, “spam” prefers to register highly downscaled images, which
eliminates high-frequency variations (Roubin et al., 2019). Therefore, 2
x 2 x 2and 4 x 4 x 4 binning was applied to all 3D images for regis-
tration. After downscaling, the 4-binned NT and CT volumes were
loaded into “spam” to undergo the registration step of the workflow. The
first part of the registration involved a manual selection of translation,
rotation, and scaling parameters for all three dimensions (x, y, z) of the
NT image to be registered. This process resulted in a basic trans-
formation matrix, which was used later on as the initial stage of a 200-
step iteration mechanism to obtain a refined transformation matrix. In
the second step, five different material phases were identified: air, glass
container as well as larger quartz sand particles, finer quartz sand par-
ticles, organic matter with smaller neutron attenuation coefficient, and
MPs and organic matter with greater neutron attenuation coefficient.
The similar attenuation properties of MP (synthetic organics) and nat-
ural organic matter made the segmentation process challenging. “spam”
works on the principle of a fitted joint histogram (Gaussian distribution
mixture form), i.e., the phases are each characterized by a bivariate
Gaussian distribution, where the bivariate refers to the two 3D mea-
surements of their attenuation properties for neutrons and X-rays,
gathered into a vector (Roubin et al., 2019). From this histogram, the
five maxima were selected, and five Gaussian ellipsoids were fitted. The
phase diagram was then computed using these fits with a target voxel
coverage of 99 %. Finally, the linear transformation operator F was
updated over the iterations, resulting in the extraction of translation,
rotation, and dilation. The convergence condition was set to a value of
0.01. After convergence at the 4-binning level, the F operator was
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rescaled (translation part multiplied by 2) and was used as an initial
guess for the 2-binning level. A repetition of registrations was performed
on progressively more detailed images using the previously obtained
transformation as the initial condition. The validity of the registered
results was visually checked in a checkerboard pattern generated in
“spam” by mixing the NT and CT, as shown in Fig. S1 in the Supple-
mentary Information.

2.4. MP segmentation and 3D visualization

Data visualization and segmentation of MP particles were performed
using the rendering software “VGSTUDIO MAX” (Volume Graphics,
Heidelberg, Germany, version 3.1). In terms of 3D image processing, the
program allows versatile user interaction directly at the level of the
reconstructed 3D sample volume. A 3D rendered view of the recon-
structed sample volume is generated by setting various rendering pa-
rameters, such as gray-scale value thresholds and opacity curves in the
3D histogram. This proved to be very beneficial when using the imple-
mented region-growing algorithm for segmentation, which is initiated
by manually positioning the growth seeds. To enable reliable subjective
identification of MPs, a 3D view was generated showing only the com-
ponents with the strongest neutron attenuation (c.f. Fig. 2B). Due to
their similar neutron attenuation properties, it is not possible to clearly
distinguish between MP and natural soil organic particles just using
global thresholding alone. However, the potential MP particles could be
selected based on their specific angular shape by optical inspection in
the 3D view to place the seeds for the actual segmentation algorithm. At
these points, a region of interest (ROI) was created for each MP particle
at these seed points and then extended to neighboring voxels if they
were similar enough, i.e., if the deviation of the gray level values did not
exceed a predefined threshold. After the initial segmentation of the MP
particles in the NT image, their shape and size were verified by copying
the corresponding ROIs onto the CT image volume and manually
checking each particle using the CT images as a point of reference. The
main criterion was whether the edges of the MP particles were placed in
a way so that they did not overlap the edges of neither the mineral
particles nor the organic material. In summary, the segmentation pro-
cedure involved global thresholding to render a 3D neutron image of the
most attenuating sample components, a subsequent subjective particle
selection using prior knowledge of the number, specific size, and shape
of MP particles and finally a validity check of the size and shape of the
segmented region in the complementary X-ray image.

3. Results

3.1. Detecting different microplastic particles in sandy environment
containing peat

First, we present exemplary results for sample #A_peat containing
sand-peat mixture without HyO,-treatment. Fig. 2 shows an image series
of the reconstructed neutron tomogram, rendered with an increasing
gray-scale level threshold to visualize the individual components. The
sample had been divided in 5 vertical sections by four paper separator
disks (Fig. 2a). The three central compartments each contained five MP
particles made of PP, PS or PET (from top to bottom) embedded in a
sand-peat mixture (2 % by weight).

While the bottom and top of the sample (filled with pure sand)
appear almost transparent in Fig. 2b, the attenuation of neutrons by the
peat added severely limits the visibility of the microplastic particles in
the central compartments. By increasing the gray level threshold, the
peat material was progressively faded out, revealing the three groups of
MP particles (Fig. 2C-F). The mean local neutron coefficients measured
in the core region of the particles differ significantly: ppeytron = 1.7 cm !
for PET particles, 3.0 cm ™! for PS, and 4.7 cm ™ for PP particles. This is
mainly due to the different elemental hydrogen content in the molecular
structure of the plastics (PET: C;oHgO4, PS: CgHg, PP: C3Hg). For PET
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Fig. 2. Tomography of a sample containing three groups of MP particles embedded in a sand column amended with peat. Shown are the steps to visualize particles
with different attenuation levels. a-f) The 3D neutron data were rendered using an increasing gray-scale threshold to reveal the individual components of the sample.
Note that the top and bottom of the sample are rendered from the X-ray tomogram to facilitate spatial visualization of the sample. g) Histogram of the 3D neutron
image. The thresholds used for 3D rendering are shown as vertical blue lines, and the range of measured local neutron attenuation coefficients is indicated for the
major material phases. The range of attenuation coefficients of PET particles is in the range of the denser peat material, which makes segmentation of these par-

ticles difficult.

particles, the small size and flat shape may also contribute to the lower
value of the measured attenuation coefficient due to the limited image
resolution, as the apparent attenuation coefficient decreases towards the
edges of the particles (partial volume effect). The resulting ranges of
neutron fOr the corresponding material phases are shown in Fig. 2G. Peat
consists mainly of partially decomposed vegetation and other organic
material. When mixed with the sand, loosely packed fibrous peat ma-
terial is partially separated and dispersed from more compact plant
debris, resulting in strong local density variations and thus variations in
local attenuation coefficients within the central sample compartments.
This is not critical for the extraction of PS and PP particles as they have
substantially higher neutron attenuation coefficients, allowing image
segmentation by global thresholding. However, the very similar atten-
uation properties of the denser peat fraction and PET particles (see
Fig. 2G) make the segmentation of these particles challenging (see also
Movie S1 in SI). Fig. S2 shows the cross-section of a PET particle and a
peat agglomerate as a neutron (Fig. S2 b) and X-ray (Fig. S2 c) tomog-
raphy section. Both PET and the peat material behave similarly in terms
of attenuation, i.e., strong attenuation of neutrons and low attenuation
of X-rays. The difference in local X-ray attenuation coefficients (mainly
due to different material densities) here is too small to allow a simple
and clear distinction between MP and organic soil material.

In addition to microplastics and soil organic matter, there are some
other particles in the sample that are characterized by very high neutron
attenuation (Fig. S3b). These particles are most likely organo-mineral in
nature and can be clearly distinguished from the MP and pure organic
components in the X-ray image (Fig. S3c), as already described by
Totzke et al. (2021b).

Since the differences in attenuation behavior between MP particles
and peat are not very pronounced, the shape and size of the MP particles
were introduced as an additional distinguishing criterion. Upon close
visual inspection of the 3D rendered neutron data, all MP particles could

be clearly identified by their specific angular shape and virtually
extracted using the region growing algorithm implemented in “VGStu-
dioMax” (see Supplementary Information Fig. S4). A magnified view of
the virtual extracted MP particles is shown in Fig. S4c-S4e and compared
with the original photograph of the MP particles placed in the sample.
The good agreement between the 3D shapes extracted from the to-
mography and 2D views obtained with the light microscope demon-
strates the great ability of this method to reproduce the shape and size of
MP particles in three dimensions and confirms that the spatial resolution
was chosen reasonably with respect to the size of the MP particles to be
detected.

3.2. Detecting microplastic particles in sandy environment containing
different organic additives and using H,O2 treatment

The next step was to qualitatively evaluate how the addition of
different organic materials, namely peat, bark mulch and charcoal,
affected the detectability of MP particles in the sand. In addition, it was
tested to what extent the interference of the MP detection by the organic
matter in the soil could be reduced by the treatment of the samples with
H,0,. Fig. 3 provides an overview of the complete set of sample group
#A, with the above-mentioned organic amendments with and without
Hy0,-treatment. After applying a global threshold, the number, shape
and size of non-plastic particles still visible in the neutron image
strongly depend on the type of organic material added (Fig. 3a, c and e).
The most and largest non-plastic particles were detected in sample
#A _bark. Non-plastic particles were also found in large numbers in
sample #A peat, but their average size was substantially smaller. The
fewest non-plastic particles were found in sample #A_char. The com-
parison between treated and untreated samples (Fig. 3a vs. b, Fig. 3c vs.
d, and Fig. 3e vs. f) clearly shows that a prior sample treatment with
hydrogen peroxide solution facilitates the detection of MP particles as
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S 20 mm '

sample #A_peat #A_peat_H,0, #A_char #A_char_H,0,

Fig. 3. MP particles in sand with different organic additives: a + b) peat; ¢ + d) bark mulch; e + f) charcoal. The central part of the samples shows the components
with the highest neutron attenuation: PP particles are colored in green, PS particles in red, PET particles in blue, and non-plastics in white-gray. The top and bottom
parts of the sample are shown as a 3D rendered X-ray image to facilitate spatial orientation. Samples with name index “ H,0,” were treated with HyO prior to
imaging. Note that sample #A_char was accidentally tilted during preparation, causing the upper separator to shift and a PP particle to escape from the upper
compartment. Two paper separator disks and the displaced PP particle are marked with white and green arrows.

fewer strongly attenuating, non-plastic particles were detected for all 3.3. Using shape descriptors to improve the detection of microplastic
three organic additives. particles in sandy environment containing organic additives

The segmentation of MP particles by region-growing algorithms is
based on subjective classification of MP particles according to their
specific shape characteristics. Alternatively, objective shape criteria can

sample #A_peat #A_peat_H,0, sample #A_peat #A_peat_H,0,

Fig. 4. Testing the objective classification of MP particles using simple shape filter criteria. a) Samples #A_peat and #A_peat_H»0, containing peat, the latter treated
with H,O,. After global thresholding, sphericity index, surface area, and Euler number were calculated for all particles. Particles displayed in yellow were outside the
range defined for individual shape descriptors of MP, and consequently sorted out. b) Result of the shape filtering: the colored particles are the true microplastic
particles, the white particles are the remaining misclassified peat particles (left tomogram, #A _peat). Note that no misclassified particles remain for the H,O, pre-
treated sample (right tomogram, #A_peat_H,05).
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be used to extract the MP particles from the set remaining after grayscale
level thresholding. We tested a simple approach that computes several
shape descriptors, namely the sphericity index, the surface area, and the
Euler number. Since the microplastic particles encountered in this study
have characteristic shape and size spectra, ranges could be defined for
each shape descriptor. In this way, particles outside these ranges could
be filtered out. Fig. 3 illustrates this procedure for samples #A_peat and
#A_peat_H50-, both containing peat, but the latter having been treated
with Hp05 solution. Fig. 3a on its left shows the highly attenuating
particles of sample #A_peat after adjusting the grayscale level threshold.
Yellow rendered particles were outside the range of at least one of the
shape descriptors and were consequently discarded as non-plastics. The
particles remaining after shape filtering are shown in Fig. 4b on its left.
The particles rendered in white are misclassified, i.e., non-plastics that
could not be sorted out by the shape filtering. Fig. 4a shows on the right
the highly attenuating particles of sample #A_peat H2O3 after grayscale
level thresholding. Due to the Hy0, treatment, there are significantly
fewer non-plastic particles, and they are also significantly smaller.
Finally, when shape filtering was applied to the H;O, treated sample,
detection was more successful, and all MP particles were found with not
a single misclassified particles remaining (Fig. 4b, on the right).

3.4. Detection of microplastic films and fibers in sandy soil

The second part of this work tested the ability of the method to detect
smaller microplastic particles, in particular plastic film fragments and
fibers, through the preparation of samples of practical relevance. One
set-up was mimicking MP in an asparagus field soil in the region. Using
the medium-resolution neutron setup with an effective pixel size of 49
pm and a corresponding physical spatial resolution of 100 pm, the entire
soil sample could be captured in one go (Fig. 5a). The semi-transparent
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3D neutron image shows the three soil compartments, each containing a
group of PE film fragments. With a thickness of 50 pm the size of the film
fragments was slightly below the resolution limit of the setup. However,
they are still clearly visible in the image due to the favorable contrast
between the highly-neutron attenuating PE material and its dry soil
environment. In order to capture more details, the upper part of the
sample was additionally imaged with a special high-resolution neutron
detector in a reduced field of view (Fig. 5b, pixel size 16 pm). The film
fragments are visible as continuous structures, and their shape and
orientation can be identified well. The combination with the registered
3D X-ray image (Fig. 5¢ and d) allows further consideration of how the
PE film fragments are embedded in the soil matrix and also that the
microstructure of the soil matrix is disturbed by them, affecting its
properties.

Using the same high-resolution neutron detector system in combi-
nation with the X-ray scanner, we tested the potential of the method to
detect the shape, position, and orientation of flat-shaped MP fibers
embedded in a 9 mm diameter sandy soil column (Fig. 1c). The plastic
fibers were arranged in a group at middle height of the soil column
(Fig. 6). After wetting and subsequent drying of the sample, a crack had
developed in the soil matrix along the fiber plane, indicating a planar
weakness in the soil matrix structure introduced by the fibers. This crack
is clearly visible in the X-ray image, but the microplastic fiber inside
causing the crack is barely detectable, if at all (Fig. 6a). Thus, because of
the low contrast between the plastic and the air-filled pore space, X-ray
tomography can primarily, and perhaps only, identify the void in the soil
matrix. Neutron tomography, on the other hand, can clearly identify MP
even in the apparently open void (Fig. 6b, bright structure). The
implication is that the neutron tomography alone, at least much better,
is able to recognize that the crack at this position is not an empty crack
but contains the solid material of a microplastic fiber, that even

Fig. 5. Sample #B containing fragments of polyethylene film used for asparagus cultivation in natural sandy soil. a) Half-transparent neutron image (49 pm/pix) of
the soil sample showing three groups of MP film fragments separated by the four cardboard disks (labeled as s1 - s4). b) Higher resolution tomogram (16 pm/pix) of
the upper compartment. ¢ + d) The three film fragments (blue) present in this compartment were extracted from the neutron image and rendered together with the
registered X-ray data. The virtual cross sections show how the plastic film fragments are embedded in the soil matrix.
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Fig. 6. Dual-mode tomography of sample #C, flat-shaped microplastic fibers embedded in a natural sandy soil. White and red arrows indicate the same position
pointing to a plastic fiber. a) Vertical 2D cross section of the X-ray tomogram; b) Vertical 2D cross section of the neutron tomogram; c) Vertical section of the
combined tomogram (X-ray +neutron): the fibers induced a crack in the soil matrix; d) 3D rendered image of the soil column; e) Virtual horizontal section of
combined tomogram unveiling the embedded microplastic fibers (rendered in blue, thickness ~ 50 pm).

contributed to the formation of the crack. This insight will make a big
difference in the interpretation of the crack evolution, but also in the
consequences, e.g., in terms of water flow and mechanical stability. The
combination of the tomography approaches (Fig. 6¢) provides a com-
plete picture of the soil matrix, the crack and the microplastic fibers
within it. The crack ran through the entire cross-section of the soil col-
umn, as can be seen in Fig. 6a and the video sequence provided in the
Supplementary Information (Movie S2). Thanks to the complementary
nature of the X-ray and neutron imaging modalities, the 3D arrangement
of microplastic fibers within the soil matrix can be completely identified
(Fig. 6b).

3.5. Detection of microplastic particles in root-soil systems

Finally, we tested the detection of differently shaped microplastic
particles, specifically polycarbonate fragments and PP film fragments, in
root soil systems. For this purpose, ten-day-old lupine plants grown in a
mixture of sandy soil and MP particles were imaged at the low soil
moisture level (0.04 cm® cm’g), which allowed good contrast between
MP and soil and between roots and soil. A particular challenge in seg-
menting this neutron image data is distinguishing the root structures
from the MP, since the root tissue and the plastic material have similar
attenuation properties (Fig. 7a, for the polycarbonate MP). First, the
roots were segmented in the neutron image (Fig. 7b). The root system
has a clearly defined tap root and a large number of lateral roots, some of
which have started to grow along the container walls. At several loca-
tions the lateral roots have developed cluster roots bundles, which have
been shown by imaging studies to be hotspots of water uptake (Dara
et al., 2015) and respiration activity (Bereswill et al., 2021), which may
also have implications for translocation of smaller MP particles. Then
the potential MP particles were segmented in the neutron image again

by region growing (Fig. 7c&d).

In the next step, the X-ray data were registered to integrate the
complementary information about the microstructure of the bulk soil
into the neutron image (Fig. 7e&f) and to verify the detection of
microplastics by neutrons. For the latter, the corresponding regions of
interest in the X-ray image were analyzed. Only voxels with low X-ray
attenuation were confirmed to belong to the microplastic fraction; the
voxels with higher attenuation (gray-scale value) were identified as
organo-mineral particles and thus discarded (Fig. 7g +7 h). While the
majority of the potential MP particles identified by neutron tomography
could be confirmed as true microplastic particles by X-ray attenuation, a
significant number had to be discarded because their X-ray attenuation
characteristics did not match MP characteristics. Therefore, the dual
tomography approach was required to identify the polycarbonate frag-
ments, but ultimately these microplastic particles could be identified as
well as the root system. The microplastic particles showed no obvious
spatial correlation to the root system, except that some MP fragments
must have been pushed aside by the growing tap root. However, it
cannot be excluded that the presence of the microplastics locally influ-
enced the formation of the root system, especially in the case of lateral
roots, including cluster roots.

A semi-transparent 3D representation of the lupine root sample
grown in a mixture of sandy soil and polypropylene film fragments is
shown in Fig. 8a. The segmentation of the root structure and the MP film
fragments (Fig. 8b&c) was performed according to the procedure
described above. The distinctly flat shape of the MP film fragments still
seemed to allow for complete localization of the individual MP particles.
And this specific shape even made their identification in the neutron
image more reliable. This was reflected in the subsequent validation step
using the X-ray data, where not a single false detect was found (Fig. 8d).
Thus, for these types of film fragments a neutron tomography alone
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Fig. 7. Dual-mode tomography of a lupin root system grown in sandy soil containing polycarbonate fragments (sample #D1). a) 3D rendered image of the
reconstructed neutron tomogram; inner ¢ of the container is 27 mm, voxel size is 35 pm; b) Segmented root system with emerging cluster roots; c) Distribution of
microplastics as detected by neutrons; d) Root system + microplastics; e) Registered X-ray tomogram augmented with the complementary information shown in (d);
f) Virtual section of container and soil revealing roots and microplastics; g + h) Appropriate thresholding of the histogram of the X-ray tomogram verifies plastic
detection by neutrons and allows deselection of erroneously detected particles (marked in blue), as outlined in Totzke et al. (2021b).

could be sufficient for identifying roots and MP in soil.
4. Discussion

The addition of hydrogen-rich organic material poses a challenge for
MP identification, as it makes the sample structure more complex and
increases the background signal. In addition, the detectability of
microplastics is dependent on both the type of polymer and the size of
the particles. The larger the particle and the higher its elemental
hydrogen content, the easier it was to identify in the 3D neutron images.
The overlap of the denser organic material with the PET particles in the
histogram (Fig. 2g) indicates that these material phases cannot be
clearly distinguished from each other based on neutron attenuation
characteristics alone. In contrast to organo-mineral particles with high
neutron attenuation, which could be clearly distinguished from

microplastics in the complementary X-ray image, plant materials such as
peat or bark mulch show similarly low X-ray attenuation as MP (c.f.
Fig. S2 and S3). This means that the simple bimodal thresholding, as
performed by Totzke et al. (2021b) for the case of pure sand, is not
sufficient for natural soils with non-negligible organic carbon content.
Segmentation requires a more sophisticated approach that considers
complementary image features such as shape, gradients, edges, or
texture. In our case, all the MP particles could be identified by their
specific shape in the neutron image and segmented using a region
growing algorithm (Fig. S4). The sand matrix accessible from the com-
plementary X-ray image was used as a 3D reference structure to validate
the position of the particle edges and thus accurately determine the
shape and size of the MP. This is true for all samples, whether they had
been treated with hydrogen peroxide or not. The addition of various
organic materials interfered with the detection of MP particles to
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Fig. 8. Dual-mode tomography of a lupin root system grown in sandy soil containing fragments of a polypropylene film (sample #D2). The opaque visualization of
the thin film fragments is needed to make them clearly visible, but may give a false impression of a seemingly high MP volume content in the sample; a) 3D rendered
image of the reconstructed neutron tomogram; b) Segmented root system with emerging cluster roots; ¢) PP film fragments segmented from the neutron image; d)
Compilation of root system and PP film fragments segmented from the neutron image + registered image data of the soil section retrieved from the X-ray tomogram.

varying degrees. The variance in the number, shape and size of non-
plastic particles in the neutron image (Fig. 3a, ¢ and e) is due to the
different consistency and chemical composition of the organic materials.
For example, bark mulch consists of compact fragments, some relatively
large, while peat has a looser, crumblier structure. Since charcoal loses
most of its volatile hydrogen compounds during pyrolysis, it is the
organic material with the lowest neutron attenuation. Treatment with
hydrogen peroxide solution facilitated substantially the detection of MP
particles because a significant fraction of the soil organic matter had
been digested by the reactive HyO» solution. The differences observed
between the samples (Fig. 3b, d and f) reflect the different reactivity of
the organic amendments. While peat was apparently almost completely
digested due to its high specific surface area and high chemical reac-
tivity, the comparatively compact and chemically more inert bark mulch
pieces were only partially digested. The better the chemical degrada-
tion, the fewer highly attenuating, non-plastic particles remained in the
sample, which in turn meant that fewer non-plastic particles needed to
be distinguished from the MP particles. However, since hydrogen
peroxide solution treatment can also affect the microstructure of the
sample, it should only be considered as a last resort, depending on the
scope of the study, when image segmentation of untreated samples fails
due to the high organic content of the soil.

MP detection via the region growing method, as used in this study,
works by subjectively recognizing the specific particle shape in the
neutron image and then manually positioning the growth seed. This
method worked so well in this case because it exploited the human eye's
strong shape recognition capabilities for subjective classification, and
the number and shape of MP particles were known from sample prep-
aration. This qualifies the method especially for laboratory experiments
where specific properties of MP are known and MP concentrations move
in predefined orders of magnitude. However, in cases where soil samples
contain a large amount of MP particles, manual selection can easily
become time consuming and therefore inefficient. Alternatively, simple
shape descriptors such as sphericity, Euler number or specific surface
area of the MP particles could be considered to generate filter criteria for
an objective selection processed in an automated procedure. We have
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clearly demonstrated that by combining these simple criteria, it is
possible to identify most MP particles. However, when using only these
three simple criteria the detection can still be subject to errors and the
number of false detections will increase with increasing similarity be-
tween organic particles and MP particles. Identification becomes
particularly difficult when MP particles might be surrounded by organic
matter, as the image contrast between them is low. As a result, the
affected MP particles and organic agglomerates can easily be mis-
interpreted as contiguous regions. However, the rapid development of
Al-based image segmentation algorithms suggests that dual-mode to-
mography will soon have the capability to reliably detect MP particles in
complex structured soil samples and to analyze their interaction with the
soil matrix in detail.

The second part of the study demonstrated the suitability of the
method for analyzing MP in natural sandy soils. The inclusion of small-
sized MP, i.e. pieces of mulch film and MP fibers further increased the
detection challenge as well as the presence of a root system. Remark-
ably, the good image contrast and easily discernible planar shape
allowed detection of the mulch film fragments in Sample #B even
though the film thickness (50 pm) was well below the effective spatial
resolution (100 pm) of the neutron detector (Fig. 5). By using a high-
resolution neutron detector, the 3D orientation of the plastic film frag-
ments could be visualized in more detail. The blending of the neutron
and X-ray tomograms provides a clear picture of how the MP films
introduce structural perturbations and barriers into the soil matrix that
will affect water flow and several other properties of the soil when
containing such MP film fragments (Fig. 5 c-d). Bimodal tomographic
time series of the sample at different soil moisture levels are no longer
limited by neutron tomography acquisition times (Totzke et al., 2019;
Totzke et al., 2017) and could provide new insights into MP-induced
effects on soil hydraulics, such as increased evapotranspiration rates,
the formation of preferential water pathways, or altered soil wetting
behavior. Clogging macropores or blocking effective water pathways
with film fragments could significantly affect water transfer in the soil,
resulting in uneven water distribution. Hot spots with high MP con-
centrations can make soil areas hydrophobic. This can cause these areas
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to be bypassed by water flows and soil moisture to remain permanently
low (Cramer et al., 2023). High-speed neutron tomography could be
used to directly analyze the dynamic 3D water imbibition patterns of
such soil samples (Totzke et al., 2021a; Totzke et al., 2017).

Detecting microplastic fibers in sandy soils is even more difficult
than finding film fragments. Given their quasi-one-dimensional shape it
was hypothesized that the more the shape of microplastics differs from
particles or structures that occur naturally in soil, the greater their po-
tential impact on soil properties (Rillig et al., 2019). Due to their small
diameter of a few tens of micrometers, the detection of microplastic fi-
bers poses a particular challenge to the resolving power of the method.
Using a high-resolution neutron setup, we were able to detect and
visualize 50 pm flat microplastic fibers deposited in a layer of sandy soil
(Fig. 6). The continuous crack in the soil that developed in the fiber
deposition plane after repeated wetting and drying of the soil indicated
that the fibers had introduced a fracture plane into the soil matrix. The
example impressively illustrates the ability of the method to detect small
MPs and to reveal MP-induced changes in the microstructure of the soil
matrix. The minimum size of plastic fibers that can be detected by the
method depends on the soil structure, which mediates the image
contrast, and the resolving power of the neutron detector. Under
reasonable contrast conditions, i.e. dry soil with low organic content,
very thin plastic fibers less than 20 pm in diameter could be detected
with a dedicated high-resolution neutron imaging setup (Tengattini
et al., 2020), but in this case imaging will be challenging and require
long scan times.

We have shown that by combining XCT and NT analysis different
properties of the sample can be extracted. The method is, however, not
suitable as a high-throughput method for serial analysis of natural soil
samples, but rather as an analytical tool for laboratory experiments
where soil samples are specifically analyzed for microplastics, and
possibly for studying a limited number of cores from natural soils or
coarse sediments. We think, however, that due to the high neutron
attenuation of clay and loamy soils, the application of neutron imaging
is inherently limited to sandy soils.

5. Conclusions

The dual-mode tomography method is suitable for investigating the
presence of MP in undisturbed soil samples and thus also the influence of
MP particles on soil properties. This non-invasive analysis makes it
possible to detect the structural changes in the soil matrix and provides a
basis for correlating them, for example, with changes in the soil hy-
draulic properties. One of the major challenges for the analysis, espe-
cially for image segmentation, is the structural complexity of natural soil
samples and the similarity between natural soil organic matter and its
synthetic counterpart created by microplastics.

Soils containing MP make X-ray CT less applicable as stand-alone
method, as MP may not be detected as part of the solid components in
the soil and, in particular, MP fibers may appear to be just voids of open
cracks, leading to misinterpretations and erroneous conclusions. In
contrast, stand-alone neutron tomography is prone to over-
identification of potential microplastic particles (false positives). How-
ever in some situations (pre-treatment to reduce organic material in the
sample or microplastics with shapes dissimilar to the constituents of the
soil matrix) neutron tomography may be sufficient. In any case, the
combination of the two into a dual-mode tomography is the most reli-
able tomography approach and has the potential to accurately detect the
number of microplastic particles (larger than about its resolution), their
volumes, shapes, orientation and spatial arrangement relative to other
MP particles as well as to the soil matrix, though not their plastic type.

The method also opens up valuable new opportunities to investigate
the influence of microplastics on the root space of plants. Our results
demonstrate that we can detect microplastic particles in the spatial
context of plant-soil interactions, which allows us to ask questions about
the role of microplastics in rhizosphere processes, including soil
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aggregation. Providing access to spatially resolved information on MP
distribution, microstructure and hydraulics of the local soil environment
and root system architecture, tomographic studies such as the dual mode
tomography (NT and CT) could be the key to a better mechanistic un-
derstanding of how MP-induced changes in soil properties affect plant
performance.

Additional data, including animated image sequences, related to this
article can be found online at https://doi.org/10.1016/j.scitotenv.20
23.167927.
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