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Abstract

:

Soils contain an increasing number of different pollutants, which are often released into the environment by human activity. Among the “new” potential pollutants are plastics and microplastics. “Recognized” pollutants such as heavy metals, of geogenic and anthropogenic origin, now meet purely anthropogenic contaminants such as plastic particles. Those can meet especially in floodplain landscapes and floodplain soils, because of their function as a temporary sink for sediments, nutrients, and pollutants. Based on a geospatial sampling approach, we analyzed the soil properties and heavy metal contents (ICP-MS) in soil material and macroplastic particles, and calculated total plastic concentrations (Ptot) from preliminary studies. Those data were used to investigate spatial connections between both groups of pollutants. Our results from the example of the Lahn river catchment show a low-to-moderate contamination of the floodplain soils with heavy metals and a wide distribution of plastic contents up to a depth of two meters. Furthermore, we were able to document heavy metal contents in macroplastic particles. Spatial and statistical correlations between both pollutants were found. Those correlations are mainly expressed by a comparable variability in concentrations across the catchment and in a common accumulation in topsoil and upper soil or sediment layers (0–50 cm). The results indicate comparable deposition conditions of both pollutants in the floodplain system.






Keywords:


plastic pollution; metals; metalloids; river systems; freshwater pollution












1. Introduction


Nature is exposed to a variety of human influences. Part of these influences is the input of foreign substances and or pollutants into a wide variety of ecosystems worldwide. Similar to all other ecosystems, soils are particularly affected by such human impacts. Soils form the basis of human life, with 95% of global food being produced directly or indirectly on soils [1]. In addition, soils are important ecological systems, integrated into all global material cycles (e.g., C-cycle), water filters (groundwater treatment), and much more [2,3]. The intensive use of soils worldwide makes them vulnerable towards human utilization and the input of pollutants [4].



Soils are intensively researched concerning the enrichment, mobility, and fate of heavy metals and metalloids. These naturally occurring metals and metal compounds—in the case of heavy metals, defined as metals with a density > 5.0 g/cm³—show geogenic background levels in all soils, as they are released into the environment through rock weathering [4]. However, human activity during the industrial revolution (e.g., construction and transport), mining for ores, and the resource use of modern society have led to heavy metals contamination through anthropogenic inputs [4,5,6]. However, through intensive research, the ecotoxicological consequences of heavy metals are well studied, which has led to national legislation in many countries, as well as monitoring of contaminated sites and measures to reduce or improve this soil pollution [2,4].



Conversely, a new foreign substance and potential pollutant has been detected in a wide variety of ecosystems for a few years now. Plastics, and in particular microplastics with a size below <5 mm, occurring in the environment as particles consisting of man-made polymers, now pose a new environmental challenge [7,8,9,10]. In addition to the worldwide detection of microplastics in all ecosystems [8], it is now possible to detect microplastics in compost [11], garden [12], agricultural [13,14,15,16,17], and floodplain soils [18,19,20]. Furthermore, it has also been shown that plastic can be transported in soils [21,22], and can have an impact on soil structure (aggregates) [15], plants, and organisms [23,24,25]. Even if it has not yet been conclusively clarified whether there is an extensive risk to soils, soil organisms, or humans (uptake into the food chain), plastic is fundamentally a foreign substance in soils and, thus, corresponds to a contamination whose pollution status is still discussed [26,27,28].



The simultaneous occurrence of metals and plastic in soils raises the question of whether there are connections and interactions between these two groups of pollutants. In the case of heavy metals and plastic particles, studies from marine and aquatic environments demonstrated that interactions between heavy metals and microplastics take place in an aqueous environment [29]. Thereby, it was shown that, in marine environments, microplastics can desorb (e.g., Cd, Zn) and adsorb (e.g., Cu, Pb) heavy metals [30]. The sorption of heavy metals was demonstrated in laboratory experiments for Cu and Zn to polystyrene (PS) and polyvinyl chloride (PVC) fragments in seawater [31]. Plastics can, therefore, be seen as a transport vehicle of metals in aquatic environments [29]. In addition to the adsorption of heavy metals from the surrounding medium, further studies indicate the release of heavy metals into the environment through particle degradation [32,33]. Significantly, metals and heavy metals can enter into polymer products and, thus, into microplastic particles through additives. In this context, the number of potential additives is extremely diverse. Examples are flame retardants (Al and Zn), heat stabilizers (mostly Cd, Pb, Ba, and Sn in PVC), slip agents (Zn), inorganic pigments (Cr, Co, and Pb), or fillers (clay minerals and metal powders) [34]. Although the main focus has been on the interrelationships between heavy metals and plastic particles in aquatic environments, since 2019, a limited number of studies have also been conducted on these interrelationships in soils (Figure 1).



For soils in which heavy metals and plastic particles are embedded in a mineral-organic matrix, partly with water (pore water), ad- and desorption processes comparable to those in aquatic environments have been obtained so far. Verla et al. (2019) reviewed the attachment of heavy metals to microplastics via adsorption considering the influence of polymer type and shape of the plastic particle [35]. The assumption is that metal ions can adsorb on microplastic surfaces and that the adsorption rate increases over time due to the presence of biofilms and a larger surface area resulting from degradation of the plastic particles [35]. Other studies suggest an adsorption or desorption of heavy metals depending on the specific metal and the concentration of both pollutants in the soil [36]. In addition, the influence of the presence of microplastics on heavy metals has been investigated: The presence of microplastics seems to reduce the exchangeable, carbonate-bound, and Fe-Mn-oxide-bound fraction of the metals, while it increases the organic-bound fraction [37]. Furthermore, the bioavailability of Cu, Cr, and Ci seems to be affected by the presence of microplastics, whose presence also affects critical factors (e.g., DOC and pH) of the chemical behavior of heavy metals in soils [38]. From the research to date, it can be concluded that relationships and interactions exist between heavy metals and microplastics in soils, as well as in the aquatic environment. However, the question arises as to whether these findings also apply to other types of soils and what role spatial factors play in the connection?



One suitable category of environmental space and landscape to study those interactions is floodplains and their soils. Both substances are present within floodplain soils, due to the sink function of floodplains [19,20,39]. Rivers and their floodplains interact with each other through flood water dynamics, material flows, and their context as a part of a semi-terrestrial ecosystem [40]. Sediments and sediment-bound substances from the entire catchment of a river system can temporally be deposited in floodplains, which are, therefore, an important part of global material flows [40,41]. Similar dynamics can also be assumed for plastic particles within the environment [41,42,43,44]. Assuming that this is the main source (besides direct sources, e.g., agriculture) of pollutants in floodplain soils, both pollutants can be studied under comparable input conditions in floodplain soils. Previous research has documented levels of mass-based microplastics concentrations from 0 to 55.5 mg kg−1 for Swiss floodplain soils [18], or particle-based concentrations ranging from 0 to 186.3 p kg−1 in different floodplain soils of the Lahn and Inde River (Germany) [19,20,45]. Furthermore, a wide-ranging, heterogeneous spatial distribution down to depths of two meters and associated in-situ vertical displacement has been demonstrated [19,20]. Morphological factors, land use, and flood dynamics (sedimentation dynamics) appear to influence the spatial distribution of microplastics in floodplain soils [19,20].



Despite this knowledge, many questions about the spatial distribution of microplastics in soils in general, and especially in floodplain soils, remain unanswered, which is not least due to the few studies with a representative spatial contexts [46]. Considering the few studies conducted so far on the relationships and interactions between heavy metals and microplastics in soils, even more questions remain about interrelationships, processes, and potential environmental risks. This study aims to combine geospatial research with data from a case study floodplain on meso- and microplastic levels published in the work of Weber and Opp (2020) and Weber et al. (2021) to identify possible spatial and chemical connections between both pollutants in floodplain soils. This overall objective will be achieved through the following objectives:



(1) Provide a spatial representative overview of the spatial distribution of heavy metal and plastic concentrations in floodplain soils. (2) Identify where spatial relationships between the two pollutants occur and which natural environmental drivers could be responsible for these relationships. (3) Perform a coherent pollution assessment based on the interrelationships of heavy metals and plastics and provide an outlook for further research within this young field of research.




2. Materials and Methods


2.1. Study Area and Geospatial Sampling


Field work and sampling was conducted within the floodplains of the Lahn River located in central Germany. Profound details about sampling sites and geospatial sampling approach were made available in Weber and Opp (2020) and Weber et al. (2021). The Lahn drains an area of approx. 5924 km2 with a river length of 245.6 km and an approximate floodplain area of 88.9 km2 in the Federal State of Hesse, Germany [47]. The floodplain soils are mostly formed by organic-rich silt and loam, which was deposited by frequent historical and recent floods in the floodplain area. As with other floodplain landscapes, especially in central Europe, the Lahn catchment is affected by historical mining, subsequent industry, and general human use (smaller urban spaces and infrastructure: 7.0% of total land use) [47,48]. Previous studies within the Lahn catchment area show that heavy metals (Cu, Pb, and Zn) are frequently deposited in floodplain soils as consequence of historical mining and related industry [49,50]. The current land use of the catchment area (housing, infrastructure, and agriculture) favors the release of plastics and microplastics into the Lahn River, resulting in historical and recent depositions of (micro-)plastics within the Lahn floodplain. Based on these circumstances, the Lahn floodplain offers the opportunity to investigate the interrelationships between both the deposition of (micro-) plastics and the enrichment of metal(oid)s in floodplain soils.



The geospatial sampling approach was applied at four floodplain cross-section transects, representative of different floodplain soilscapes (floodplain soils and floodplain landscapes) of the Lahn River [45]. Each transect site is located within regularly flooded areas (yearly flooding to 5.5 years) and shows no anthropogenic interruptions (Weber et al., 2021).



At each transect, two (upper catchment) or four (lower catchment) sampling plots containing two soil profiles (distance: 5 m) were drilled via pile core driving (100 mm and 80 mm core diameter; maximum depth: 2 m) and sampled according the following depth sections: 10 cm sections (for upper 0.5 m), 25 cm sections (for 0.5–1.5 m), and 50 cm sections (for 1.5–2.0 m) [45]. Sampling plots represent the floodplain cross-section with its diverse morphological forms, showing surface altitude changes of ±0.5 m with interruptions from flood channels and a general slope from higher natural levees to the lower floodplain edge with the partwise occurrence of back swamps (further information on floodplain morphology can be found in Weber et al., 2021).



Root density was estimated in the field according to the German guidelines of soil mapping [51]. Stratigraphy and pedogenesis of each soil profile were documented according to the German soil classification [51] and the FAO Guidelines for soil description [52], as well as the WRB 2015 [53].




2.2. Laboratory Analysis


Soil samples were transported within corn starch bags (Mater-Bi bags, Bio Futura B.V., Rotterdam, Netherlands) and dried at 45 °C in a drying chamber for a maximum of four days. Subsequently, the samples were carefully mortared and dry sieved according to size classes >5 mm, >2 mm, and <2 mm through stainless-steel sieves (Retsch, Haan, Germany). Afterwards, sample material < 2 mm was homogenized and divided by means of a rotary sampler (Retsch, Haan, Germany) to obtain representative sub-samples.



We measured the organic matter content (OM; via loss on ignition at 550 °C; DIN 19684–3:2000–08) and pH (with 0.01 M CaCl2; m:V = 1:2.5) within the subsample material. Additionally, we determined soil texture with the Integral Suspension Pressure Method [54] after the samples had been prepared according to DIN ISO 11277:2002–08. The carbonate content of each sample was determined after reaction with a few drops of 3.23 M hydrochloric acid (HCl) according to AG Boden (2005).



2.2.1. Metal Analysis


An analysis of metal concentration was performed for (1) soil samples and (2) macroplastic and coarse microplastic particles obtained from microplastic analysis (see Section 2.2.2). For soil samples (1), analysis of the pseudo-total concentrations of the metals (Al and Fe), heavy metals (V, Cr, Co, Ni, Cu, Sn, Cd and Pb), and the metalloid As was performed after the digestion of 1 g prepared subsample with 20 mL aqua regia (12.1 M HCl and 14.4 M HNO3; ratio 1:3; DIN ISO 11466:2006-12). Metal content was quantified with an inductively coupled plasma–mass spectrometry (ICP–MS; XSERIES 2; Thermo Fisher Scientific, Bremen, Germany). The ICP–MS system was calibrated with a certified multi-element standard solution (ROTI®STAR; Carl Roth GmbH, Karlsruhe, Germany). Each digest of a soil sample was measured three times and averaged. The resulting mean metal concentrations were converted into units (mg kg−1). Relative standard deviation (RSD) was quantified for all single measurements after threefold measurements to account for data reproduction and the effects of heterogeneous matrixes [55]. Data with an RSD ≥ 20 % were excluded from further evaluation [56]. Detection limits were calculated by multiplying the mean standard deviation of 10 repeated blank measurements by a factor of 3, but no measurement results were below the respective detection limit.



To analyze the metal(oid) concentrations of macro- and coarse microplastic particles, 32 particles (from 9 soil samples) were analyzed (Table S1). All plastic samples had a weight of >10 mg. The plastic particles were crushed using stainless steel tongs, except for one sample, which had to be ground using a CryoMill (CryoMill, Retsch, Haan, Germany) due to an extraordinary hardness. Subsequently, the comminuted particles were digested with 6 mL purified HNO3 (65%) at 260 °C and 120 bar for 20 min within acid-cleaned Teflon tubes (Turbowave; MLS-MWS, Leutkirch, Germany). The acid digestion protocol dissolves nearly all adsorbed and additive metals in the dissolved phase [57].



Concentrations of the metals Al and Fe, the heavy metals V, Cr, Co, Ni, Cu, Sn, Cd, and Pb, as well as the metalloids As, Sb, and Se within digests were quantified with ICP-MS (Triple-Quadrupol ICP-MS 8800; Agilent, Santa Clara, CA, USA). Since no reference samples for plastics were available, certified water samples (SPS-W1, SPS-W2: Spectrapure Standards AS, Oslo/Norway; TMDA_64.3: CCRMP Canadian Certified Reference Materials Project, Ottawa (Ontario)/Canada) were used. The deviation of the recovery was consistently <10%. Metal concentrations were reported in ppm.




2.2.2. Microplastic Analysis


Details of microplastic analyses, special sample preparation, contamination prevention, and methodological limitations are documented in Weber and Opp (2020) and Weber et al. (2021). In general, mesoplastics (MEP, >5 mm) and coarse microplastics (CMP, >2 mm) were visually identified from sieving fractions using a stainless-steel bowl with an imprinted grid (1 × 1 cm grid size) and inspected under stereomicroscope (SMZ 161 TL, Motic, Hong Kong) [20]. Large microplastics (L-MP, >1 mm) and medium microplastics (M-MP, >0.3 mm) were analyzed after density separation (NaCl solution, density adjusted to 1.2 g/mL) performed within the MicroPlastic Sediment Separator (MPSS) (Hydro-Bios Apparatebau GmbH, Kiel-Altenholz, Germany). After density separation, sieving, and filtration (cellulose filters; LLG-Labware, Meckenheim, Germany) of floating sample material, a Nile Red staining procedure (20 µg/mL Nile Red solution, Sigma-Aldrich, Taufkirchen, Germany) was applied [58,59]. Stained filters were afterwards visually detected under a stereomicroscope (SMZ 161 TL, Motic, Hong Kong). Final identification of each potential plastic particle within the MEP, CMP, L-MP, and M-MP size class was performed by a Tensor 37 FTIR spectrometer (Bruker Optics, Ettlingen, Germany) combined with a Platinum-ATR-unit (Bruker Optics, Ettlingen, Germany). Data processing of FTIR spectra was performed in OPUS 7.0 (Bruker Optics, Ettlingen, Germany) and Spectragryph (Version 1.2.14; Menges, 2020; Oberstdorf, Germany). Final spectra identification and polymer type assignment was carried out according to Weber et al. (2021).





2.3. Statsitics and Data Evaluation


Basic statistical operations were performed in Microsoft Excel 2013 (Microsoft; Redmond, WA, USA), in R (R Core Team, 2020), and in RStudio (Version 3.4.1; RStudio Inc.; Boston, MA, USA). Statistical tests were applied to examine relationships and differences between the collected datasets based on regression and correlation analyses, as well as to identify significant differences between concentrations and sampling locations or depths. Data visualization, tests for normal distribution (Shapiro–Wilk), linear regression analyses, Spearman correlation analyses, and variance analyses (ANOVA) were conducted with the standard R-packages as well as “graphics”, “stats”, “vioplot”, “ggplot2”, “ggridges”, and “scatterplot3d”. Significances were tested on different levels. We interpreted the results of statistical analysis to be significant when reaching a p-value < 0.05. Basic geoinformatics evaluations were carried out in ArcMap (Version 10.3, Esri Deutschland GmbH, Kranzberg, Germany).



For the spatial and absolute comparison of plastic and heavy metal contents in floodplain soils, the total amount of plastic (Ptot) was calculated (Equation (1)) and documented as unit particles per kg soil dry mass (p kg−1).


   P  t o t   =  ∑  M E P + C M P + L M P + M M P .  



(1)







In order to provide an effective risk assessment—and ascertain the pollution characteristics—of heavy metals, as well as conducting a spatial comparison with plastic contamination, we calculated different pollution indices according to Kowalska et al. (2018). Each of the applied indices shows an effective assessment of contamination and the spatial contamination differences [60]. To measure the potential impact of anthropogenic heavy metal pollution, we calculated the “Enrichment factor” (EF) (Equation (2)),


  E F =    [    H M   L V    ]  s a m p l e    [    H M   L V    ]  g e o c h e m i c a l   b a c k g r o u n d   .  



(2)




where HM is the concentration of individual heavy metals and LV is the reference concentration of Fe. Geochemical background (GB) concentrations for the calculation of EF and PLI, as well as comparative values, were calculated based on the average values for Hesse floodplain soils provided in Friedrich and Lügger (2011) [61]. A total of 341 samples (64 floodplain silt substrates and 277 floodplain sand substrates) were averaged. Additionally, the “Pollution Load Index” (PLI) (Equation (3)), based on the “Single Pollution Index” (PI) for each heavy metal, was calculated,


  P L I =   P  I 1  x   P  I 2  x P  I 3  x P  I n   n  .  



(3)




where PI is the single pollution index of each heavy metal calculated as   P I =   H M   G B    .



To assess the potential toxicity a of heavy metal contamination, the “Contamination Security Index” (CSI) (Equation (4)) was calculated


  C S I =   ∑   n = 1  n  w  (     (    H M   E R L    )     1 2    +    (    H M   E R M    )   2   )  .  



(4)




with W (the weight of each heavy metal) computed according to Pejman et al. (2015) [62], and HM (the individual concentration of each heavy metal), ERM (median value of the effect range), and ERL (lowest value of the effect range) calculated according to Long et al. (1995) [63]. Finally, the “Potential Ecological Risk Index” (RI) (Equation (5)) was calculated according to Hakanson (1980) [64] to assess potential ecological risks of heavy metal concentrations in floodplain soils


  R I =   ∑   i = 1  n   E r i   



(5)




with n (the number of heavy metals) and Er (the single index of the ecological risk factor) calculated by    E r i  =  T r i    x   P I   with    T r i    (toxic response coefficient) and PI (the Single Pollution Index).



Heavy metal concentrations were also compared to legal standards for soils (German national legislation) [65,66].




2.4. Limitations


The presented work combines and adapts different methodological approaches from microplastic research and soil sciences. With regard to the well-recognized and—so far—intensively studied heavy metals, the methods used are subject to standardized applications. Heavy metal analysis from soil samples was controlled by standards guided by the geogenic background values of Hessian floodplain soils [61]. Measurement of heavy metals in plastic particles was controlled by certified water samples. In both cases, the detection limits of the ICP-MS measurement were not reached.



With regard to (micro-)plastic analyses, limitations and insecurities were intensively discussed within the work of Weber and Opp (2020) and Weber et al. (2021). Based on the (micro-)plastic analysis conducted, only plastic particles with a density < 1.2 g mL−1 in a size range between 0.5 and >5 mm were separated. The density separation unit used in this study showed recovery rates of up to 95% [58], whereas the Nile Red staining exhibited recovery rates of up to 96.6 for marine sediments [59]. To prevent overestimation of plastic concentrations, samples were systematically examined and all collected particles subsequently analyzed via ATR-FTIR [45]. Therefore, there may only have been an underestimation of the plastic concentrations, as plastics with a density > 1.2 g mL−1 (e.g., PET) could only be recorded semi-quantitatively. Moreover, numerous studies have shown an increase in plastic content with decreasing particle size [20]. Here, however, the particle size limit was clearly 500 µm.



Finally, there are also uncertainties in the assessment of plastic concentrations in soils. Unlike other pollutants, there are no legal limits. The comparison with other studies is often limited due to differences between methodologies, and the consequences and impacts of (micro-)plastic on soils are still under investigation.





3. Results


3.1. Floodplain Soil Properties


According to the FAO (2006) grain size classification, the studied floodplain soils of the Lahn River catchment consist mainly of floodplain silt loams with average composition of silt (48.03%) > sand (32.33%) > clay (19.64%). We found that the sand content decreases from the upper reaches (site ELM) to the lower reaches (site LIM), whereby it increases from an average depth of 100–150 cm to >60 cm in some cases, depending on the position within the floodplain (embankment or former flow channels) (Figures S1–S4). Maximum clay contents (>25%) are only reached within single clay layers (e.g., floodplain edge depression) (Figure 2c). The organic matter content ranges between 1.59 and 21.07% with a total average of 5.49%. Topsoils (0–30 cm) show significantly higher organic matter content (average: 7.35%) in contrast to subsoils (average: 4.66%). Absolute maximum values (>20.0%) occur within single organic clay-rich layers (clay mud). On average, the amount of organic material decreases with depth (in line with root density) (Figure 2a). The floodplain soils studied can, therefore, be classified as silty, organic-rich fluvial deposits, which is typical for fluvial deposits [40,67]. Within the fluvial deposits, deposited during the Holocene, Fluvisols and Gleysols have developed [45]. From the preliminary study, it can also be deduced that for sediments close to the river (river bank and proximal floodplain), the upper 40–50 cm of the floodplain sediments are very young (deposition since the 1960s) [45]. The soil properties differ mainly in terms of land use, groundwater levels (hydromorphic conditions), and portions of coarse soil fragments (gravel). Horizon sequences contain Ah or Ap (Abp) above combinations of B, Bl, Bgl, Bgr, or Br horizons. Within the Fluvisols and Gleysols, the soil pH ranges between 5.11 (moderately acid) and 6.94 (neutral) with a total average of 6.12 (very weak acid) (Figure 2b). Regarding the dependence of heavy metal mobilization on the pH value, only the mobilization limit value of Cd (at 6.5) falls below this level (Figure 2b [2]).



In summary, floodplain soil properties have the potential for an accumulation of heavy metals and (micro-)plastics. Whereas, on the one hand, the comparatively small amounts of clay and fine silt indicate reduced heavy metal adsorption (clay minerals), the proportion of organic matter and the only slightly acidic pH value show tendencies for low heavy metal mobility and adsorption of organic constituents [4].




3.2. Spatial Relationships between Plastic and Metal Concentrations


3.2.1. Total Plastic Concentration


Total plastic concentrations (Ptot, calculation presented in Section 2.3) range from 0 to 21.12 p kg−1 with an overall average concentration of 1.66 p kg−1. Detailed descriptions of plastic particles’ characteristics, polymer types, and additional information can be found in Weber and Opp (2020) for MEP (mesoplastic, >5 mm) and CMP (coarse microplastic, >2 mm) as well as in Weber et al. (2021) for LMP (large microplastic, >1 mm) and MMP (medium microplastic, >0.5 mm) size classes.



Considering the Ptot concentrations at the catchment level, it is clear that the mean values per sampling site of 2.65 p kg−1 in the upper reaches (site ELM) decrease in the middle reaches (site ROT: 1.01 p kg−1, site STD: 1.33 p kg−1) and increase again up to 1.96 p kg−1 in the lower reaches (site LIM) (Figure 3). The mean differences in Ptot concentrations between the sampling sites are significant (ANOVA p < 0.01). Despite this finding, the maximum Ptot concentrations increase with increasing flow length. At the sampling site level, the highest average Ptot concentrations are always reached near channel sites (proximal floodplain) and decrease with increasing distance to the river (distal floodplain), except for point STD-3 (inactive flow channel) (Table A1). The site LIM with the sampling point LIM-1 (river bank) shows the absolute maximum average Ptot concentration (5.26 p kg−1) of all investigated floodplain soils. The vertical distribution is clearly divided into two sections: Higher concentrations of Ptot always occur in surface soils (Ah or Ap horizons) or in the upper 40–50 cm of the soils. Below this depth, the contents decrease clearly and zero values occur more frequently (Figure 4). As also documented in one of the former studies, the main amount of Ptot and the highest concentrations are thus present in the young upper soil layers of the fluvial floodplain sediment (Weber et al., 2021).



Comparing the summed Ptot contents with those of other studies in floodplain soils, it is apparent that the general level of plastic pollution within the Lahn River catchment seems to be lower than in other studied catchments [18,19,39] or than the often studied agricultural topsoils [12,14,15,16,17,68]. Nevertheless, the wide spatial distribution indicates a general accumulation of plastic particles in floodplain soils, as is already known for other pollutants such as heavy metals [69].




3.2.2. Heavy Metal Concentrations


The presence of heavy metals in soils, and especially floodplain soils, due to the delivery and sedimentation of eroded soil material from the entire catchment is widely recognized. The analyzed heavy metals as well as the metalloid As were detected in all samples, regardless of site position or sampling depth. In general, the following metals are present, in decreasing order based on their average values: Zn (51.39 mg/kg) > Ni (29.05 mg/kg) > Cr (28.00 mg/kg) > Pb (22.20 mg/kg) > Cu (15.56 mg/kg) > V (15.40 mg/kg) > Co (10.18 mg/kg) > As (6.24 mg/kg) > Cd (0.25 mg/kg) (Figure S5). Those concentrations are comparable to the concentrations of Cu, Pb, and Zn in previous studies conducted by Martin (2012; 2015; 2019). The spatial differences in the contents of the individual metals are very heterogeneous (Table A1). Compared to mean global concentrations in topsoil [70], the maximum values of Cr, Ni, Cu, As, Cd, and Pb as well as the top 25% of the concentrations (third quartile) from Ni, As, Cd, and Pb exceed the comparison values (Table A1). All maximum values as well as the mean values of Cr, Co, Ni, Cu, and Cd also exceed the geogenic background levels [61]. The legal precautionary levels for loamy soil, according to the German Federal Soil Protection Ordinance (BBodSchV, 1998), are only exceeded by eight samples for Cr, Ni, Cu, and Cd (Table A1) [66].



Whereas the Enrichment factor (Ef) and the Contamination security index (CSI) indicate a moderate enrichment of heavy metals with low-to-moderate severity of contamination, the Pollution load index (PLI) and the Ecological risk index (RI) show a deteriorate-ion of soil quality as well as a strong ecological risk for 38.1% and 33.9%, respectively, of all samples (Table A1).



Regarding the spatial distribution of heavy metal contamination on the catchment scale and based on the indices that are calculated with geogenic background contents (Ef and PLI), the average and maximum loads show only minor differences with the course of the river (Figure 3). Sampling sites or points with clear outliers do not appear. Against this background, it is possible to assume that the Lahn floodplains are contaminated with heavy metals across the catchment area, with these being of partly geogenic and partly anthropogenic origin.



At the sampling site level, for both the location within the floodplain cross transect and the vertical distribution, a division comparable to the spatial distribution of the Ptot content is detectable. The highest average as well as maximum values of all calculated indices are always reached at the near channel sites (proximal floodplain), except site STD (Table A1). Regarding the vertical distribution, a clear decrease in the indices’ values, most clearly for Ef and RI, and for proximal as well as distal floodplain locations, can be observed for the upper 50 cm of floodplain soils (Figure 4). In addition, the values of CSI and PLI show a decrease over depth, but this is less explicit than the other calculated pollution indices. Even if there are outliers in deeper soil layers depending on the location, the content of heavy metals decreases significantly (p ≤ 0.01) for all pollution indices in the lower (>50 cm) soil layers.




3.2.3. Correlations between Plastics and Heavy Metals


A general spatial connection based on the spatial distribution patterns of plastics and heavy metals was found in the studied floodplain soils. Both contaminants show a comparable distribution on the catchment level, with higher contents in the upper reaches (site ELM), decreasing contents in the middle reaches (site ROT and STD), and a renewed increase in the lower reaches (site LIM), especially in their maximum values (Figure 3). Spatial correlations also occur in the depth distribution. Both the levels of heavy metals, expressed by pollution indices, and the levels of total plastic concentrations differ in the upper and lower soil layers. An accumulation of both contaminants can, therefore, be observed in the upper 40–50 cm of the floodplain soil, for both the proximal and the distal floodplain sites (Figure 4).



The spatial correlations found provide an opportunity to also examine the possible correlations statistically. Spearman rank correlation coefficients (RSP) of Ptot data with individual heavy metals show significant (p ≤ 0.05) weak (rSP < 0.3) positive correlations with the concentrations of Cr, Co, Ni, Cu, Zn, Cd, and Pb for the entire soil profiles (Table 1). With regard to the examined division of the accumulation into upper 50 cm and lower soil areas, the corresponding division of the dataset shows more significant (added V and Fe) and stronger (weak to clear, RSP > 0.5) correlations in the upper soil layers and no significant correlations in the lower soil layers. The same can be observed for correlations with the pollution indices, where significant weak correlations exist in the upper soil layers. No significant correlations can be observed for the relationship between Ptot and soil properties, except for organic matter content (RSP 0.31–0.36) and root density (RSP 0.30–0.33). Therefore, it can be assumed that in the upper soil layers, the heavy metal contents increase (positive correlations) with increasing plastic content and likewise with increasing content of organic material. This can be an indication of chemical relationships, such as comparable adsorption conditions (organic-bound) or an indication of identical deposition conditions (flood water delivery).



Within the context of possible chemical relationships, weak-to-strong, but always positive, inter-element correlations were found for individual heavy metals (Figure 5a), indicating a combined metal pollution from similar long-term sources [71]. Correlations between heavy metal contamination (pollution indices) and environmental drivers of heavy metal behavior (fine soil fraction, sand fraction, organic matter content, and pH) could not be found. Only PLI correlates strongly positively with organic matter content and RI and Ef correlate very weakly negatively with pH (Figure 5b).





3.3. Heavy Metals in Macroplastics and Coarse Microplastics


The macroplastics and coarse microplastic particles used for analyses of heavy metal content comprise fragments, films, and plates with sizes > 2 mm from nine soil samples with mainly white or transparent colors and an average particle mass of 42.13 mg plastic per soil sample (Table S1). The analyzed plastic particles comprise low-density polyethylene (PE-LD), polypropylene (PP), chlorosulfonated polyethylene (CSM), polyamide (PA), and poly(methyl methacrylate) (PMMA) (Table S1). The heavy metal concentrations quantified for these particles can include both adsorbed metals and metals added to the plastic as additives [57].



With regard to the average concentrations, the order of metal concentrations is as follows: Zn (94.63 ppm) > Cr (67.56 ppm) > Pb (34.23 ppm) > Cu (28.13 ppm) > Ni (23.52 ppm) > V (20.28 ppm) > Sb (18.43 ppm) > Sn (10.21 ppm) > Cd (8.43 ppm) > Co (3.82 ppm) > As (2.55 ppm) > Se (1.30 ppm) (Figure 6). The highest sums (>300 ppm) of heavy metal concentrations were found in samples STD-4-1 (PP, film), ROT-1-2 (PE-LD, massive fragment), and STD-1-2 (CSM, fragment and film). The maximum values (outliers in Figure 6) can also be traced back element-specifically to these three samples. Since comparative and reference values (by law) for the evaluation of the metal contents are missing, the focus here can only be on the presentation of the concentrations and the connection with the sample matrix.



From the entire dataset, total plastic loads, pollution indices, and soil properties can be used for comparison with the sum of heavy metals from the particles (Figure A1). Whereas the comparison with PLI and Ef shows no clear trend, the comparison with Ptot suggests a decrease in the sum of heavy metals with increasing Ptot content (Figure A1a). The same decrease is observable in comparison to pH values (Figure A1b). In contrast, heavy metal content appears to decrease with decreasing OM or clay content. Due to the limited number of samples (n = 10) and the heterogeneous data distribution, correlation analyses lead to insignificant results.





4. Discussion


4.1. Spatial Correlations


Macroplastics and microplastics, as well as heavy metals, are present in floodplain soils of the entire Lahn River catchment. Furthermore, based on the conducted geospatial sampling approach, the results indicate spatial relationships between both contaminants. Various studies have determined the presence of partwise increased metal concentrations in the floodplain soils, pore water, and water, as well as suspended particulate matter of the Lahn River [72,73]. In general, heavy metal loads and their spatial distribution are comparable to the results of previous studies conducted in the Lahn River catchment [48,49]. In the case of the metals Cu, Pb, and Zn evaluated by Martin (2008, 2012) for near-channel positions, the concentration ranges correspond to the data presented here for those three metals [49]. The increase in concentrations described in these studies for the course of the river could not be traced here, neither for proximal sites (near-channel) nor for the entire transects.



Regarding the total plastic concentrations, a regional comparison was not possible due to the lack of case studies to date. In comparison to microplastic concentrations in soils, documented for topsoils under agricultural usage, the contents found here are comparatively low [14,15,17,68]. For example, Lu et al. (2018) reported average concentrations of 70.0 p kg−1 (>0.02 mm plastics) and Corradini et al. (2019) documented a range of 0.6–10.4 p g−1. The microplastic concentrations reported for Swiss floodplain topsoils (average: 5 mg kg−1) are hard to compare with our results due to the different units applied [18]. The average concentrations of microplastics documented for the Inde River catchment (North Rhine-Westphalia, Germany), ranging from 25.4 p kg−1 up to 47.9 p kg−1, are comparable to the results of Weber et al. (2021) and show that the mean contents in the floodplains of the Lahn are significantly lower and only maximum contents reach the mean range in the Inde river [19]. However, it is important to note that due to the different sampling and analysis methods, only limited comparability can be ensured here. This also applies to the investigated (micro-)plastic size classes, as many studies, unlike ours, also examine particles < 300 μm, which can explain the increased concentrations.



In contrast to the problems for the comparison of plastic concentrations, the spatial distribution of plastic concentrations in floodplain soils is comparable to the studies of Scheurer and Bigalke (2018) and Lechthaler et al. (2021). Both studies documented an increase in plastic concentrations with stream length or, rather, a correlation between plastic concentrations and population density within the catchments. With reference to this lateral distribution over the catchment, the Ptot concentrations also show an increase along the length of the river, with the exception that higher contents (mean and maximum) were already present in the upper reaches (Figure 3). No direct impact of the urban centers along the Lahn River (the cities of Marburg, Gießen, Wetzlar, and Limburg) was found. However, a general increase in Ptot levels may suggest an increased occurrence of potential sources along the river. The same applies to heavy metal contents, even if these show a higher variability at the catchment level, probably caused by the different environmental sources (e.g., geogenic activity, mining) [5].



In addition to the correlations in variability at the lateral catchment level, spatial correlations occur primarily at the vertical level (depth distribution in the floodplain soils). The clear separation with higher contents in the upper soil layers (0–50 cm) and significant correlations between Ptot and metal contents illustrate these spatial relationships. Following the indications from previous research, indicating flood water delivery as the main source of plastic particles in floodplain soils, this shared source and the comparable transport behavior could also explain the spatial connections [19,45].




4.2. Pollution Sources and Interactions


Assuming the same sources and deposition conditions for both contaminants in floodplain soils, the question arises as to whether this only applies to the river and floodplain area, or also to the wider catchment area, and whether and how these contaminants interact. In contrast to plastics, heavy metals are a natural component of river and floodplain sediments, expressed by the natural and thus geogenic background contents [40,70]. In case of the Lahn River catchment, the regional geology, which includes rocks of the Rhenish Slate Mountains (Devonian and Carboniferous), Triassic sandstones, and Tertiary volcanic rocks, provides a high spatial variation of geogenic metal contents [61,74]. Both contaminants, metals and plastic, have the characteristic that they can be introduced anywhere within the catchment area. In contrast to heavy metals, which have been entering the environment for a long time mainly through human use, whether through mining or industry, the situation is different for plastics [75].



Plastics, as polymers, were first developed by humans in the last 100 to 120 years, whereby global plastic production first began in the 1950s [7,75]. Thus, plastic particles, regardless of their input pathway, have only been able to enter the environment and, thus, river systems and floodplains for about 70 years. The steady and exponential growth of global plastic production makes it likely that large quantities of plastic have only recently been released into the environment [76]. The short time span in which plastic can enter the environment is also expressed in the accumulation of plastic particles in the upper floodplain soil layers and has already been discussed by Weber et al. (2021). Since the findings demonstrate that this accumulation also partially applies to heavy metals, it may suggest that the current sources of metals and plastics could be identical. With respect to the environmental and landscape properties of the Lahn River catchment sources, such as urban areas (and especially urban wastewater) [77], traffic (e.g., tire abrasion: plastic; brake abrasion: heavy metals) [71] or agriculture [37,38] are able to release both groups of contaminants into the environment and the fluvial system of the Lahn River.



In addition to the environmental sources described in Section 2, heavy metals can also originate from the plastic particles themselves [34,57]. The results show that all metals analyzed were present in the investigated macroplastic and coarse microplastic particles. Previous research in the aquatic as well as in the terrestrial environment has shown both phenomena—the adsorption of metals from the surrounding environmental medium and the release of additive metals [29,33,37,57]. Despite the unmanageable number of additives in plastic production, some of the notable concentrations from the results could perhaps originate from such additives. The comparatively high contents of Zn can be attributed to inorganic flame retardants or slip agents, for example [34]. In addition, the highest total contents of metal load within plastic particles was detectable within two CSM (chlorosulfonated polyethylene) particles, a polymer type that obtains its special properties through vulcanization with metal oxides (e.g., lead(II) oxide or zinc oxide) [78]. A statement about the adsorption on plastic particles is not possible due to the given methodological limitations based on digestion method. The presence of heavy metals in the surrounding soil matrix from which the plastic particles were isolated would make adsorption processes possible. Previous studies have shown that adsorption is metal-specific, concentration-dependent, and promoted by degraded particle surfaces [35,38]. The accumulation of plastic held in the upper soil layers in combination with mostly degraded or highly weathered plastic particles would thus promote adsorption of the metals, but also promote their release through degradation of the particles [35]. Significant correlations between Ptot and organic matter in the upper soil layer (rsp 0.32) and between the pollution load index and the organic matter content (rsp 0.62) could furthermore indicate the influence of the presence of plastic, resulting in an increase within the organic-bound metal fraction [38].




4.3. Risk Assessment


The main difference between plastic particles and heavy metals in terms of their environmental risk is that comparatively little is known about the actual risk posed by plastic contamination. In general, it should be clear that plastics, in contrast to metals, do not have any benefit or use within the environment, as they are anthropogenic foreign objects in soils, sediments, or water. Metals, on the other hand, are partly essential (e.g., Fe, Co, Cu, Ni) for all organisms [4]. However, excessive concentrations in combination with toxic metals (e.g., As, Cd) lead to a wide variety of potential risks for ecosystems, organisms, soil functions, and ultimately human health [4]. Common practices for risk assessments of heavy metal pollution in soils are based on different exposure pathways, exposure times, and potential doses as well as on national legislation values considering those factors [4,65,66]. The early state of plastic research, especially in soils, has so far not resulted in limit values or other legislation on maximum levels of plastic in soils [66,70]. Likewise, long-term monitoring of heavy metals in soils often provides geochemical background values for comparison [70]. These cannot be determined in the case of plastic contamination, as the geogenic background content of plastic in soils must be zero due to its purely anthropogenic origin.



Against this background, the results of the present study show that in floodplain soils, a low-to-moderate risk can be expected solely by heavy metal enrichment. Legal precautionary levels are exceeded only very singularly by contents of Cr, Cu, Ni, and Cd, whereby no spatial hot spots can be identified (Table A1). The calculated pollution indices demonstrate a low-to-moderate enrichment or severity (Ef, CSI), but a general deterioration of soil quality (PLI) and a strong ecological risk (RI). Even if the calculated indices are limited by the introduced comparative values, the data basis (341 samples) of the regional background values in floodplain soils can be assessed as comparatively good.



Furthermore, floodplain soil properties indicate a rather low mobility, since both the high contents of organic material and the widespread hydromorphic conditions (groundwater influence) promote the binding of the metals to humus complexes as well as to Fe-Mn oxides [2]. As the floodplains are mostly used for agriculture, these risks exist for the soil–crop impact pathways, but also for the soil–groundwater pathway due to heavy metal enrichment up to a depth of 2 m [65,66]. However, as the levels are low in contrast to the excessive contamination found in the direct surroundings of industrial plants and military sites, or in anthropogenic and urban soils in general, the basic environmental risk from metals alone can be assessed to be low [4,60].



Remembering the restrictions on assessing the risk of plastic contamination, it can only be argued that the widespread presence of plastic particles in floodplain soils down to a depth of two meters and the accumulation in upper soil layers form the potential for possible risks. The variety of possible risks was discussed in a wide range of reviews [7,26,60]. However, for the area of floodplain soils, the following contamination pathways should be pointed out in particular: As in the case of heavy metals, microplastics, especially those of small particle size, can be taken up by plants and organisms, which can ultimately lead to their uptake into the human food chain [24,25,79]. Evidence of microplastics in human excrement or even in placentas suggests that consequential risks from plastic itself (foreign bodies) or additives are possible [79]. Furthermore, floodplains are important ecosystems and, in some cases, important agricultural areas due to their fertile soils. Therefore, all risks that affect soil fertility or soil functions (e.g., influence on soil aggregates, C-dynamics) should not be neglected, even if they cannot yet be conclusively assessed [26,27,28]. Finally, floodplains assume important functions as flood retention areas but also as filters for groundwater, and they play an important role in global water cycles. The indication of a mobile microplastic fraction in floodplain soils [45] and the general mobility of heavy metals in soils [80] can, therefore, also pose a risk for groundwater and, thus, for drinking water. If both contaminants are now combined in a joint risk assessment, it can be stated that both pollutants alone can represent environmental risks, especially in soils, along different pathways. As already indicated by other studies, both contaminants seem to lead to combined effects through mutual influence (adsorption and desorption processes) or the influence on critical environmental drivers that control the degree of contamination (e.g., OM, DOC, and pH as factors for the chemical behavior of metals) [35,38]. The spatial correlation of both pollutants in floodplain soils with the same sources, transport, and deposition conditions, as shown by the results presented here, could further enhance such a tandem interaction of the pollutants.



Although Martin (2012) observed a decrease in heavy metal concentrations at riverine sites of the Lahn [49], the enrichment of upper soil layers could also lead to further endangerment in the future. Under climate change, an increase in heavy rainfall events followed by more severe floods is predicted for Central Europe [81]. Stronger floods with increased side or bank erosion could lead to the remobilization of both contaminants, as well as further transport and effects in other ecosystems.





5. Conclusions


Based on our geospatial research approach and with regard to the study objectives, we were able to demonstrate the presence and spatial distribution of heavy metals and plastic particles in floodplain soils. Furthermore, we were able to detect spatial correlations between both contaminants in the studied floodplain soilscapes. Those spatial correlations can be expressed by a comparable variability in concentrations across the catchment and in an accumulation in upper soils (0–50 cm). Furthermore, macro- and coarse microplastic particles were also found to contain heavy metals of adsorbed or additive origins. The spatial correlations are indicative of similar pathways of release, transport, and deposition of both contaminants in floodplain depositional systems. In terms of the evaluation and assessment of the spatial relationships found, however, there is a lack of comparative data. Therefore, more quantitative studies considering plastic concentrations in soils and floodplain systems should be conducted using comparable and standardized methods.



In particular, improvements can be made in the analysis of heavy metals or plastic particles from the environment. In contrast to the method used here with a nearly complete digestion of the particles, different digestion protocols should be used in the future. These offer the advantage that, depending on the strength of the digest used, a distinction between adsorbed and additive metals in plastic particles and, if necessary, different adsorption rates can be documented in order to establish a better correlation with metal contents in the surrounding soil matrix. More research is needed to understand the chemical and physical relationships between plastic particles and heavy metals, as well as to assess the environmental impacts and hazard potential of plastics and microplastics. As with “recognised” pollutants, only a scientific basis can provide a foundation for the introduction of limit values based on laws and management strategies.



Finally, we encourage further and deeper research at this interface between terrestrial and aquatic ecosystems, whose soil landscape is subject to dynamic processes. In particular, with regard to the presence and spatial relationships of plastics and heavy metals, these could also be present for other pollutants (e.g., organic pollutants). Further research should, therefore, initially focus on the following points:




	
Quantitative spatial assessment of plastic and heavy metal contaminations in different floodplains and river systems.



	
Consideration of heavy metals in different chemical bonds and analysis of adsorbed and additive metals in order to draw conclusions about the sources and interactions.



	
Examination of contaminants in both soil water (pore water) and groundwater in order to better understand their mobility and possible associated risks.
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Figure A1. Comparison of sum of heavy metals (ppm) extracted from macroplastic particles with (a) total plastic concentrations and pollution indices (PLI and EF) of the respective soil sample and (b) floodplain soil properties of the respective soil sample per sampling site. 






Figure A1. Comparison of sum of heavy metals (ppm) extracted from macroplastic particles with (a) total plastic concentrations and pollution indices (PLI and EF) of the respective soil sample and (b) floodplain soil properties of the respective soil sample per sampling site.



[image: Applsci 12 00595 g0a1]







[image: Table] 





Table A1. Overview of average plastic and heavy metal loads with calculated pollution indices.
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Sampling Site

	
Soil Profile

	
Ptot

(p kg–1) a

	
Heavy Metal Concentrations (mg kg–1)

	

	
Pollution Indices




	
V

	
Cr

	
Co

	
Ni

	
Cu

	
Zn

	
As

	
Cd

	
Pb

	
Ef b

	
PLI c

	
CSI d

	
RI e




	
ELM

	
ELM-1

	
4.00

	
18.40

	
38.01

	
14.40

	
49.41

	
33.23

	
105.25

	
7.93

	
0.51

	
44.63

	
2.72

	
1.74

	
1.18

	
325.5




	
ELM-2

	
1.31

	
23.12

	
37.36

	
14.74

	
41.81

	
21.71

	
61.66

	
9.74

	
0.23

	
21.72

	
1.81

	
1.32

	
0.95

	
187.4




	
ROT

	
ROT-1

	
1.49

	
10.43

	
19.27

	
6.97

	
20.49

	
13.50

	
50.24

	
4.81

	
0.25

	
20.05

	
3.45

	
0.95

	
0.67

	
262.5




	
ROT-2

	
0.54

	
11.60

	
20.12

	
7.69

	
19.87

	
8.88

	
29.73

	
4.48

	
0.12

	
12.64

	
1.86

	
0.68

	
0.59

	
92.6




	
STD

	
STD-1

	
2.04

	
16.70

	
29.75

	
11.15

	
29.40

	
14.72

	
44.32

	
6.01

	
0.20

	
15.74

	
1.80

	
0.90

	
0.74

	
134.0




	
STD-2

	
0.51

	
14.94

	
26.42

	
9.27

	
27.94

	
14.05

	
43.53

	
6.18

	
0.16

	
16.40

	
1.70

	
0.89

	
0.71

	
129.6




	
STD-3

	
1.83

	
18.05

	
33.26

	
10.65

	
31.44

	
17.66

	
58.37

	
7.20

	
0.35

	
25.44

	
2.28

	
1.17

	
0.81

	
216.7




	
STD-4

	
0.96

	
16.83

	
31.65

	
9.70

	
29.42

	
14.71

	
44.92

	
6.70

	
0.17

	
20.79

	
1.74

	
1.00

	
0.77

	
127.3




	
LIM

	
LIM-1

	
5.26

	
14.15

	
28.73

	
13.43

	
35.10

	
17.71

	
72.81

	
6.36

	
0.48

	
31.89

	
3.18

	
1.39

	
0.93

	
325.0




	
LIM-2

	
0.91

	
14.49

	
26.67

	
10.35

	
27.68

	
13.90

	
51.09

	
5.66

	
0.30

	
25.37

	
2.32

	
1.05

	
0.18

	
186.7




	
LIM-3

	
0.64

	
15.55

	
27.82

	
9.39

	
25.44

	
13.73

	
40.72

	
6.15

	
0.18

	
22.07

	
1.79

	
0.91

	
0.17

	
124.1




	
LIM-4

	
0.81

	
11.48

	
19.26

	
5.92

	
15.77

	
6.80

	
24.92

	
4.21

	
0.10

	
13.46

	
1.77

	
0.52

	
0.54

	
64.1




	
SHW f

	

	
-

	
60.0

	
-

	
29.0

	
38.9

	
-

	
0.7

	
0.4

	
27.0

	
Specific limit values g

	
>5.0

	
>1.0

	
1.0–2.0

	
180–360




	
GBH h

	
38.3

	
25.0

	
8.8

	
24.0

	
13.3

	
58.5

	
8.0

	
0.1

	
27.0

	
Interpre-tation of limit value

	
moderate enrich-ment

	
deteriorate-ion of soil quality

	
low to moderate severity

	
Strong ecological risk




	
LPL i

	
-

	
60.0

	
-

	
50.0

	
40.0

	
150.0

	
-

	
1.0

	
70.0




	
Samples (n) exceed LPL or limit values (total n = 118)

	

	
2

	

	
9

	
3

	
0

	

	
1

	
0

	

	
1

	
45

	
1

	
40








a Average total plastic load (particle per kg soil dry weight), b Enrichment factor, c Pollution load index, d Contamination security index, e Ecological risk index, f Average content surface horizons worldwide (Kabata-Pendias, 2011), g Specific limit values for pollution indices (Kowalska et al., 2018), h Geochemical background in Hessian floodplain soils (Friedrich and Lügger, 2011), i Legal precautionary level for loamy soil according to German Federal Soil Protection Ordinance-BBodSchV (1998).
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Figure 1. Web of Science (Clarivate) hits for different search term combinations (microplastic + heavy metal + “term”) (date: 27 November 2021). 
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Figure 2. Floodplain soil properties for sampling areas. (a): Organic matter content (%) according to LOI analyses (maximum outliers excluded); (b): pH (-) values with mobilization limit values (1: Cd; 2: Zn, Ni, Co, As; according to Blume et al., 2004); (c): clay content (%). 
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Figure 3. Overview of plastic and heavy metal loads in the Lahn catchment. Ptot: total plastic concentrations (p kg−1), calculated as the mean value from all samples of a transect; Ef: enrichment factor; PLI: pollution load index (both calculated as the mean value from all metals analyzed in soil samples of a transect). 
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Figure 4. Depth distribution of plastic and heavy metal concentrations in floodplain soils. (a): With mean pollution load indices (Ef and PLI) based on geochemical background values; (b): With mean pollution load indices based on risk assessments (CSI and RI). Color separation according to proximal or distal location in the floodplain. Sizes of the dots depend on the plastic concentration (Ptot) standardized to the maximum content. 
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Figure 5. Spearman correlation matrix in first principal component order (n = 110, insignificant values with p < 0.05 excluded). (a): Heavy metals and metalloids; (b): Pollution indices and floodplain soil properties (RI: ecological risk index; PLI: pollution load index; EF: enrichment factor; OM: organic matter content (%); CSI: contamination security index; Ptot: total plastic concentration (p kg−1); C.fSi.mSi: sum of fine soil fraction containing clay as well as fine and middle silt (%); S: sand content (%). 
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Figure 6. Heavy metal loads extracted from macroplastic particles (n = 10). 
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Table 1. Spearman correlation of total plastic concentration (Ptot) with metals, pollution indices, and soil properties for different soil depths.
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Row

	
Column

	
Entire Soil Profile

	
Upper Soil

(0–50 cm)

	
Subsoil

(50–200 cm)




	
Cor

	
p

	
Cor

	
p

	
Cor

	
p






	
Ptota

	
V

	
0.18

	
0.06

	
0.26

	
0.04

	
−0.04

	
0.79




	
Cr

	
0.36

	
0.00

	
0.51

	
0.00

	
0.04

	
0.80




	
Fe

	
0.16

	
0.10

	
0.33

	
0.01

	
−0.04

	
0.78




	
Co

	
0.24

	
0.01

	
0.39

	
0.00

	
−0.01

	
0.93




	
Ni

	
0.25

	
0.01

	
0.47

	
0.00

	
−0.08

	
0.59




	
Cu

	
0.32

	
0.00

	
0.47

	
0.00

	
−0.11

	
0.42




	
Zn

	
0.37

	
0.00

	
0.53

	
0.00

	
−0.11

	
0.46




	
As

	
0.15

	
0.11

	
0.25

	
0.06

	
−0.14

	
0.31




	
Cd

	
0.39

	
0.00

	
0.57

	
0.00

	
−0.12

	
0.39




	
Pb

	
0.34

	
0.00

	
0.41

	
0.00

	
−0.12

	
0.39




	
Ef b

	
0.35

	
0.00

	
0.38

	
0.00

	
−0.04

	
0.78




	
PLI c

	
0.35

	
0.00

	
0.48

	
0.00

	
−0.06

	
0.66




	
CSI d

	
0.33

	
0.00

	
0.49

	
0.00

	
−0.03

	
0.84




	
RI e

	
0.34

	
0.00

	
0.43

	
0.00

	
−0.10

	
0.46




	
clay

	
−0.01

	
0.92

	
−0.09

	
0.49

	
−0.07

	
0.64




	
silt

	
0.14

	
0.13

	
0.17

	
0.21

	
−0.02

	
0.89




	
sand

	
−0.10

	
0.30

	
−0.09

	
0.50

	
0.04

	
0.79




	
pH

	
−0.05

	
0.63

	
−0.02

	
0.91

	
0.06

	
0.68




	
OM f

	
0.31

	
0.00

	
0.36

	
0.00

	
−0.01

	
0.96




	
bulk density

	
−0.05

	
0.61

	
−0.17

	
0.19

	
0.13

	
0.35




	
root density

	
0.33

	
0.00

	
0.30

	
0.02

	
−0.03

	
0.85








Significant correlations (p ˂ 0.05) in bold text. a Total plastic concentration (p kg−1). b Enrichment factor. c Pollution load index. d Contamination security index. e Ecological risk index. f Organic matter (%).
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