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plastic content. Results show that as low as 1% of plastic content by volume can lead to irreversible 
consequences in sediment behavior while coarse particles display a heightened sensitivity than pure 
fines. As plastic content in sediment increases year-by-year, we anticipate significant repercussions in 
marine life, the future landscape of the seafloor and subsurface phenomena. 
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Introduction 23 

 Since the commercial development of plastics in the 1930s and 1940s, its production 24 

has grown exponentially [41], and it became an integral part of our daily life [1] [47] [76]. 25 

Microplastics (MP) have a negative social-economic impact on coastal areas, they are also a 26 

threat to living marine organisms and human health. Today, plastics are considered a major 27 

pollutant and can be found in the most unexpected places: abyssal plains [44] [43] [66], ice 28 

[12] [13] [62], mountain lakes [33], the atmosphere [44] [73] and even the human body [55] 29 

[23]. They are ingested by marine organisms and thus contaminate the food chain, they can 30 

desorb additives like endocrine disruptors and accumulate micropollutants [34] [48]. The 31 

invasion of plastics in nature has been so extensive that it has been suggested that they may be 32 

used as a geological marker [12] [45] [36]. 33 

 Worldwide plastic production has grown continuously for more than 50 years, up to 34 

368 Mt in 2019 (Mt = million tons, [64] [65]). By 2015, about 60% of plastic ever produced 35 

were discarded (around 4,900 Mt) and accumulated either in landfills or in the environment 36 

[35]. The environment is increasingly experiencing a notable influx of microplastics from 37 

landfill leachate, with concentrations reaching over hundreds of particles per liter. This 38 

phenomenon is mainly linked to the local generation of plastic waste and the methods 39 

employed in solid waste management [42] [77] [37].  Earth’s ocean acts as a sink for natural 40 

and man-made by-products: marine plastic pollution has been reported since the 1970s [60]. 41 

About 75-90% of the plastic found in the oceans were originally disposed on land [56] while 42 

between 2.8% and 18.6% were river-transported [53]. Once they reach the ocean, plastics are 43 

redistributed via oceanic currents and drift [30] or are caught in a burying/resurfacing cycle 44 

along coastlines [36]. Studies estimate that floating particles in worldwide oceans account for 45 

less than 1% of all plastic that has entered the ocean since the 1950s. It is therefore expected 46 
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that most of the plastic debris will settle along marine sediments [50].  47 

Hydrocarbon-based plastics such as PE (polyethylene), PP (polypropylene), PVC 48 

(polyvinylchloride), PET (polyethylene terephthalate) and PS (polystyrene) are the most non-49 

fiber plastics produced worldwide [35]. Additionally, plastic materials have been improved by 50 

plasticizer additives, which are frequently toxic [32] [59]. About 84% of worldwide production 51 

are thermoplastics [67]: they are mostly produced for general usage applications. Plastics have 52 

unique physical and chemical properties, and durability: they have low-to-moderate strengths 53 

and stiffness [76] [18], and their density ranges widely from 0.9-1.0 g/cm3 for PP and PE up to 54 

1.2-1.6 g/cm3 for PVC [34] [38] [63] [22]. In general, their thermal conductivity of around 0.1-55 

0.2 W/mK [43] is lower than soils and other geo-materials. Hydrocarbon chains are 56 

hydrophobic, water absorption is below 1% on average [19] and water contact angle with most 57 

plastics is high (71° to 122°; [31]). 58 

  Plastic degradation is probably our only passive and inexpensive way to fight the 59 

introduction of human by-products into the environment. Degradation may be physical, 60 

chemical or biological: sunlight (ultraviolet UV), oxygen, temperature, micro-organisms and 61 

mechanical weathering. Biodegradation along with UV exposure are the most abrasive and 62 

efficient source of degradation [4] [71] [20] [3] [2] [57]. Likewise, environmental conditions 63 

can either accelerate or decelerate the ageing process. Their fate in marine sediments is still 64 

unknown. Due to significant uncertainties in degradation rates, plastics are likely to pose a 65 

time-dependent concern and could influence the future marine landscape. 66 

 67 

Plastic accumulation in marine sediments 68 

 MP are typically defined as plastic fragments of < 5mm (Figure 1).  Most of published 69 

work on microplastics in marine environments report a range from 0.33-1 to 4.75-5 mm [30] 70 

[22]. Regarding its shape, they can be categorized as fibers (1D), fragments (2D and 3D), and 71 
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pellets (3D). The shape of the particles is relevant to their motion in water, their settlement rate 72 

and distribution: because of high specific surface, 1D particles tend to be buoyant and 73 

accumulate on beaches. There is no general agreement regarding prevailing shape, although 74 

several authors report fibers [44] [36] [16] [26] [79] [81] [86], while others suggest fragments 75 

[63] [58] [78].  76 

 77 

 78 

Figure 1. Microplastic particle size recovered in marine sediments of selected sites 79 

published in the literature. In most cases, microplastics are found in the mm and sub-mm range, 80 

similar to sandy sediments. Note: sizes are typically published in ranges without its distribution. 81 

 82 

 Plastic deposition in marine environments is energy-dependent with respect to its initial 83 

size and shape [36]: low-energy environments, such as lagoons, fjords, and estuaries, are 84 

presumed to trap high amounts of MP. Most of the studies were performed in sandy beaches 85 

and high-energy locations [36] [53] [22]. It has also been shown that sediment mass movements 86 

(turbidites) along with thermohaline circulation produce litter hotspots in abyssal plains [44] 87 

[43] [66].  88 

 MP are often found in the first tens of centimeters of coastal sediments [63] [79] [81] 89 
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[86] [58] and deep-sea [44] [16] [26]. It has been hypothesized that turbidites can bury MP up 90 

to a few meters deep [43]. MP size distribution has been proven to be normal, log-normal, 91 

bimodal or power law [51]; however, it highly depends on the depositional environment. Sizes 92 

range typically from 0.1 up to 1 mm, and they can span up to three orders of magnitude. 93 

Nevertheless, we can anticipate smaller sizes to be present but overlooked in older literature. 94 

Regarding its concentration per site, the distribution is not so evident: it typically extends from 95 

a few particles up to 10,000 particles per kilogram of dry sediment [36] [38]. We collected 96 

published data from different locations around the world (Figure 1; USA, Europe, Asia, 97 

Oceania) to represent contrasting depositional environments (summarized in Supporting 98 

Information Table T1; worldwide extensive databases can be found elsewhere). Because of the 99 

uncertainty of distribution and range, we compute the average made from all sites: 1,210 100 

particles per kilogram of dry sediment and a diameter in the order of one millimeter. Our non-101 

exhaustive collection compares well with published databases. 102 

 103 

Plastics-soil behavior 104 

 Plenty of studies have covered the behavior of the introduction of man-made products 105 

to soils. Most published literature is construction-oriented and has used high ratios of 106 

plastic/rubber content to soil volume. Nevertheless, conclusions of these studies have 107 

highlighted that: synthetic polymer particles can impact the overall soil structure above a 108 

concentration threshold [49], interaction between plastic fragments and sediment grain size 109 

impacts the overall shear strength and permeability [49] [61] [69], plastic mass affects natural 110 

temperature fluctuations of a sediment over time [52]. Regarding microplastics, the published 111 

literature is mostly agricultural-based. Conclusions highlights that MP impact bulk density and 112 

porosity [82] [21], microbial communities [11], water holding capacity [27] [74], increase rate 113 

of evaporation and desiccation, and decrease of hydraulic conductivity [21] [74]; while those 114 
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MP with sizes and shapes similar to sediments have less impact into biophysical properties 115 

[28]. However, in agricultural soils, the impact of MP should be significant above 0.5% w/w 116 

[83]. Review articles pinpointed to the fact that MPs can persist on sediments for decades, 117 

however the information available on MP impact on sediment properties is very limited [21] 118 

[80]. 119 

 120 

Scope. 121 

 To the best of the authors' knowledge, there has not been an in-depth study reflecting 122 

the impact of microplastics with an emphasis on marine sediment behavior and its physical 123 

properties. Thus, the objective of this study is to better understand of how microplastics affect 124 

the physical characteristics of marine sediments. The goal is to provide a first-order assessment 125 

of soil behavior with the inclusion of plastic chips and determine the plastic content threshold 126 

to irreversibly modify it. Finally, we extrapolate our results to consider potential implications 127 

for marine life and coastal processes. 128 

 129 

Materials and Methods 130 

 We selected two distinct soil samples, Fontainebleau sand and kaolinite, to serve as 131 

extreme depositional cases. As an analogue for microplastic inclusions, we utilized PVC plastic 132 

fragments (chips) obtained from pipe cuttings. The choice of this material was driven by 133 

several factors: it is one of the most common plastic found; given its high specific gravity, we 134 

can expect it to be sedimented alongside with other natural particles (while other lighter plastics 135 

might need to be ingested by fauna or driven by other means to reach the seafloor); as well as 136 

its ready availability and workability in the lab. While it's acknowledged that the chosen 137 

geomaterials and plastic might not capture every situation found in natural environments, they 138 
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do allow us to minimize uncertainties, ensuring high-quality results within controlled 139 

laboratory conditions. Table 1 provides a summary of the physical properties of all materials 140 

employed in this study. 141 

 142 

Characterization 143 

Particle size and shape. Soils and plastic chips were analysed by laser granulometry (Malvern 144 

Mastersizer 3000; Figure 2). Sand and kaolinite particles show a mean diameter D50 of 212 μm 145 

and 7 μm respectively, while plastic chips are in the order of 804 μm (Table 1; Standards: 146 

ASTM D421-85, ASTM D422-63; [5] [6]). Sand-plastic and kaolinite-plastic sample size 147 

ratios are ~4 and ~115 respectively (D50,pvc/D50,sediment). In addition, we randomly selected 100 148 

sand particles and PVC fragments to compute sphericity and roundness (Figure 3).  149 

Specific Gravity. Due to significant differences between the soil and plastic used in this study, 150 

we measured specific gravity Gs for all materials (Standards: ASTM D854; [7]). Results show 151 

a similar value for kaolinite and sand Gs = 2.65 ± 0.02; while PVC chips render Gs = 1.23 ± 152 

0.01.  153 

 154 

 155 
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 156 
Figure 2. Grain size distribution. Kaolinite, Fontainbleau sand and microplastics 157 

particles MP used in this study are shown in red, blue and gray respectively.  158 

 159 

Physical properties 160 

 To study the impact of plastic inclusions, we prepared soil and PVC-chip mixtures 161 

(sand-PVC and kaolinite-PVC) of varying plastic content PC [%]: 0, 0.1, 0.2, 0.4, 0.75, 1, 2, 162 

3, 6, 10, 20, 30, 40 and 50% by volume. Due to the important contrast between geomaterials 163 

and plastics, origin and density, plastic concentration, PC, cannot be compared gravimetrically. 164 

Instead, we used the ratio of volumes between plastic VP and dry soil VS (i.e. PC = VP/VS).  165 

 Our data compilation showed an average of 1210 plastic particles per kilogram of dry 166 

soil, and a mean particle size of ~1 mm in diameter. We computed the plastic content for this 167 

average and named it the reference plastic content PCr = 0.2%. Even though this value seems 168 

high, even higher PC can be found in the literature (from <0.01% up to 0.75% by volume, 169 

[36]).   170 
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Table 1. Physical properties of the three materials used.  171 

 Fontainebleau sand Kaolinite PVC chips Reference 
Producer SIBELCO FRANCE SOKA (Societe Kaolinière 

Armoricaine) 
-  

Soil classification Fine to medium sand Medium silt - ISO 2017 [40] 
Size range 92.8 to 453 µm 0.297 to 34.5 µm 102 to 2000 µm 

 

Particle size D60 226 µm 8.62 µm 996 µm 
  D50 212 µm 7 µm 804 µm 
  D30 186 µm 4.31 µm 686 µm 
  D10 145 µm 1.92 µm 440 µm 
Uniformity coefficient Cu 1.56 4.49 2.26 
Coefficient of curvature Cc 1.06 1.12 1.07 
Specific gravity Gs 2.65 2.65 1.23 ASTM D854 [7] 
Thermal conductivity Quartz: 1.2 to 3.0 W/mK a Kaolin: 0.6 to 1.5 W/mK b PVC block: 0.16 to 0.2 W/mK c a) [25] 

b) [84] 
c) [14] 

 172 

 173 

 174 
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 175 

Figure 3. Particles shape factor. SEM images of: (a) Fontainbleau sand and (b) kaolinite. Photographs of microplastics particles: (c) 3D fragments, 176 

and (d) 1D strings. (e) shape parameters of sand and MP: roundness and sphericity computed as suggested by [85]. 177 
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 We selected four classical geotechnical tests to study the effects of plastic inclusions in 179 

soil properties and behavior: compressibility, hydraulic conductivity, undrained shear strength 180 

and shear wave velocity (small-strain stiffness). Additionally, we included thermal 181 

conductivity and a ‘fragment migration’ tests. These allowed us to investigate the geo-hydro-182 

mechanical behavior and simplify field conditions. The following sections describe the 183 

experimental methodology and procedure. To facilitate mixing, sand samples were prepared 184 

dry while kaolinite samples were at a known high-water content (i.e. liquid limit). 185 

Compressibility and hydraulic conductivity. We conducted standard compressibility tests in a 186 

classical oedometer cell under zero-lateral-strain conditions (ASTM D2435, [8]). The sample 187 

is contained within the main body of the stainless steel oedometer cell, which is 2 cm tall and 188 

5 cm in diameter. Two porous stones are placed at the base and the top of the sample, allowing 189 

water to flow through while preventing soil escape. A flat, rigid loading plate is positioned on 190 

top of the soil specimen, making contact with the porous stone. Additionally, the cell is 191 

equipped with a graduated tube for water inlet to control flow influx into the sediment, 192 

facilitating the measurement of hydraulic conductivity. 193 

 To simulate shallow sediments, we applied low vertical stress ranging up to a maximum 194 

of 220.64 kPa. We used the coefficient of volume compressibility mv, as a measure of 195 

compressibility in a semi-log plot: 196 

𝑚! =	
𝛥𝐻/𝐻"
𝛥log	(𝜎#)

 (1) 

where ΔH is the change in sample height, H0 is the initial size and σ’ is the applied effective 197 

stress. As GsPVC < Gssoil, void ratio e was computed with the weighted average of Gssample and 198 

named “apparent void ratio” eapp (e0app for pre-test). 199 

 After each loading step, and once consolidation was fully developed, we conducted a 200 

hydraulic conductivity khyd test via the falling-head method (ASTM D5856, [9]). khyd can be 201 
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expressed in terms of apparent void ratio (Equation 2; [70]): 202 

𝑘$%& =	𝑘" .
𝑒'((
𝑒",'((

0
*

 (2) 

where k0 represents the hydraulic conductivity when eapp/e0app = 1, and β-exponent is the 203 

sensitivity to change of the apparent void ratio. 204 

Undrained shear strength test. We used the vane shear test to conduct undrained shear strength 205 

Su measurement of the kaolinite-PVC mixtures (ASTM D4648, [10]). The equipment consists 206 

of a four-palette vane, 2 cm high and 2 cm in diameter. Once the vane is inserted into the 207 

sediment sample, torque stress is applied until the sample fails, thus recording this value Tu. 208 

The final undrained shear strength is computed according to the ASTM D4648 standard. Given 209 

the low peak Su values recorded, we repeated each sample five times to obtain a mean value. 210 

Shear wave velocity. Shear wave velocity Vs provides insightful information at the particle 211 

contact level of the sediment skeleton. We used a zero-lateral-strain cell with bender elements 212 

to record wave propagation in the mixtures at low effective stress σ’z ≈0 kPa. The specimen 213 

resides in a cell of 5cm tall and 7cm in diameter and a base and a top cap hosts the piezo 214 

crystals. The top cap is approached towards the sample until the bender element is fully 215 

immersed without applying a vertical load. A sine wave is applied to the bottom bender element 216 

and recorded at the top cap. Shear wave velocity is computed from the sample size and first 217 

arrival time as suggested in [54]. 218 

Thermal conductivity. Soil thermal conductivity represents its capacity for heat conduction. 219 

We used a double-needle probe (East30sensors.com) to determine the thermal properties of the 220 

mixtures. We mix plastic chips and water-saturated soils in a 5 cm diameter and 5 cm tall 221 

container. We then insert the needles and wait for 10 minutes to ensure temperature 222 

equilibration with the environment. The first needle is heated up to ⁓2 degrees Celsius, and the 223 
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second measures temperature at a given distance. We performed all tests in water-saturated 224 

conditions. The rise and drop in temperature at a given distance was compared with the closed-225 

form solution to retrieve its thermal conductivity [17]. 226 

Microplastic migration. To observe plastic fragment transfer and accumulation in moving 227 

sediments, we simulated a fully sheared specimen. For simplicity, we placed each 228 

homogeneous sand-PVC mixture submerged in water in a 500 mL glass cylinder. To avoid 229 

differential sedimentation, we first mix plastic chips and dry sand; then the mix is poured into 230 

the container in 5 mm layers at the time. At each layer the sample is saturated with deionized 231 

water. Once the sample is fully poured, we start the test by tilting the cylinder over 60° and 232 

back to a vertical position to ensure full shearing conditions, and then we photographed and 233 

reported each last position. While this test does not encompass all aspects of sediment flow, it 234 

enabled us to explore potential scenarios in a simple, straightforward, and repeatable manner. 235 

 236 

Results and Discussion 237 

Mechanical properties 238 

Large deformation. Figure 4 compiles all compressibility curves. To be able to compare them, 239 

we plotted vertical deformation instead of the classical void ratio. An increase in plastic content 240 

PC, augments the deformation of sand-based samples from -0.24 mm up to -1.37mm for PC = 241 

0% and PC = 50% respectively. Conversely, in kaolinite-based samples the effect is the 242 

opposite: from -3.8 mm up to -2.1 mm for PC = 0% and PC = 50% respectively. PC = 100% 243 

has larger deformability than any mixture. 244 
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  245 

Figure 4. Compressibility tests: (a) kaolinite-PVC mixtures, (b) sand-PVC mixtures, (c) sand-246 

PVC mixtures for content ≤ 50%. The increase of plastic content has contrary effects in 247 

deformation: the mixtures become stiffer in fines and more compressible in coarse. Loads 0.1 248 

and 0.5 kPa are not shown due to seating effects. 249 

 250 

Small deformation. Shear wave signatures are summarized in Figure 5. Shear wave velocities 251 

are in the order of 220 m/s for clean sand, 18 m/s in pure kaolinite and 94 m/s for a PVC pile 252 

of chips. In kaolinitic mixtures, as PC increases Vs varies around 18 m/s, but then increases 253 

from PC = 20-30%. However, sandy mixtures show a decrease of Vs even at lower PC, 254 

implying that PVC chips are already part of the soil skeleton. 255 
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 256 
Figure 5. Shear wave signature cascade for: (a) Kaolinite-PVC and (b) Sand-PVC mixtures. 257 

The red-colored markers indicate the picked first arrivals. Note x-axis range for both sets is not 258 

the same. 259 

 260 

Strength. Results from the shear vane test are shown in Figure 6. In general, strength increases 261 

as PC augments: from 1-2 kPa (at PC = 0-20%) up to 5 kPa (at PC = 40%). The major impact 262 

is noticed at PC > 20%. Cases above PC = 40% were not studied since its undrained condition 263 

cannot be guaranteed. 264 
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 265 

Figure 6. Undrained shear strength. Only kaolinite-based mixtures were tested. Above 40% in 266 

PVC content does not guarantee undrained conditions. 267 

 268 

Conductivities 269 

Hydraulic. We superimposed all results in a khyd vs. eapp/eo,app plot (Figure 7; see database for 270 

soils in [70]). Kaolinitic samples show lower absolute hydraulic conductivity, ranging from 271 

5.16 x10-9 to 1.15 x10-8 m/s (27.58 kPa) and from 3.16 x10-9 to 6.07 x10-9 m/s (220 kPa). The 272 

hydraulic conductivity of sandy mixtures ranges from 7.1 x10-7 to 6.1 x10-6 m/s (0.68 kPa) and 273 

from 3 x10-8 to 3.1 x10-6 m/s (110 kPa). An increase in PC has different consequences 274 

depending on the matrix: in fine sediments, khyd decreases, while in coarse sediment, it 275 

increases.  276 
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 277 

Figure 7. Hydraulic conductivity for sand and kaolinite mixes behavior with apparent void 278 

ratio e. An increase of PVC content augments the permeability in sandy based mixtures, while 279 

it decreases in fines. Apparent void ratio eapp is defined in the text. 280 

 281 

Thermal. The thermal signatures of water-saturated sand and kaolinite mixtures are presented 282 

in Figure 8. Red dots demark the maximum temperature for the mixtures and PC = 100%. 283 

Clearly, an increase in PC modifies the overall thermal conduction, developing an even more 284 

insulated material. 285 
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 287 

Figure 8. Thermal signatures cascade for Kaolinite-PVC and Sand-PVC mixtures. Red dots 288 

show the top of the signatures for 0 and 100% PVC content. 289 

 290 

The migration and accumulation of plastic chips 291 

The lab test revealed six patterns (Figure 9): Surface deposit (1), Gathering (2), Sliding 292 

(3), Accumulation (4), Holding (5) and Entanglement (6). Plastic particles close to the surface 293 

are more likely to remain in its initial position or rise to the surface when sediments are in 294 

movement due to its low density (Figure 9a). Repeating the tilting tests gathers the plastic 295 

particles over the surface even with low PC (Figure 9b). Plastic particles slide above the sand 296 

surface toward the bottom of the slope (Figure 9c). Higher PC leads to an accumulation of 297 

plastic chips buried in the sand at the bottom of the slope (Figure 9d). This accumulation was 298 

less evident at low PC. With PC ≥ 10%, some plastics chips hold the sand on the slope (Figure 299 

9e). At PC = 20%, we observed an entanglement between plastic chips and sand grains at the 300 

surface (Figure 9f).  301 
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 303 
Figure 9. Microplastics migration simulation: (a) surface deposit of plastics, (b) plastics cluster, 304 

(c) particles sliding, (d) accumulations at the bottom of the slope, (e) plastics holding sand 305 

grains, and (f) entanglement of plastics and sand particles. 306 

 307 

Plastic content threshold t. 308 

 In all cases, the inclusion of plastic fragments modifies the physical properties of the 309 

resultant matrix. In general, we observe three different behaviors at low, intermediate and high 310 

PC (Figure 10). For the purpose of this study, we defined threshold t as the PC at which the 311 

mixture deviates from pure soil behavior (i.e. PC = 0%). Each property has its unique threshold 312 

value which depends on the skeleton response to the inclusion of plastics chips, the uncertainty 313 

of the test measurement, and measurement errors. 314 

 The e0app and mv trend lines of both sandy and kaolinitic mixtures show opposite 315 

patterns (Figure 10a and -b). In kaolinitic mixtures, we found the threshold at t = 1-2%. Major 316 

highlights include: the intrinsic high void ratio of kaolinite results in a drop in e0app and mv 317 

when PC increases; when PC > 30-50%, the PVC chips form the skeleton of the mixture, they 318 

might aggregate, and fine particles remain in the pores of the plastic chip skeleton. Thus, the 319 

load-carrying fraction changes abruptly as shown in Figure 10b in a sharp upward turn at PC 320 

= 50%. This behavior was not explored since it falls beyond the scope of the current study. In 321 

a b c d e fSurface deposit Gathering Sliding Accumulation Holding Entanglement

0.2% PVC 0.1% PVC

0.75% PVC

0.1% PVC

1% PVC

3% PVC

2% PVC 10% PVC 20% PVC

10% PVC
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sandy mixtures, the inclusion of plastic chips increases e0app and mv accentuating its impact to 322 

the overall behavior. Note that at PC = 100%, the compressibility mv = 0.092, is higher than 323 

any mixture.  324 

 Undrained shear strength Su increases above t = 1-3% (Figure 10c). As expected, the 325 

large plastic fragments act as discreet stronger inclusion increasing the overall strength. 326 

However, the measurement errors increase with PC, highlighting the complex nature of these 327 

mixtures. 328 

 Shear wave velocity provides unique insights into grain-plastic contact. In sandy 329 

mixtures, the threshold is t = 2% while in kaolinite is t = 20% (Figure 10d). The fragments 330 

modify the matrix from a grain-grain contact to a less stiff grain-plastic contact. Clearly, Vs 331 

measurements highlight in a fast and easy way the impact of fragments in soil-PVC mixtures. 332 

 Because of plastic’s low thermal conductivity with respect to quartz and water, the 333 

increase in PVC chips will inevitably modify the overall thermal conduction. We observe that 334 

for sandy-based samples t = 1-2%, but for kaolinite mixtures t = 10% (Figure 10e). Only higher 335 

plastic content would lower the thermal conductivity in kaolinitic samples with respect to sandy 336 

specimens. Indeed, the higher water content in kaolinitic samples may play a buffer role in the 337 

overall behavior of the mixture. 338 

As PC increases in coarse samples, khyd increases but the β-exponent decreases (Figure 339 

10f) highlighting its low sensitivity to overall volume change. We can propose a t = 10% in 340 

this case but the transition is not as clear as other parameters. The increase in permeability can 341 

be related to: (1) large and flat PVC chips may develop into preferential paths for water flow, 342 

(2) the hydrophobic nature and low roughness of the PVC chips decrease the friction along the 343 

streamline, and (3) PVC particles change shape under stress but do not necessarily modify the 344 

number of possible flow channels in the sediment. Conversely, khyd decreases in kaolinitic 345 

mixtures along with PC and there is no evident threshold value t for the β-exponent. The large 346 
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size of PVC chips relative to the kaolinite particles act as an obstacle to the water flow, 347 

increasing the tortuosity and thus reducing permeability. 348 

 349 
Figure 10. PVC-soil mixtures geotech behavior: (a) Initial apparent void ratio eoapp, (b) 350 

coefficient of volumetric compressibility mv, (c) undrained shear strength Su, (d) shear wave 351 

velocity Vs, (e) thermal conductivity kth, and (f) hydraulic conductivity β-exponent. Blue and 352 

red markers denote sandy and kaolinitic mixtures respectively. Black markers show the result 353 

for 100% PVC content. Orange bars show the typical range found in nature [36] [38]. 354 

 355 

 Our results show that for large plastic fragments, t > PCr. However, the minimum value 356 

of t (1-2%) is close to the maximum reported PCr (0.75% [36]). 357 

 358 
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A new sediment skeleton 359 

 Results obtained in this work demonstrate that plastics will impact sediment behavior: 360 

the inclusion of plastic fragments forms a new skeleton, the load-carrying fraction changes 361 

abruptly once the plastic content threshold is surpassed. Our results show that as low as 1-2% 362 

of plastic content by volume is sufficient to irreversibly modify a sediment matrix skeleton, 363 

and its effects differ from coarse- to fine-based matrix. Shear wave and compressibility results 364 

showed that sand mixtures change to a more deformable skeleton as PC increases while silty 365 

mixtures become stiffer (Figure 11a). From a grain-grain contact, the sediment adopts a grain-366 

plastic contact, plastic fragments might change shape and size when loaded, thus the reduction 367 

of voids is biased, the classical definition of void ratio must therefore be revised. However, 368 

fines sediments are more deformable than plastic chips, thus the load-carrying fraction remains 369 

soil-based and fragments ‘float’ in fines for higher PC in comparison to sandy mixtures (Figure 370 

11b; see also [83] for fine agricultural soils). Above 50% PC, the loading carrying fraction 371 

might change abruptly from fines-with-plastic-inclusions to plastic-dominated as soon as the 372 

plastic chips are in contact with each other. Although this effect is beyond the scope of this 373 

study, it may be of significant consequence in highly polluted environments.  374 

 375 
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 376 

Figure 11. Plastic inclusion in marine sediments implications: (a) load-carrying fraction of 377 

sandy sediments evolves with plastic content from sand-to-sand and sand-to-plastic contacts 378 

and (b) fine sediments where the load-carrying fraction might remain soil-based due to its 379 

inherent large void ratios, (c) hydraulic conductivity increases thanks to large plastic particles 380 

in sandy-based sediments in swash zone currents and reduced backwash, and (d) water 381 

infiltration modification in a salt marshes: tortuosity factor increase and reduced permeability. 382 

 383 

c With microplastics coarser than sand ΦNo microplastics in sand

d Microplastics layer at surface of
silt / clay sediments

Silt / clay 
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Environmental Implications 384 

Coastal hydro-morphology processes 385 

 The activities of cities, ports, and landfills contribute significantly to the release of 386 

microplastics (MP): leachate from landfills, whether through aquifers, windblown lightweight 387 

plastics, or transported by fauna, can ultimately reach coastal areas making their impact worthy 388 

of careful study. Particularly, beach swash zones, and the wrack line are prone to microplastic 389 

deposits [22] [68] and accumulate plastic debris. Sediment permeability in the beach swash 390 

zone influences water infiltration and consequently the backwash (offshore flow) currents. 391 

When sediments are highly permeable, a significant amount of the uprush (onshore flow) 392 

quickly seeps through and contributes to weaken the backwash [46]. Our results demonstrate 393 

that the addition of plastic fragments in sandy sediments can increase permeability when PC > 394 

10%. Although 10% can be considered very high concentration, it could easily be reached on 395 

coasts located near plastic waste sources or with marine currents carrying plastic debris (Figure 396 

11c). Kamilo beach, a Hawaiian island famous for its accumulation of large amounts of marine 397 

debris, is an example [24]. Plastic inclusions in fines decreases hydraulic conductivity and 398 

create ponds and lagoons (Figure 11d). The low conductivity could severely impact coastal 399 

sedimentary environments regarding water infiltration and associated ecosystems. In addition, 400 

migration experiments have highlighted the possible formation of plastic layers, a process 401 

creating plastic accumulation even with low overall PC. Consequently, the formation of MP 402 

layers among very fine sedimentary material in salt marshes can be expected.  403 

 404 

Marine life 405 

 Temperature is a major abiotic factor influencing living organisms. Plastic debris on 406 

beaches affect thermal input and outputs, increasing daily extreme temperatures [52]. Our 407 
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results show a gain in sediment insulation properties with the addition of PC. The insulating 408 

properties of plastics are therefore an additional stress to consider in the case of significant 409 

increase in MP content, particularly for sea turtle hatching [15] [29], corals, algae, crustaceous 410 

and nearshore fish [39]. In addition, we anticipate that a change in sediment structure can 411 

significantly impact burrowing animals in unknown ways. 412 

 413 

Limitations and future work. 414 

 The large PVC fragments employed in this study exhibit a uniform sphericity 415 

distribution (Figure 3e), ensuring that our results remain unaffected by shape. Moreover, we 416 

do not account for the geographical variability of plastic shape and size as well as plastic 417 

degradation process that would occur in a natural setting. Consequently, we restrict our 418 

findings to these conditions. However, we anticipate that MP composition, size, and shape may 419 

yield varied effects: smaller particles could impede the impact on coarse sediments by 420 

accumulating in pores; a skewed distribution towards 1D MP fragments could significantly 421 

enhance strength in sands through particle interlocking; certain MP materials might develop 422 

stiffer skeletons, redirecting contact forces and weakening the overall structure; and rougher 423 

MP surfaces could increase the grain-grain friction coefficient, thereby enhancing strength and 424 

stiffness. Additionally, the full cycle landfill-transport-marine sediment should be studied to 425 

understand the fate of MP in marine environments. Although these aspects fall beyond the 426 

current scope of this article, we deem them worthy of exploration in future work. 427 

 428 

Conclusions 429 

 Plastic pollution has become a major concern to both the environment and humans. 430 

Major plastic accumulation in coastal areas can impact marine life, local processes and 431 
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sediment behavior. To understand better the impact of microplastics on the behavior of marine 432 

sediments, we conducted a comprehensive experimental study with two soils (sand and 433 

kaolinite) and used large PVC plastic fragments as an analogue of a marine setting. Salient 434 

conclusions are: 435 

- The inclusion of plastic fragments forms a new skeleton, the load-carrying fraction 436 

changes abruptly once the plastic content threshold is surpassed. Our results show that 437 

as low as 1% of plastic content by volume is sufficient to irreversibly modify a sediment 438 

matrix behavior. Sediment mechanical deformation, stiffness and strength is impacted 439 

by PC = 1-3%; however, stiffness experiments in kaolinite-based samples of PC can 440 

reach 20%. The thermal property threshold is in the order of 1% for sand, but up to 10% 441 

in fine mixtures, while for hydraulic conductivity it is in the order of 10%. Shear wave 442 

velocity emerges as an excellent monitoring method for skeleton behavior. 443 

- The impact of microplastic properties differs from coarse- to fine-based matrix. In 444 

coarse material, we can expect a substantial transfer of load from grain-grain contact to 445 

grain-plastic contact at very low plastic content. In fine sediments, plastic fragments 446 

‘float’ in the fine’s matrix. The future of the marine landscape will effectively depend 447 

on the amount of MP deposited and its interaction with marine sediments. 448 

- Plastic migration shows that accumulation in layers and at the surface is possible. 449 

- Because the plastic density is composition-dependent, the classical definition of void 450 

ratio cannot be used. This is accentuated when PC > 1%. 451 

- Published marine sediment PC content averages 0.2% in a range of <0.01% to 0.75%, 452 

which are very close to the minimum threshold found in this study. Nevertheless, higher 453 

PC is expected on coastal areas subject to debris accumulation processes or in deep-sea 454 

hotspots. 455 

- Coastal processes and marine life will be the most affected: changes in thermal 456 
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properties and permeabilities could result in irreversible detrimental consequences. 457 

 458 

 459 

Acknowledgments:  460 

 Support for this research was provided by IFREMER. We would like to acknowledge 461 

Sébastien Garziglia, Mickaël Rovere and Méril Mérindol for their help in the geotechnical 462 

laboratory. La Societe Kaoliniere Armoricaine (SOKA) provided the kaolinite for testing. 463 

Alison Chalm edited this manuscript. 464 



28 
 
 

References 

[1] Allen, D., Allen, S., Abbasi, S., Baker, A., Bergmann, M., Brahney, J., Butler, T., Duce, 

R.A., Eckhardt, S., Evangeliou, N., Jickells, T., Kanakidou, M., Kershaw, P., Laj, P., 

Levermore, J., Li, D., Liss, P., Liu, K., Mahowald, N., Masque, P., Materić, D., Mayes, A.G., 

McGinnity, P., Osvath, I., Prather, K.A., Prospero, J.M., Revell, L.E., Sander, S.G., Shim, 

W.J., Slade, J., Stein, A., Tarasova, O., Wright, S., (2022). Microplastics and nanoplastics 

in the marine-atmosphere environment. Nat Rev Earth Environ 3, 393–405. 

https://doi.org/10.1038/s43017-022-00292-x 

[2] Ali, S. S., Elsamahy, T., Al-Tohamy, R., Zhu, D., Mahmoud, Y. A. G., Koutra, E., ... & 

Sun, J. (2021). Plastic wastes biodegradation: Mechanisms, challenges and future 

prospects. Science of the Total Environment, 780, 146590. 

[3] Amobonye, A., Bhagwat, P., Singh, S., & Pillai, S. (2021). Plastic biodegradation: Frontline 

microbes and their enzymes. Science of the Total Environment, 759, 143536. 

[4] Andrady, A.L., (2015). Persistence of Plastic Litter in the Oceans, in: Bergmann, M., Gutow, 

L., Klages, M. (Eds.), Marine Anthropogenic Litter. Springer International Publishing, 

Cham, pp. 57–72. https://doi.org/10.1007/978-3-319-16510-3_3 

[5] ASTM D421-85 Standard practice for dry preparation of soil samples for particle-size 

analysis and determination of soil constants. West Conshohocken, PA. ASTM International.  

[6] ASTM D422-63, Standard test method for particle-size analysis of soils. West 

Conshohocken, PA. ASTM International 

[7] ASTM D854-10 Standard Test Methods for Specific Gravity of Soil Solids by Water 

Pycnometer. West Conshohocken, PA. 

[8] ASTM D2435/D2435M-11 Standard test methods for on-dimensional consolidation 

properties of soils using incremental loading, West Conshohocken, PA. 

[9] ASTM D5856-15 Standard test method for measurement of hydraulic conductivity of 

porous material using a rigid-wall, compaction-mold permeameter. West Conshohocken, 

PA. 

[10] ASTM D4648-D4648M-16 Standard test methods for laboratory miniature vane shear test 

for saturated fine-grained clayey soil., West Conshohocken, PA. 

[11] Astner, A. F., Gillmore, A. B., Yu, Y., Flury, M., DeBruyn, J. M., Schaeffer, S. M., & 

Hayes, D. G. (2023). Formation, behavior, properties and impact of micro-and nanoplastics 

on agricultural soil ecosystems (A Review). NanoImpact, 100474. 

https://doi.org/10.1038/s43017-022-00292-x
https://doi.org/10.1007/978-3-319-16510-3_3


29 
 
 

[12] Aves, A.R., Revell, L.E., Gaw, S., Ruffell, H., Schuddeboom, A., Wotherspoon, N.E., 

LaRue, M., McDonald, A.J., (2022). First evidence of microplastics in Antarctic snow. The 

Cryosphere 16, 2127–2145. https://doi.org/10.5194/tc-16-2127-2022 

[13] Bergmann, M., Wirzberger, V., Krumpen, T., Lorenz, C., Primpke, S., Tekman, M.B., 

Gerdts, G., (2017). High Quantities of Microplastic in Arctic Deep-Sea Sediments from the 

HAUSGARTEN Observatory. Environ. Sci. Technol. 51, 11000–11010. 

https://doi.org/10.1021/acs.est.7b03331 

[14] Biron, M., (2015). Propriétés des thermoplastiques - Tableaux comparatifs. Plastiques et 

composites. 

[15] Booth, D.T., Burgess, E., McCosker, J. and Lanyon, J.M., (2004), December. The 

influence of incubation temperature on post-hatching fitness characteristics of turtles. 

In International Congress Series (Vol. 1275, pp. 226-233). Elsevier. 

[16] Brandon, J.A., Jones, W., Ohman, M.D., (2019). Multidecadal increase in plastic particles 

in coastal ocean sediments. Sci. Adv. 5, eaax0587. https://doi.org/10.1126/sciadv.aax0587 

[17] Bristow, K. L., Kluitenberg, G. J., & Horton, R., (1994). Measurement of soil thermal 

properties with a dual‐probe heat‐pulse technique. Soil Science Society of America 

Journal, 58(5), 1288-1294. 

[18] Carrega, M., (2009). Matières plastiques, 2e éd. ed, Aide-mémoire de l’ingénieur. Dunod 

“L’Usine nouvelle,” Paris. 

[19] Carrega, M., Verney, V., (2017). Matières plastiques: propriétés, mise en forme et 

applications industrielles des matériaux polymères, 4e éd. ed, Technique et ingénierie. 

Dunod, Malakoff. 

[20] Chamas, A., Moon, H., Zheng, J., Qiu, Y., Tabassum, T., Jang, J.H., Abu-Omar, M., Scott, 

S.L., Suh, S., (2020). Degradation Rates of Plastics in the Environment. ACS Sustainable 

Chem. Eng. 8, 3494–3511. https://doi.org/10.1021/acssuschemeng.9b06635 

[21] Chia, R. W., Lee, J. Y., Jang, J., Kim, H., & Kwon, K. D. (2022). Soil health and 

microplastics: a review of the impacts of microplastic contamination on soil 

properties. Journal of Soils and Sediments, 22(10), 2690-2705. 

[22] Chubarenko, I., Esiukova, E., Bagaev, A., Isachenko, I., Demchenko, N., Zobkov, M., 

Efimova, I., Bagaeva, M., Khatmullina, L., (2018). Behavior of Microplastics in Coastal 

Zones, in: Microplastic Contamination in Aquatic Environments. Elsevier, pp. 175–223. 

https://doi.org/10.1016/B978-0-12-813747-5.00006-0 

https://doi.org/10.5194/tc-16-2127-2022
https://doi.org/10.1021/acs.est.7b03331
https://doi.org/10.1126/sciadv.aax0587
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1016/B978-0-12-813747-5.00006-0


30 
 
 

[23] Cole, M., Lindeque, P., Halsband, C., Galloway, T.S., (2011). Microplastics as 

contaminants in the marine environment: a review. Mar. Pollut. Bull. 62 (12), 2588–2597. 

[24] Corcoran, P.L., Moore, C.J., Jazvac, K., (2014). An anthropogenic marker horizon in the 

future rock record. GSAT 4–8. https://doi.org/10.1130/GSAT-G198A.1 

[25] Cortes, D.D., Martin, A.I., Yun, T.S., Francisca, F.M., Santamarina, J.C., Ruppel, C., 

(2009). Thermal conductivity of hydrate-bearing sediments: Hydrated Sediment Thermal 

Conductivity. J. Geophys. Res. 114. https://doi.org/10.1029/2008JB006235 

[26] Courtene-Jones, W., Quinn, B., Ewins, C., Gary, S.F., Narayanaswamy, B.E., (2020). 

Microplastic accumulation in deep-sea sediments from the Rockall Trough. Marine 

Pollution Bulletin 154, 111092. https://doi.org/10.1016/j.marpolbul.2020.111092 

[27] de Souza Machado, A. A., Lau, C. W., Till, J., Kloas, W., Lehmann, A., Becker, R., & 

Rillig, M. C. (2018). Impacts of microplastics on the soil biophysical 

environment. Environmental science & technology, 52(17), 9656-9665. 

[28] de Souza Machado, A. A., Lau, C. W., Kloas, W., Bergmann, J., Bachelier, J. B., Faltin, 

E., ... & Rillig, M. C. (2019). Microplastics can change soil properties and affect plant 

performance. Environmental science & technology, 53(10), 6044-6052. 

[29] Duncan, E.M., Arrowsmith, J., Bain, C., Broderick, A.C., Lee, J., Metcalfe, K., Pikesley, 

S.K., Snape, R.T., van Sebille, E. and Godley, B.J., (2018). The true depth of the 

Mediterranean plastic problem: Extreme microplastic pollution on marine turtle nesting 

beaches in Cyprus. Marine pollution bulletin, 136, pp.334-340. 

[30] Eriksen, M., Lebreton, L.C.M., Carson, H.S., Thiel, M., Moore, C.J., Borerro, J.C., 

Galgani, F., Ryan, P.G., Reisser, J., (2014). Plastic Pollution in the World’s Oceans: More 

than 5 Trillion Plastic Pieces Weighing over 250,000 Tons Afloat at Sea. PLoS ONE 9, 

e111913. https://doi.org/10.1371/journal.pone.0111913 

[31] Extrand, C. W., & Kumagai, Y., (1997). An experimental study of contact angle 

hysteresis. Journal of Colloid and interface Science, 191(2), 378-383. 

[32] Feldman, D., (2008). Polymer History. Designed Monomers and Polymers 11, 1–15. 

https://doi.org/10.1163/156855508X292383 

[33] Frère, L., (2022). Pollution plastique, Le Lac de Serre-Ponçon (Hautes-Alpes) (Scientific 

Report). Expédition MED, Lac de Serre Ponçon, Haute-Durance. 

[34] Galgani, F., Bruzaud, S., Duflos, G., Fabre, P., Gastaldi, E., Ghiglione, J., Grimaud, R., 

George, M., Huvet, A., Lagarde, F., Paul-Pont, I., Ter Halle, A., (2020). Pollution des océans 

https://doi.org/10.1130/GSAT-G198A.1
https://doi.org/10.1016/j.marpolbul.2020.111092
https://doi.org/10.1371/journal.pone.0111913


31 
 
 

par les plastiques et les microplastiques. Bioprocédés et bioproductions. 

https://doi.org/10.51257/a-v1-bio9300 

[35] Geyer, R., Jambeck, J.R., Law, K.L., (2017). Production, use, and fate of all plastics ever 

made. Sci. Adv. 3, e1700782. https://doi.org/10.1126/sciadv.1700782 

[36] Harris, P.T., (2020). The fate of microplastic in marine sedimentary environments: A 

review and synthesis. Marine Pollution Bulletin 158, 111398. 

https://doi.org/10.1016/j.marpolbul.2020.111398 

[37] He, P., Chen, L., Shao, L., Zhang, H., & Lü, F. (2019). Municipal solid waste (MSW) 

landfill: A source of microplastics?-Evidence of microplastics in landfill leachate. Water 

research, 159, 38-45. 

[38] Hidalgo-Ruz, V., Gutow, L., Thompson, R.C., Thiel, M., (2012). Microplastics in the 

Marine Environment: A Review of the Methods Used for Identification and Quantification. 

Environ. Sci. Technol. 46, 3060–3075. https://doi.org/10.1021/es2031505 

 [39] Hiscock, K., Southward, A., Tittley, I.A.N. and Hawkins, S., (2004). Effects of changing 

temperature on benthic marine life in Britain and Ireland. Aquatic Conservation: marine and 

freshwater Ecosystems, 14(4), pp.333-362. 

[40] ISO 2017, (2017). International Standard ISO14688-1, Geotechnical investigation and 

testing - Identification and classification of soil - Part 1: Identification and description. 

[41] Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A., Narayan, 

R., Law, K.L., (2015). Plastic waste inputs from land into the ocean. Science 347, 768–771. 

https://doi.org/10.1126/science.1260352 

[42] Kabir, M. S., Wang, H., Luster-Teasley, S., Zhang, L., & Zhao, R. (2023). Microplastics 

in landfill leachate: Sources, detection, occurrence, and removal. Environmental Science 

and Ecotechnology, 100256. 

[43] Kane, I.A., Clare, M.A., (2019). Dispersion, Accumulation, and the Ultimate Fate of 

Microplastics in Deep-Marine Environments: A Review and Future Directions. Front. Earth 

Sci. 7, 80. https://doi.org/10.3389/feart.2019.00080 

[44] Kane, I.A., Clare, M.A., Miramontes, E., Wogelius, R., Rothwell, J.J., Garreau, P., Pohl, 

F., (2020). Seafloor microplastic hotspots controlled by deep-sea circulation. Science 368, 

1140–1145. https://doi.org/10.1126/science.aba5899 

[45] Kane, I.A., Fildani, A., (2021). Anthropogenic pollution in deep-marine sedimentary 

systems—A geological perspective on the plastic problem. Geology 49, 607–608. 

https://doi.org/10.1130/focus052021.1 

https://doi.org/10.51257/a-v1-bio9300
https://doi.org/10.1016/j.marpolbul.2020.111398
https://doi.org/10.1021/es2031505
https://doi.org/10.1126/science.1260352
https://doi.org/10.3389/feart.2019.00080
https://doi.org/10.1126/science.aba5899
https://doi.org/10.1130/focus052021.1


32 
 
 

[46] Karunarathna, H., Horrillo-Caraballo, J.M., Ranasinghe, R., Short, A.D., Reeve, D.E., 

(2012). An analysis of the cross-shore beach morphodynamics of a sandy and a composite 

gravel beach. Marine Geology 299–302, 33–42. 

https://doi.org/10.1016/j.margeo.2011.12.011 

[47] Kedzierski, M., Frère, D., Le Maguer, G., Bruzaud, S., (2020). Why is there plastic 

packaging in the natural environment? Understanding the roots of our individual plastic 

waste management behaviours. Science of The Total Environment 740, 139985. 

https://doi.org/10.1016/j.scitotenv.2020.139985 

[48] Kedzierski, M., Lechat, B., Sire, O., Le Maguer, G., Le Tilly, V., & Bruzaud, S. (2020). 

Microplastic contamination of packaged meat: Occurrence and associated risks. Food 

Packaging and Shelf Life, 24, 100489. 

[49] Kim, H.-K., Santamarina, J.C., (2008). Sand–rubber mixtures (large rubber chips). Can. 

Geotech. J. 45, 1457–1466. https://doi.org/10.1139/T08-070 

[50] Koelmans, A.A., Kooi, M., Law, K.L., van Sebille, E., (2017). All is not lost: deriving a 

top-down mass budget of plastic at sea. Environ. Res. Lett. 12, 114028. 

[51] Kooi, M., & Koelmans, A. A. (2019). Simplifying microplastic via continuous probability 

distributions for size, shape, and density. Environmental Science & Technology 

Letters, 6(9), 551-557. 

[52] Lavers, J.L., Rivers-Auty, J., Bond, A.L., (2021). Plastic debris increases circadian 

temperature extremes in beach sediments. Journal of Hazardous Materials 416, 126140. 

https://doi.org/10.1016/j.jhazmat.2021.126140 

[53] Lebreton, L.C.M., van der Zwet, J., Damsteeg, J.-W., Slat, B., Andrady, A., Reisser, J., 

(2017). River plastic emissions to the world’s oceans. Nat Commun 8, 15611. 

https://doi.org/10.1038/ncomms15611 

[54] Lee, J. S., & Santamarina, J. C., (2005). Bender elements: performance and signal 

interpretation. Journal of geotechnical and geoenvironmental engineering, 131(9), 1063-

1070. 

[55] Leslie, H.A., van Velzen, M.J.M., Brandsma, S.H., Vethaak, A.D., Garcia-Vallejo, J.J., 

Lamoree, M.H., (2022). Discovery and quantification of plastic particle pollution in human 

blood. Environment International 163, 107199. 

https://doi.org/10.1016/j.envint.2022.107199 

https://doi.org/10.1016/j.scitotenv.2020.139985
https://doi.org/10.1139/T08-070
https://doi.org/10.1016/j.jhazmat.2021.126140
https://doi.org/10.1038/ncomms15611
https://doi.org/10.1016/j.envint.2022.107199


33 
 
 

[56] Li, W.C., (2018). The Occurrence, Fate, and Effects of Microplastics in the Marine 

Environment, in: Microplastic Contamination in Aquatic Environments. Elsevier, pp. 133–

173. https://doi.org/10.1016/B978-0-12-813747-5.00005-9 

[57] Lim, B. K. H., & San Thian, E. (2022). Biodegradation of polymers in managing plastic 

waste—A review. Science of The Total Environment, 813, 151880. 

[58] Matsuguma, Y., Takada, H., Kumata, H., Kanke, H., Sakurai, S., Suzuki, T., Itoh, M., 

Okazaki, Y., Boonyatumanond, R., Zakaria, M.P., Weerts, S., Newman, B., (2017). 

Microplastics in Sediment Cores from Asia and Africa as Indicators of Temporal Trends in 

Plastic Pollution. Arch Environ Contam Toxicol 73, 230–239. 

https://doi.org/10.1007/s00244-017-0414-9 

[59] Michel, J.-M., (2006). Histoire industrielle des polymères 7–15. 

[60] Napper, I.E., Thompson, R.C., (2020). Plastic Debris in the Marine Environment: History 

and Future Challenges. Global Challenges 4, 1900081. 

https://doi.org/10.1002/gch2.201900081 

[61] Ojuri, O., Agbolade, O., (2015). Improvement of Engineering Properties of Igbokoda 

Standard Sand with Shredded Polyethylene Wastes. Nig. J. Tech. 34, 443. 

https://doi.org/10.4314/njt.v34i3.3 

[62] Ostle, C., Thompson, R.C., Broughton, D., Gregory, L., Wootton, M., Johns, D.G., (2019). 

The rise in ocean plastics evidenced from a 60-year time series. Nat Commun 10, 1622. 

https://doi.org/10.1038/s41467-019-09506-1 

[63] Phuong, N.N., Poirier, L., Lagarde, F., Kamari, A., Zalouk-Vergnoux, A., (2018). 

Microplastic abundance and characteristics in French Atlantic coastal sediments using a new 

extraction method. Environmental Pollution 243, 228–237. 

https://doi.org/10.1016/j.envpol.2018.08.032 

[64] Plastics Europe, (2013). Plastics - the Facts 2013: An analysis of European latest plastics 

production, demand and waste data. PlasticsEurope. 

[65] Plastics Europe, (2021). Plastics - the Facts 2021: An analysis of European plastics 

production,  demand and waste data. PlasticsEurope. 

[66] Pohl, F., Eggenhuisen, J.T., Kane, I.A., Clare, M.A., (2020). Transport and Burial of 

Microplastics in Deep-Marine Sediments by Turbidity Currents. Environ. Sci. Technol. 54, 

4180–4189. https://doi.org/10.1021/acs.est.9b07527 

[67] Postle, M., Holmes, P., Camboni, M., Footitt, A., Tuffnell, N., Blainey, M., Stevens, G. 

and Pye, A., (2012). Review of REACH with regard to the registration requirements on 

https://doi.org/10.1016/B978-0-12-813747-5.00005-9
https://doi.org/10.1002/gch2.201900081
https://doi.org/10.1038/s41467-019-09506-1
https://doi.org/10.1021/acs.est.9b07527


34 
 
 

polymers. Final Report. Part A: Polymers. Prepared for the European Commission, DG 

Environment. Risk & Policy Analysis Limited, Loddon. 

[68] Rahman, S.Md.A., Robin, G.S., Momotaj, M., Uddin, J., Siddique, M.A.M., (2020). 

Occurrence and spatial distribution of microplastics in beach sediments of Cox’s Bazar, 

Bangladesh. Marine Pollution Bulletin 160, 111587. 

https://doi.org/10.1016/j.marpolbul.2020.111587 

[69] Reiffsteck, Ph., Tacita, J.-L., Fanelli, S., (2013). Optimisation de mélange amortissant par 

essais d’impact en laboratoire. Revue française de géotechnique. 

[70] Ren, X.W., Santamarina, J.C., (2018). The hydraulic conductivity of sediments: A pore 

size perspective. Engineering Geology 233, 48–54. 

https://doi.org/10.1016/j.enggeo.2017.11.022 

[71] Rillig, M.C., (2012). Microplastic in Terrestrial Ecosystems and the Soil? Environ. Sci. 

Technol. 46, 6453–6454. https://doi.org/10.1021/es302011r 

[72] Rios, L.M., Moore, C. and Jones, P.R., (2007). Persistent organic pollutants carried by 

synthetic polymers in the ocean environment. Marine pollution bulletin, 54(8), pp.1230-

1237. 

[73] Rochman, C.M., Hoellein, T., (2020). The global odyssey of plastic pollution. Science 

368, 1184–1185. https://doi.org/10.1126/science.abc4428 

[74] Shafea, L., Felde, V. J., Woche, S. K., Bachmann, J., & Peth, S. (2023). Microplastics 

effects on wettability, pore sizes and saturated hydraulic conductivity of a loess 

topsoil. Geoderma, 437, 116566. 

[75] Shahin M.A., Mardesic T., Nikraz H.R., (2011). Geotechnical Characteristics of Bauxite 

Residue Sand Mixed with Crumbed Rubber from Recycled Car Tires. Journal of 

GeoEngineering 6, 63–72. https://doi.org/10.6310/jog.2011.6(1).6 

[76] Shrivastava, A., (2018). Introduction to Plastics Engineering. William Andrew, Saint 

Louis. 

[77] Sun, J., Zhu, Z. R., Li, W. H., Yan, X., Wang, L. K., Zhang, L., ... & Ni, B. J. (2021). 

Revisiting microplastics in landfill leachate: unnoticed tiny microplastics and their fate in 

treatment works. Water Research, 190, 116784. 

[78] Vianello, A., Boldrin, A., Guerriero, P., Moschino, V., Rella, R., Sturaro, A., Da Ros, L., 

(2013). Microplastic particles in sediments of Lagoon of Venice, Italy: First observations 

on occurrence, spatial patterns and identification. Estuarine, Coastal and Shelf Science 130, 

54–61. https://doi.org/10.1016/j.ecss.2013.03.022 

https://doi.org/10.1016/j.enggeo.2017.11.022
https://doi.org/10.1021/es302011r
https://doi.org/10.1126/science.abc4428


35 
 
 

[79] Viet Dung, L., Huu Duc, T., Thi Khanh Linh, L., Thi Dieu Ly, T., Anh Duong, H., Thi 

My Hao, N., (2021). Depth Profiles of Microplastics in Sediment Cores from Two 

Mangrove Forests in Northern Vietnam. JMSE 9, 1381. 

https://doi.org/10.3390/jmse9121381 

[80] Wang, C., Tang, J., Yu, H., Wang, Y., Li, H., Xu, S., ... & Zhou, Q. (2022). Microplastic 

pollution in the soil environment: Characteristics, influencing factors, and 

risks. Sustainability, 14(20), 13405.  

[81] Xue, B., Zhang, L., Li, R., Wang, Y., Guo, J., Yu, K., Wang, S., (2020). Underestimated 

Microplastic Pollution Derived from Fishery Activities and “Hidden” in Deep Sediment. 

Environ. Sci. Technol. 54, 2210–2217. https://doi.org/10.1021/acs.est.9b04850 

[82] Yang, X., Zhang, Z., & Guo, X. (2023). Impact of soil structure and texture on occurrence 

of microplastics in agricultural soils of karst areas. Science of The Total Environment, 902, 

166189. 

[83] Yu, Y., Battu, A. K., Varga, T., Denny, A. C., Zahid, T. M., Chowdhury, I., & Flury, M. 

(2023). Minimal Impacts of Microplastics on Soil Physical Properties under 

Environmentally Relevant Concentrations. Environmental Science & Technology. 

[84] Zhang, N., Yu, X., Pradhan, A., Puppala, A.J., (2017). A new generalized soil thermal 

conductivity model for sand–kaolin clay mixtures using thermo-time domain reflectometry 

probe test. Acta Geotech. 12, 739–752. https://doi.org/10.1007/s11440-016-0506-0 

[85] Zheng, J., Hryciw, R. D. (2015). Traditional soil particle sphericity, roundness and surface 

roughness by computational geometry. Geotechnique, 65(6), 494–506. 

https://doi.org/10.1680/geot.14.p.192 

[86] Zheng, Y., Li, J., Cao, W., Jiang, F., Zhao, C., Ding, H., Wang, M., Gao, F., Sun, C., 

(2020). Vertical distribution of microplastics in bay sediment reflecting effects of 

sedimentation dynamics and anthropogenic activities. Marine Pollution Bulletin 152, 

110885. https://doi.org/10.1016/j.marpolbul.2020.110885. 

 

 

 

 

 

https://doi.org/10.3390/jmse9121381
https://doi.org/10.1021/acs.est.9b04850
https://doi.org/10.1007/s11440-016-0506-0

