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UMR 7093 LOV, Villefranche-sur-Mer, France6

2 GEOMAR Helmholtz Center for Ocean Research Kiel, Germany7

3CNRS, UMR5805 EPOC, University of Bordeaux, 33615 Pessac, France8

∗To whom correspondence should be addressed;9

E-mail: alberto.baudena@gmail.com.10

Abstract11

Plastic is a widespread marine pollutant, with most studies focusing12

on the distribution of floating plastic debris at the sea surface. Recent evi-13

dence, however, indicates a significant presence of such low density plastic14

in the water column and at the seafloor, but information on its origin and15

dispersion is lacking. Here, we studied the pathways and fate of sinking16

plastic debris in the Mediterranean Sea, one of the most polluted world17

seas. We used a recent Lagrangian plastic-tracking model, forced with18

realistic parameters, including a maximum estimated sinking speed of 7.819

m/d. Our simulations showed that the locations where particles left the20

surface differed significantly from those where they reached the seafloor,21

with lateral transport distances between 119–282 km. Furthermore, 60%22

of particles deposited on the bottom coastal strip (20 km wide) were re-23

leased from vessels, 20% from the facing country, and 20% from other24

countries. Theoretical considerations furthermore suggested that biologi-25

cal activities potentially responsible for the sinking of low density plastic26

occur throughout the water column. Our findings indicate that the re-27

sponsibility for seafloor plastic pollution is shared among Mediterranean28

countries, with potential impact on pelagic and benthic biota.29

Keywords: low-density plastic, marine pollution, water column, seafloor, trans-30

port, sinking speed31

Synopsis: Minimal information is available on the fate of plastics sinking from32

sea surface. Here we show that they potentially travel hundreds of km and that33

accountability for seafloor pollution is shared among Mediterranean countries.34

1 Introduction35

Plastic pollution represents a major threat to the oceans, causing socio-economic36

damage and impacting tourism, fishing, and marine ecosystems (1, 2). More37

than 914 marine species have been reported to accidentally ingest or be en-38

tangled by plastic, a number expected to increase in the near future (3). In39
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addition, plastic debris is a vector for invasive species and persistent organic40

pollutants (4, 5, 6). Around 300,000 metric tons of plastic have been estimated41

to float at the sea surface (7). However, they only represent a tiny portion of the42

plastic expected to enter the marine environment each year (8, 9, 10), suggest-43

ing that plastic may be even more present in other ocean compartments. Even44

if the amount of plastic entering the oceans (e.g., via rivers) and the plastic45

budget are still open questions (10, 11, 12), a growing body of evidence suggests46

that plastic debris is present not only at the sea surface, but in the whole water47

column and sea bottom (e.g. refs. 13, 14, 15, 16, 17, 18). Surprisingly, observa-48

tions reported plastic debris composed of polymers lighter than seawater in the49

water column, down to at least 1000 m depth (14).50

Several processes are responsible for the removal of plastic debris from the sea51

surface, the most studied being biofouling (19, 20) - the colonisation of plastic52

debris by bacteria, algae or invertebrates - which increases its relative density.53

This process continues until, eventually, the debris leaves the surface, and has54

been documented by laboratory and, recently, by in situ studies (21, 22, 23, 24).55

Other processes that could lead to the removal of surface plastic debris are ag-56

gregation in marine snow and faecal pellet formation after ingestion (25, 26).57

However, information about the pathways and fate of settling plastic debris is58

lacking. A common assumption is that plastic debris reaches the seafloor where59

it has left the surface (27). This assumption has also been used to estimate the60

seafloor plastic concentration (16).61

The aim of this study is to assess the validity of this assumption and to im-62

prove the understanding of plastic transport from the sea surface to the sea63

bottom. This information is essential to solve the plastic budget problem, to64

understand plastic fate, and for mitigation strategies. For that purpose, we use a65

Lagrangian plastic-tracking model to analyse (i) the potential pathways of plas-66

tic debris from the surface to the seafloor, (ii) its distribution once it reaches67

the seafloor, and (iii) its potential sources. We focus on plastic whose absolute68

density is lighter than seawater (referred to as low-density plastic, LDP), usually69

smaller than 5 mm in size (28). This includes low- and high-density polyethy-70

lene and polypropylene, which represent 88% of the LDP debris floating at the71

surface of the Mediterranean Sea (29), and about half of the produced plastic72

globally (30, 6). We only focus on the sinking phase of LDP debris, as multiple73

works already studied its cycle from the moment it is released at sea until it74

starts sinking (e.g. (31, 27, 32)). We do not consider high density plastic de-75

bris, which is expected to sink directly to the seafloor (17, 33) and about which76

there is little information, nor extremely light items which mainly float at the77

air-sea interface. Lagrangian methods are widely used to describe the transport78

of particles in the ocean and are suited to describe the transport of LDP debris.79

These models can cover areas wider than observations and can describe forward80

and backward trajectories useful to identify sources and pathways.81

This study is a first modeling effort to evaluate the transport dynamics and fate82

of LDP in the Mediterranean Sea, which is an ideal case study for two main83

reasons: (i) globally, it is one of the most plastic polluted seas (28, 34); (ii)84

its plastic pollution at the sea surface has been intensively studied, allowing us85

to estimate key physical parameters such as plastic debris sinking speed and to86

set initial conditions. In particular, we combine recent observations of plastic87

concentration in the water column, the largest Mediterranean Sea database of88

floating LDP debris to date, one of the best performing drag models, and esti-89
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mates of the location and amount of LDP leaving the sea surface. The latter90

metric was obtained from the first Lagrangian model quantitatively validated in91

the Mediterranean Sea (31), by assuming that the probability of a LDP leaving92

the surface increases with the time it spent in water according to a prescribed93

function. With this information, we are also able to calibrate the model and94

perform a detailed sensitivity test. We then provide an assessment of the paths95

and fate of LDP sinking in the Mediterranean sea as well as an estimation of96

the contribution of the different countries to the coastal seafloor pollution. Fi-97

nally, we consider the implications of the calculated density differences between98

generic sinking LDP debris and seawater to assess the role of biological transport99

throughout the water column, consistent with recent studies.100

2 Materials and Methods101

2.1 The numerical Lagrangian model: velocity field and102

trajectory computation103

Here, we simulate the path of LDP debris once they start sinking from the sur-104

face (due to biofouling or other processes) down to 1000 m. We do not analyse105

what occurs to debris prior to that (i.e., from the moment it was released at106

sea to when it left the sea surface), as several studies already investigated this107

question (e.g. (31, 27, 35)). Hence, this study can be seen as a continuation108

of those works. To this aim, we used the TrackMPD model (36), an advanced109

3D Lagrangian model recently developed to simulate the fate of plastic debris110

at sea. The TrackMPD model reads the velocity field offline, and computes the111

trajectories with a Runge-Kutta scheme of order 4-5 both in time and space.112

Time steps were set to 3 hours. Model initialisation and simulated scenarios are113

reported in Subsec. 2.3.114

The velocity field used to simulate the virtual particle trajectories was a high115

resolution configuration of the NEMO model (NemoMed36; 1/36◦×1/36◦) pro-116

vided at daily intervals, with 50 stretched vertical levels (sigma coordinate sys-117

tem), developed by Arsouze et al. (37). This circulation model was initialised118

with sea surface temperature and salinity fields and took into account riverine119

freshwater runoff. It included the vertical component of the velocity field w as120

well. This product has already been used to simulate 3D virtual plastic trajec-121

tories in the Mediterranean Sea (38).122

A Stokes component was added to the NemoMed36 velocity field. The Stokes123

product (MEDSEA HINDCAST WAV 006 012), with a spatial resolution of124

1/24◦, was spatially interpolated over the grid of NemoMed36, and was summed125

to its upper layer. This allowed us to take into account Stokes drift due to waves126

at the surface, which affects particles in the first meters of their sinking. Stokes127

effect indirectly includes windage and is known to affect plastic fate (39).128

2.2 Constraining the model settings129

A key parameter to study the fate of (biofouled) sinking LDP debris in the139

water column is its settling speed. In situ observations of LDP settling speed140

are not available to date. A few studies have measured the settling velocity of141

biofouled plastic particles under laboratory conditions and found that a large142
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Predicted water column plastic concentration CP

LDP debris floating

LDP debris sinking

Observed water 
column plastic 
concentration 

CO

A B.1 B.2
130

Figure 1: Illustrative scheme of the paradigm used to calculate the sinking speed
of LDP debris. The predicted water column LDP concentration CP decreases
when LDP sinking speed increases (panels B.1 and B.2). In order to have CP

equal or greater to a given value observed CO (panel A), the LDP sinking speed
must not be larger than a given value. In this case panel B.1 represents the
maximum possible sinking speed of LDP debris. Panel B.2 shows that, if a
larger sinking speed is considered, then CP is lower than CO.
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134
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number of parameters, both physical (e.g. particle polymer, shape and size;143

water temperature and salinity) and biological (e.g. biofilm growth and den-144

sity) can impact the sinking speed (33, 24, 19). The large spectrum of sinking145

LDP and environmental conditions in the ocean make difficult the definition146

of settling speed in numerical simulations. For these reasons, we calculated a147

(maximum) representative sinking speed value to calibrate our model, ensuring148

that mean simulated and observed LDP concentrations in the water column149

have the same order of magnitude. We assumed that the water column LDP150

concentration is the result of a linear fall of LDP debris from the sea surface.151

The larger the LDP sinking speed, the lower the water column LDP concentra-152

tion for a given rate of plastic submergence from surface (Fig. 1). By taking the153

lowest water column LDP concentration measured to date as the lower bound-154

ary, we can derive a maximum sinking speed, which will be the reference value155

in the simulations. Details of the calculation are provided in the following sub-156

sections. The choice of a linear fall of LDP debris is evaluated by integrating157

the largest LDP database in the Mediterranean Sea to date (∼ 75,000 debris)158

and with a drag model (Subsec. 2.5).159

2.2.1 Observed water column plastic concentrations CO160

Here, we report the current literature on observed plastic concentrations in the161

ocean water column (hereafter CO) in Table 1 (adapted from Liu et al., (40))162

which is used to calibrate the simulated plastic concentration in the model. We163

did not consider the measurements sampled at a depth shallower than 50 m to164

exclude mixing layer processes, except for the study of Lattin et al., (41), as it is165
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among the only 4 studies which measured the LDP mass concentration (µg/m3)166

to date. The highest concentrations were measured by Pabortsava et al., (42)167

(940 µg/m3) and Lattin et al., (41) (150 µg/m3), the lowest by Egger et al.,168

(14) (1.6 µg/m3, averaged on the 5–1000 m depth layer).169

Four studies measured CO in coastal areas of the Mediterranean Sea (43, 15,170

44, 45). Baini et al., (43) and Lefebvre et al., (15) found similar concentrations171

(0.23±0.20 particles/m3; 0.26±0.33 particles/m3, respectively). Vasilopoulou et172

al., (44) and Rios-Fuster et al., (45), sampling in shallower waters (<50 m), and173

close to the coast, found water column plastic concentration ∼200 times larger174

(41±22 and 67±52 particles/m3, respectively). Interestingly, Rios-Fuster et al.,175

(45) found LDP debris down to 50 m depth.176

As the studies on the Mediterranean Sea did not measure the mass of plastic177

debris, we compared them with the concentrations of Egger et al., (14) which178

reported the lowest concentrations in µg/m3 and particles/m3 and can serve as a179

reference value of minimum plastic concentration in the water column to obtain180

in our simulations. Egger et al., (14) collected LDP debris larger than 500 µm,181

76% of plastic debris collected by Baini et al., (43) was larger than 500 µm, while182

the mean size of plastic debris found by Lefebvre et al., (15) was (1.81±1.42)183

mm, indicating that most of debris was larger than 500µm. Therefore, Egger184

et al., (14), Baini et al., (43), and Lefebvre et al., (15) studies collected plastic185

debris of similar size range, but the concentration measured by Egger et al.,186

(14) was ∼200 times lower (0.001 particles/m3). Hence, Mediterranean water187

column plastic concentrations are probably larger than those measured by Egger188

et al., (14) also when considering the mass (µg/m3). This is also corroborated189

by the fact that the Mediterranean is one of the seas most affected by plastic190

pollution, with surface LDP concentrations comparable to those found in the191

North Pacific Garbage Patch (NPGP) (28, 34, 43). Biofouling was predicted to192

be larger in several regions of the Mediterranean Sea than in the oligotrophic193

NPGP area (32), suggesting that more LDP particles might leave the surface194

in the Mediterranean. However Mediterranean Sea studies (43, 15, 44) sampled195

lower water volumes, inducing possible biases towards higher concentrations (46,196

40, 47). Therefore, we considered a minimum water column LDP concentration197

COMIN
= 1.60 µg/m3

198
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2.2.2 Annual estimates of LDP plastic entering the Mediterranean203

Sea.204

We defined NTBY as the number of tons of LDP leaving the Mediterranean205

surface every year due to biofouling or other processes. NTBY was obtained206

assuming that ∼11.5% of the amount of floating plastic debris entering the207

Mediterranean Sea every year from coastal sources or vessel discards (NLDPY
)208

left the sea surface during that period due to biofouling or other processes. This209

percentage was based on the study by Baudena et al., (31), and was similar to210

the value obtained in a previous study (9.2 %, 27). Thus:211

NTBY = 0.115 ·NLDPY
. (1)

NLDPY
was estimated using the findings of ref. (8). The authors calculated the212

number of tons of plastic debris entering the global ocean in 2010. Considering213

that ∼50% of plastic is LDP (mainly low- and high-density polyethylene and214

polypropylene, 30, 6), about 100,000 tons of LDP debris were estimated to enter215

the Mediterranean Sea in 2010. This quantity includes also extremely light and216

large LDP not considered here. However, these constitute less than 1% of items217

collected in the Mediterranean Sea (28). Overall, the assumed quantity repre-218

sents a compromise between recent estimates, both lower (58, 59) and higher219

(11, 10). Furthermore, we stress that this value was adopted in recent studies220

modelling plastic-debris dispersion in this basin (27, 38, 31). The sensitivity221

of the results with respect to this parameter is studied by simulating a further222

scenario (Subsec. 2.3).223

224

2.2.3 Estimation of the maximum sinking speed of LDP debris SSMAX225

NTBY can be converted into a flux F of LDP mass leaving each m2 of sea surface226

every day by considering the Mediterranean surface ('2.5×1012 m2):227

F =
NTBY · 106

365 · 2.5 · 1012
g

dm2
= 1.10 · 10−9NTBY

g

dm2
(2)

The predicted concentration of the falling particles in the water column CP228

(expressed as g/m3) depends on their vertical sinking velocity SS. We stress229

that the flux of particles sinking from the sea surface is a release of individual230

particles (the LDP debris) at discrete intervals (Fig. 1), similar to a rain effect.231

Thus, the concentration CP was considered as the ratio between F (Expr. 2)232

and SS (expressed in m/d, Fig. 1):233

CP =
F

SS
=
NTBY

SS
1.10 · 10−9

g

m3
(3)

Expr. (3) implies that the more slowly LDP debris sinks, the greater the re-234

sulting water column plastic concentration is, and vice versa (Fig. 1, panels B.1235

and B.2). If NTBY increases (and we assume the same sinking speed), so does236

the water column plastic concentration. Here, CP was derived considering the237
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same sinking speed and mass for all the particles. We also derived an expres-238

sion for the predicted concentration by considering individual sinking speed and239

mass, and showed that these did not affect CP , nor the conclusions of our paper240

(Supporting Information S.1).241

By inverting Expr. (3), we could obtain an expression for the sinking speed of242

the LDP debris, SS:243

SS =
NTBY

CP
1.10 · 10−9 , (4)

from which it was possible to obtain a maximum estimate of the settling speed244

SSMAX in the Mediterranean Sea. To do so, we considered the estimate of245

NTBY for the Mediterranean Sea (11,500 tons/year, Subsec. 2.2.2) and imposed246

CP =COMIN
(1.60 µg/m3, Egger et al., (14), Subsec. 2.2.1):247

SSMAX =
NTBY

COMIN

1.10 · 10−9 , (5)

By substituting these values in Expr. (5), we obtained SSMAX=7.8 m/d.248

In summary, in order to have a minimum water column plastic concentration249

of 1.60 µg/m3, considering a maximum load of 11,500 tons of biofouled LDP250

leaving the surface each year, LDP debris should sink with a maximum settling251

speed of 7.8 m/d. Considering a greater water column plastic concentration,252

and/or a lower load of biofouled LDP per year would lead to a lower sinking253

speed.254

We stress that using the CO values of Baini et al., Lefebvre et al., Vasilopoulou et255

al., (43, 15, 44) (converted in plastic mass) as COMIN
rather than those of Egger256

et al., (14), SSMAX would have been lower. Similarly, using a lower NLDPY
(and257

thus a lower NTBY ) would have lead to a lower SSMAX value. Nevertheless,258

we considered a two fold value of NTBY , by carrying out a simulation with a259

sinking speed set to twice SSMAX (15.6 m/d, Subsec. 2.3).260

2.3 Model initialisation and simulated scenarios261

The simulated particles were considered representative of LDP debris of all sizes,265

with the exception of extremely light foamed plastics (such as polystyrene foam)266

or air filled objects which tend to stay suspended at the air-sea interface. The267

latter represent less than 1% of plastic debris collected in the Mediterranean268

Sea (28). In general, 95% of LDP debris collected in the Mediterranean Sea269

are less than 5 mm in size (28). LDP debris were considered to sink, assuming270

that biofouling, weathering or other processes decrease the buoyancy of these271

particles. Virtual LDP particles were released at the surface at daily intervals272

between January 1, and December 31, 2010. This time interval is consistent273

with the residence time of plastic debris at the Mediterranean surface (31, 27).274

To initialise the particle starting positions, we used the results of Baudena et275

al., (31), which simulated the path of LDP debris from their release at sea (by276

coastal cities, river mouths, and vessels) to the moment they started sinking.277

In that work, the authors assumed that the probability of a simulated LDP278

particle leaving the sea surface (due to e.g. biofouling, etc.) increases with279

the time spent in water. This probability peaked in correspondence with the280
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biofouling time (the period of time necessary to induce sinking, see Supplemen-281

tary Fig. 2 in Baudena et al., 31). In this way, the authors calculated the282

Mediterranean surface sinking rate (the amount of LDP debris that disappears283

from the surface each day in a square kilometer of sea surface). To strengthen284

that metric Baudena et al., (31) considered different biofouling times (between285

50–200 days, based on literature values) and obtained similar estimates when286

considering 16 different parameterisations and an ensemble average. Hence, in287

our study, particles were released proportionally to the Mediterranean surface288

sinking rate, i.e. the larger the surface sinking rate in a region, the larger the289

number of particles released there. The choice of the dataset of Baudena et290

al.(31) is further motivated by the fact that it was the first Lagrangian model291

quantitatively validated in the Mediterranean Sea.292

7,652,197 virtual particles were released in total, using four sinking speed values293

(7.8 m/d, Scenario 1; 4 m/d, Scenario 2; 2 m/d, Scenario 3; 1 m/d, Scenario294

4; Table 2). The choice of the maximum value used for the sinking speed295

(SSMAX=7.8 m/d) is motivated in Subsec. 2.2. All virtual plastic particles296

of a given scenario were advected for a time period (provided in Table 2) long297

enough to reach at least 1000 m depth. For scenario 4 (sinking speed of 1 m/d),298

particles were advected for 1000 days. At the end of the simulation, 90% of299

particles reached 1000 m depth or were deposited. The 10 % left were at an300

average depth of 900±100 m, thus very close to reaching 1000 m depth. Thus,301

we use their final position to calculate the seafloor concentration (Subsec. 2.4).302

The particles were considered as non-inertial passive tracers with a constant303

sinking velocity, which were transported by currents and by isotropic horizontal304

and vertical diffusion (diffusivity coefficient Kh and Kv, respectively).305

We used Kh=10 m2/s and Kv=5·10−5m2/s, in line with the values used in pre-306

vious plastic studies (27, 36, 58, 31). In order to test the sensitivity of the results307

to the choice of the diffusivity coefficients, different Kh and Kv values were used308

(Scenarios 5–8, Table 2). In order to evaluate the role of the vertical component309

of the current field w on the simulated LDP concentration, w was set to zero310

in scenario 9 (Table 2). Scenarios 5–9 were run with the same sinking speed of311

Scenario 1, namely 7.8 m/d. In order to evaluate the sensitivity of the results312

with respect to a potentially larger SSMAX (which could be due to a larger flux313

of LDP leaving the surface, Subsec. 2.2.3), in Scenario 10 we used a sinking314

speed of 15.6 m/d. Finally, in Scenario 11 we evaluated the sensitivity of the315

results with respect to the release conditions: to do so, the surface sinking rate316

of Baudena et al. (31) was varied at each location of ±10% randomly. This new317

sinking rate was used to initialise the particle release locations of that scenario.318

319

2.4 Model output analyses320

One of the limitations in simulating particle trajectories from the surface to the321

seafloor in a deep basin such as the Mediterranean Sea is the elevated compu-322

tational cost. To overcome this issue, we calculated the concentration of the323

simulated particles on a virtual layer at 1000 m depth. In the regions with a324

seafloor shallower than 1000 m, we kept the original depth (provided by the ve-325

locity field domain (37)). 1000 m was chosen as the reference depth because it is326

usually considered as the upper boundary of the deep sea. Thus, LDP reaching327

this layer are therefore considered as sequestered in the deep sea. Furthermore,328
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Nº Scenario Current 
velocity field

Vertical component 
of currents included 

(yes/no)

Sinking speed 
particles (m/d)

Release 
period

Advective 
period 
(days)

Kh (m2/s) Kv (m2/s) Notes

S1 NemoMed36 yes 7,8

1 Jan-31 
Dec 2010

450

10 5·10-5
S2 NemoMed36 yes 4,0 550

S3 NemoMed36 yes 2,0 1050

S4 NemoMed36 yes 1,0 1050

S5 NemoMed36 yes 7,8 450 5
5·10-5

S6 NemoMed36 yes 7,8 450 15

S7 NemoMed36 yes 7,8 450
10

1·10-5

S8 NemoMed36 yes 7,8 450 10·10-5

S9 NemoMed36 no 7,8 450 10 5·10-5

S10 NemoMed36 yes 15,6 225 10 5·10-5

S11 NemoMed36 yes 7,8 450 10 5·10-5
Surface sinking 
rate varied of 

±10%

1

262

Table 2: Parameters used for each of the ten simulated scenarios.263264

this assumption allowed us to simulate sinking speeds down to 1.0 m/d, which329

would not have been possible for further depths due to computational costs.330

The concentration on a deeper virtual seafloor, at 2000 m depth, was calculated331

for scenarios 1–3 only, and is reported in Supporting Information S.2.332

Further, we calculated the concentration of particles deposited less than 20 km333

from the coast (hereafter the coastal strip). We chose this distance because it is334

associated with the inner average continental shelf, exploited by industrial and335

recreational fishery and essential for tourism activity (60, 61). This concentra-336

tion was calculated for each Mediterranean country. For each deposited particle337

we identified if it was released by a land (coastal city or river mouth) or a sea338

(vessel discard) source. To this aim, we tracked each particle backward in time339

from the seafloor to the surface (using our trajectories) and from the surface to340

its release source (using the trajectories calculated by Baudena et al., 31). If the341

original release source was land based, we determined the corresponding source342

country as well. The plastic sources considered were those used in Baudena et343

al., (31), coastal cities (62), river mouths (63), and vessel discards (64).344

We analysed the connectivity between Mediterranean surface and seafloor by345

considering the starting and final position of each particle and by calculating346

a connectivity matrix (65) at two different resolutions. Further details are re-347

ported in Supporting Information S.3.348

To understand the pathways of the LDP particles reaching a zone of high LDP349

concentration, located north-east of the Balearic archipelago (Fig. 3A), we cal-350

culated their crossroadness (66, 31). This metric provides, for a given point, the351

percent of the trajectories that passed in its neighborhood (defined as a circle352

of radius 0.1◦). Further details are reported in Supporting Information S.4.353

2.5 Density of sinking LDP debris from a drag model354

In Subsec. 2.2.3, we estimated a maximum sinking speed SSMAX of LDP debris355

equal to 7.8 m/d. Here we calculate the difference of LDP and seawater densities356
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necessary to obtain such value. To this aim we use (i) the largest LDP debris357

dataset collected in the Mediterranean Sea to date and (ii) the drag model of358

Dioguardi et al., (67).359

360

Mediterranean Sea LDP debris database361

We exploited the largest LDP field dataset in the Mediterranean Sea to date,362

collected during the Tara Expedition (122 stations, ref. 28,363

https://zenodo.org/record/5538238). This dataset provided the ferret (consid-364

ered representative of the particle size dp), sphericity Φ, and circularity χ of365

each LDP debris collected at the sea surface (75,030 items in total). We used366

these debris physical properties to estimate the velocity at which they are ex-367

pected to sink once biofouled.368

369

Drag model to calculate the sinking velocity370

Van Melkebeke et al., (68) evaluated eleven drag models estimating the vertical371

sinking velocities of plastic particles with different characteristics, such as size,372

shape, and density. The best performing drag model was the one reported in373

(67, average error of 13.20%), which calculated the vertical sinking speed SSDM374

as follows:375

SSDM =

√
4gdp∆ρ

3CdρSW
, (6)

where g is the gravity acceleration (9.81 m/s2), dp is the particle size, ∆ρ is the376

difference between the particle density and that of seawater, ρSW . Cd is the377

particle drag coefficient, which the authors expressed as follows:378

Cd =
24

Rep

(
1−Ψ

Rep
+ 1

)0.25

+
24

Rep

(
0.181Re0.65p

)
Ψ−Re0.08p +

0.4251

1 + 6881
<p

Ψ5.05
,

where Rep is the particle Reynolds number.379

Rep =
ρSWSSDM dp

µf
,

with µf being the water dynamic viscosity. The range of validity of Eq. (6)380

is 0.03< Rep <104, which was respected with the parameters used. Ψ is the381

shape factor, defined as the ratio between the particle sphericity Φ and cir-382

cularity χ. The vertical sinking velocity SSDM depends therefore on the six383

parameters, dp, ∆ρ, ρSW , µf , Φ, and χ. We considered a seawater density384

ρSW =1027 kg/m3 and a viscosity µf=0.00109 Pa·s; the latter is representative385

of a seawater temperature of 20◦ (https://www.engineeringtoolbox.com/sea-386

water-properties-d 840.html), which is the mean Mediterranean surface tem-387

perature. As dp, Φ, and χ we used the dp, Φ, and χ of each of the 75,030 debris388

collected during the Tara expedition (Subsec. 2.5). Therefore, ∆ρ represents389

the only unknown parameter in Expr. 6.390

391

Different ∆ρ values were tested in Expr. (6), ranging from 0.001 to 0.1399

kg/m3. The Matlab function provided in Dioguardi et al., (67) was used to400
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392

Figure 2: Mean theoretical sinking speed SSDM of 75,030 LDP debris (y-axis,
subsec. 2.5) as a function of the difference between the density of the biofouled
LDP debris and the seawater ∆ρ (x-axis). SSDM are reported as mean values
(red dots) with standard deviation (errorbar). The blue horizontal line identifies
the SSMAX value calculated in Subsec. 2.2.3 (7.8 m/d).

393

394

395

396

397398

calculate 75,030 SS values, which were then averaged together. We found that401

SSDM matched SSMAX for ∆ρ ' 0.025 kg/m3 (Fig. 2). The ∆ρ obtained did402

not change considerably when the predicted water column plastic concentration403

CP was calculated considering also the individual mass of each of the 75,030404

LDP debris (Supporting Information S.1). We also performed a sensitivity test405

to analyse the robustness of the mean SSDM while varying the three other406

parameters dp, ρSW , and µf . These calculations indicated that they did not407

affect the mean SSDM value (Supporting Information S.5) significantly.408

Overall, above considerations show that only a minor excess density of 0.025409

kg/m3 compared to seawater is required to reach a maximum sinking speed of410

7.8 m/d. Smaller ∆ρ are related to lower sinking speeds.411

3 Results412

3.1 Concentration of deposited LDP debris and distance430

travelled during its sinking431

The spatial distribution of particles deposited on the 1000 m depth virtual layer441

(Fig. 3B, C, D, and E;) was consistently different from the distribution of442

particles leaving the surface (Fig. 3A) for all the sinking speeds considered.443

When reducing the sinking speed, the difference increased (Fig. 3B to Fig. 3E).444

This result was particularly visible in the western Mediterranean: while large445

amounts of virtual particles were predicted to leave the surface north of the446

Balearic archipelago, the concentration at 1000 m depth in this same region447

was relatively low for all the scenarios considered. Conversely, the 1000 m con-448

centration was greater north-east of the Balearic archipelago, in a region where449

the surface sinking rate was lower (cyan rectangle in Fig. 3A). This region,450

covering 1.63% of the Mediterranean surface, contained 1.36% of the virtual451

LDP particles leaving the Mediterranean surface. Notably, at 1000 m depth, it452

accumulated the 3.07 %, 4.68%, 6.66%, and 7.36% of the virtual LDP particles453

for scenarios 1–4, respectively. The LDP particles deposited there were mostly454
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413

414

415

Figure 3: (A): amount of virtual LDP particles that left the Mediterranean
surface in 2010 (the surface sinking rate integrated between January 1, and
December 31, 2010; kg/km2; adapted with permission from Baudena et al.,
(31), Copyright 2022 Nature). (B–E): concentration of virtual LDP particles
released in 2010 deposited on a virtual seafloor at 1000 m depth, for scenario 1,
2, 3, and 4, respectively. The virtual 1000 m seafloor was built by considering
all the seafloor locations deeper than 1000 m as 1000 m deep. The blue lines
in panel A–E indicate the 1000 m isobath. (F): cumulative pdf of the lateral
transport distance (the distance between the location in which the particle left
the surface and the location in which it reached the virtual 1000 m seafloor) of
the 7,652,197 virtual particles released in 2010, for scenario 1 (blue line), 2 (red
line), 3 (cyan line), and 4 (green line). The cyan rectangle in panel (A) shows
the region considered for the statistical analyses.
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428429

from the south and the east of this region, as supported by supplementary anal-455

yses (Supporting Information S.4)456

The connectivity analysis between the locations where particles left the surface457

and where they reached the seafloor indicated that between 90–95% of the par-458

ticles (scenarios 1–4) deposited at a certain location (defined by a ∼111 km size459

square) started to sink in other regions (Supporting Information S.3). In the460

Southern Adriatic Sea, where a hotspot of enhanced LDP accumulation was461

identified, between 32–50% of the particles were from adjacent regions. Other462

LDP accumulation regions were detected across the basin, such as in the Tyrrhe-463

nian and Ionian Seas, in the Strait of Sicily, or in the Eastern Mediterranean.464
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The spatial variability between the concentration of virtual LDP particles leav-465

ing the surface and reaching the 1000 m virtual seafloor was confirmed also by466

the cumulative pdf of the lateral transport distance (Fig. 3F). This was de-467

fined as the distance between the locations at which particles left the surface468

and those where they reached 1000 m depth. The mean lateral transport dis-469

tance for scenario 1 was 119±99 km; for scenario 2: 172±136 km; for scenario470

3: 232±177 km; and for scenario 4: 282±218 km. The percentage of virtual471

LDP particles with a lateral transport distance larger than 100 km was 30%472

for scenario 1, increasing to more than 60% for scenario 4. This conclusion was473

robust to changes in the horizontal and vertical diffusivity, to the exclusion of474

the vertical component of the velocity field, to the increase of the sinking speed475

of the LDP particles up to the double of SSMAX , and to changes of the surface476

sinking rate used to initialise the particle starting locations (Supporting Infor-477

mation S.6).478

In situ observations of seafloor plastic concentration in the Mediterranean are479

sparse in space and time and differ in methodology. In addition, these collected480

all types of plastic, while here we focus on LDP only. Hence, a quantitative481

comparison with our model results is currently not possible. Despite these con-482

straints, our model predictions qualitatively agree with in situ measurements483

(databases and their references in Supporting Information S.7). Largest seafloor484

concentrations are reported in the Central Adriatic Sea, close to the Turkiye485

shore, and in the Balearic archipelago, where our model predicts the largest486

LDP concentrations. Conversely, the lowest concentrations were measured on487

the Eastern Sardinia shelf, in the Northern Tyrrhenian Sea, and close to Alicante488

(Spain), in agreement with our model predictions (further details in Supporting489

Information S.7).490

3.2 LDP concentration on the coastal strip of Mediter-491

ranean countries492

The concentration of particles deposited on the coastal strip (i.e. in this study493

within 20 km from the coast, Subsec. 2.4) ranged between 5.5–8.9 kg/km2
494

(scenarios 1–4), which was between 11–69% larger than the concentration of495

particles sinking from the sea surface above (i.e., less than 20 km from the496

coast; 5.2 kg/km2). The bottom coastal strips of Algeria and Turkiye showed497

the largest particle concentrations (15.6 and 13.9 kg/km2, respectively, obtained498

from an ensemble average of scenarios 1–4; Fig. 4).499

We tracked the particles deposited on the bottom coastal strip backward in time500

(based on Baudena et al., (31), Methods), and we found that ∼60% were from501

vessel discards, while ∼40% were released from land sources. On average, ∼20%502

of the particles deposited on the coastal strip of a given country were from the503

land sources of the same country, while ∼20% were from other countries, with504

some variability. For example, 53% of particles deposited on the coastal strip of505

Cyprus were from neighbouring countries. The corresponding values for Croatia506

and Syria were 47 and 46%, respectively. Conversely, 73% of particles deposited507

on the coastal strip of Turkiye were from Turkish coastal sources. Finally,508

83% of the particles deposited on the coastal strip of Egypt were from vessel509

discards. This proportion was similar for particles deposited on the coastal strip510

of Malta and Libya (84 and 83%, respectively). Results obtained for scenarios511

1–4 separately (Supporting Information S.8) were consistent with this pattern.512
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432

Figure 4: Concentration of particles released in 2010 which deposited on the
coastal strip (defined as the region less than 20 km from the coast) of the differ-
ent Mediterranean countries, obtained from the ensemble average of scenarios
1–4. For each country, the red rectangle represents the amount of particles de-
posited on its coastal strip which were released from its own land sources, the
yellow rectangle represents those released from other countries, and the blue
rectangle those directly released at sea.
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4 Discussion513

4.1 Pathways and fate of sinking LDP debris514

The study of the pathways of sinking LDP debris has highlighted that the loca-515

tions where LDP debris left the surface did not coincide with the locations where516

it was found at depth, as assumed by recent studies (27, 16). This stressed the517

importance of a three dimensional approach to study plastic dispersion (69).518

When neglecting the vertical component of the currents, the accumulation of519

virtual LDP particles in specific regions slightly decreased, e.g. for the area520

north-east of the Balearic archipelago (last panel in Fig. S.6). When con-521

sidering a virtual seafloor down to 2000 m (Supporting Information S.2), the522

accumulation slightly decreased as well. This indicated an important role played523

by vertical current shear and by horizontal stirring on the accumulation of LDP524

particles, in coherence with recent studies (70, 38). For instance, we observed525

a region of LDP particle accumulation at 1000 m depth in the Adriatic Sea.526

This matched remarkably well with a recently discovered persistent bottleneck527

structure in the circulation of this sea (71), which may be responsible for this528

LDP accumulation. In a specific region north-east of the Balearic archipelago,529

the number of LDP debris deposited increased for slower sinking speeds. Cross-530

roadness analyses indicated a possible mechanism of particle accumulation at531

depth (Supporting Information S.4): particles are transported toward this area532

due to the regional converging circulation. At the same time, particles sinking533

more slowly spend more time suspended in the water column, traveling larger534

distances. Hence, the probability they end up in that region increases.535

Our simulations also pointed to the fact that a large fraction of LDP particles536

could potentially reach the deep sea: 48–63 % of the virtual LDP particles leav-537

ing the surface were transported to 1000 m depth, while 38–46 % reached 2000538

m in Scenarios 1–3.539

Even if further information is needed to quantitatively validate our model out-540

puts, our results were in general agreement with in situ observations of seafloor541

plastic concentration (Supporting Information S.7), corroborating our findings.542

In addition, our results were robust with respect to horizontal and vertical dif-543

fusivity changes, removal of the vertical velocity current component, variation544

of the LDP debris sinking speed, and changes of starting sinking locations (Sup-545

porting Information S.6).546

4.2 Bottom coastal LDP pollution.547

The estimated LDP concentration on the bottom coastal strip increased for548

decreasing sinking speeds (from 5.6 kg/km2 for 7.8 m/d sinking speed to 8.9549

kg/km2 for 1 m/d). This concentration was 11–69% higher than the concentra-550

tion of LDP particles leaving the sea surface in the same region (5.2 kg/km2).551

This indicated that currents at depth tend to propel debris towards coastal re-552

gions. This agrees with the pattern of surface currents, which are expected to553

retain LDP debris in the majority of Mediterranean coastal regions (27, 31).554

Notably, ∼ 20% of the particles deposited in the coastal region of a given coun-555

try were from neighbouring countries, while∼ 60% were from maritime sources.556

The high percentage of deposited LDP debris originating from maritime sources557

(60%) is due to the fact that these particles spend more time at the surface558
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than particles released from land sources, which tend to strand quickly and are559

therefore less biofouled. In general, while previous studies suggested that each560

country is the primary responsible for the plastic pollution of its own beaches561

(27, 31), LDP debris on the bottom coastal strip seems to be from multiple562

Mediterranean countries and especially from shipping lanes. For instance, Egypt563

has been reported to have large rates of beaching plastic debris, mostly released564

from its own land sources (27, 31): however, we suggest that its coastal strip565

pollution is mainly due to LDP particles released at sea or from other countries.566

Overall, LDP pollution emerges as a shared problem in the Mediterranean basin,567

as particles polluting the bottom coastal strip were mostly released at sea or568

from distant countries.569

4.3 Implications from comparing the maximum sinking570

speed SSMAX with the sinking speed from a drag model571

SSDM572

Several biological processes are suspected to affect LDP debris throughout the573

water column. Kooi et al., (20) theorised a progressive colonisation of LDP,574

which is expected to decrease and eventually cease below the euphotic layer575

(due to mineralization or scraping of plastics by copepods; 72). Also, frag-576

mentation fosters the slowdown of settling LDP debris, as the vertical sinking577

velocity decreases with decreasing debris size (73). Hence, LDP debris may be578

resuspended and colonised again (20), as modelled by Lobelle et al., (32), Fischer579

et al., (70), and Tsiaras et al., (74). Other biological activities can occur below580

the euphotic zone, such as the biofilm formation via heterotrophic organisms581

that do not necessarily require light to grow (70). Aggregation in marine snow582

and consumption by zooplankton may cause plastic debris to sink, whereas rem-583

ineralization at depth would remove organic mass from plastic debris, making it584

rise again (75, 76). Zooplankton faecal pellets usually do not reach the seafloor585

due to coprophagy (see a review in 77), potentially releasing buoyant plastic586

debris. In addition, faecal pellets containing plastic debris are more subject587

to fragmentation (25), potentially enhancing resuspension. Chemical processes588

can affect the buoyancy of LDP debris as well, especially in regions where bio-589

logical activities are limited, such as in the NPGP. For example, weathering of590

debris causes hydrogen abstraction with oxygen substitution penetrating deeper591

into the polymeric matrix, altering its absolute density (78). Crystallinity also592

increases over time during degradative attack of the amorphous regions leading593

to an increase in density (79).594

However, these processes, potentially responsible for the sinking of LDP debris,595

have been observed only in laboratory studies or, in situ, uniquely at the sea596

surface (21, 22, 23, 24), with the exception of the recent observation of LDP in597

marine snow (80). The presence of LDP at depth is hence poorly understood.598

To investigate this question, we used a drag model and the largest collection of599

Mediterranean LDP debris to date. We calculated the difference of density be-600

tween sinking LDP debris and seawater necessary to obtain a theoretical sinking601

speed SSDM equal to SSMAX=7.8 m/d. We obtained ∆ρ=0.025 kg/m3. As602

seawater density increases with depth (using a conservative estimate, about 1603

kg/m3 every 100 m; de la Fuente et al., (81)) LDP debris should stop sinking604

after 2.5 m if its density does not increase meanwhile. Therefore, our results605
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suggest that the biological processes proposed by the aforementioned studies606

(e.g. 20, 75, 76) occur also below the surface.607

This conclusion is corroborated by the fact that currents, in the Mediterranean608

Sea, seems unable to transport LDP debris at great depths. Indeed, Soto-609

Navarro et al., (38) have shown that vertical currents redistribute plastic debris610

mainly in the first 100 meters of the water column. Onink et al., (82) predicted611

a transport to greater depths primarily due to internal tides, but only for a small612

proportion of LDP debris (<1%). Tsiaras et al., (74) studied the water column613

plastic concentration in some regions of the Mediterranean Sea, and found that614

model predictions were orders of magnitude lower than observations. In addi-615

tion, de la Fuente et al., (81) argued that neither the vertical nor horizontal616

currents affect the water column debris concentration in the Mediterranean Sea617

significantly (see in particular their Figure 5). Fischer et al., (70) suggested a618

larger impact of vertical transport, but only when associated with an intense619

biological activity.620

All in all, our results point to the fact that LDP debris may persist in the wa-621

ter column for time windows larger than previously suspected (e.g. 27, 16) and622

travels for hundreds of kilometers. This can increase their bioavailability and623

their potential negative impact for marine biota (3, 83). This study provides624

an upper limit for the LDP sinking speed that can be used to constrain fu-625

ture plastic-tracking studies. Further information on concentration of LDP in626

the water column and on the seafloor, as well as observations of in situ sink-627

ing speeds are urgently needed, given the potential damage of plastic debris on628

pelagic and benthic ecosystems.629

4.4 Limits and perspectives630

The Lagrangian simulations were subject to approximations. We used a con-631

stant sinking velocity of LDP particles from the surface to 1000 m depth, while632

this can vary, due to seawater density variation or biochemical processes. The633

sinking speed was considered equal for all the particles, while this may not be634

the case (Subsec. 2.5). We focused on the 1000 m (and 2000 m, Supporting635

Information S.2) depth layer, while several Mediterranean areas are deeper than636

3000 m. Particles were released for one year only, and land based and maritime637

plastic sources used to calculate the surface sinking rate (our initial condition)638

were subject to high uncertainties (12, 27, 31). The surface sinking rate needs639

further refinement, including processes such as fragmentation, seasonality and640

spatial variability (e.g. 82). The horizontal and vertical diffusivity were consid-641

ered as homogeneous through the basin and constant in time, while they can642

have both spatial and temporal variability. These choices were due to the fact643

that information about concrete ways of parameterising these dynamics (e.g.644

the change in time of the sinking speed) were not available or not validated by645

observations to date.646

Therefore, while the concentration of LDPs on the seafloor is affected by high647

uncertainties, our results represent a first step forward in the modelisation of648

sinking LDP debris, as evidenced also by the agreement with in situ seafloor649

observations. The hotspots of plastic debris accumulation on the seafloor as well650

as its transport pathways may be used to design optimal sampling or removal651

strategies (e.g. 31). These could be focused both at large or regional scales, and652

may benefit from future improvements of TrackMPD simulated processes.653
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The previous considerations advocate for further research efforts, as additional654

information is essential to deepen the knowledge on the biological processes655

affecting the vertical path of plastic debris (e.g. refs. (32, 70, 74, 76)), and656

to implement the characterisation of the hydrodynamical field transporting it657

(for instance, by increasing its spatio-temporal resolution). Also, resuspension658

from the seafloor or funnelling effects (for instance due to canyons) should be659

investigated (16, 17, 84). This information is needed to improve plastic-tracking660

models and, more generally, to mitigate plastic pollution.661

Supporting Information662

Use of individual sinking velocities and particle mass; LDP seafloor concentra-663

tion at 2000 m; surface-seafloor connectivity; crossroadness analyses; sensitivity664

test of SSDM ; sensitivity test of LDP seafloor concentration; in situ obser-665

vations of plastic seafloor concentration; sensitivity test of coastal strip LDP666

concentration.667
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worldâs ocean”, Geochemical Perspectives Letters 9, pp. 1–5 (2018).903

[50] A. Bagaev, A. Mizyuk, L. Khatmullina, I. Isachenko, and I. Chubarenko,904

“Anthropogenic fibres in the Baltic Sea water column: Field data, labora-905

tory and numerical testing of their motion”, Science of The Total Envi-906

ronment 599-600, pp. 560–571 (2017).907

[51] M R Cordova and U E Hernawan, “Microplastics in Sumba waters, East908

Nusa Tenggara”, IOP Conference Series: Earth and Environmental Science909

162, pp. 012023 (2018).910

25



[52] Elena Gorokhova, “Screening for microplastic particles in plankton sam-911

ples: How to integrate marine litter assessment into existing monitoring912

programs?”, Marine Pollution Bulletin 99(1), pp. 271–275 (2015).913

[53] Miriam C. Goldstein, Andrew J. Titmus, and Michael Ford, “Scales of spa-914

tial heterogeneity of plastic marine debris in the northeast pacific ocean”,915

PLOS ONE 8(11), pp. 1–11 (2013).916

[54] M.B. Zobkov, E.E. Esiukova, A.Y. Zyubin, and I.G. Samusev, “Microplas-917

tic content variation in water column: The observations employing a novel918

sampling tool in stratified Baltic Sea”, Marine Pollution Bulletin 138, pp.919

193–205 (2019).920

[55] Young Kyoung Song, Sang Hee Hong, Soeun Eo, Mi Jang, Gi Myung Han,921

Atsuhiko Isobe, and Won Joon Shim, “Horizontal and Vertical Distribution922

of Microplastics in Korean Coastal Waters”, Environmental Science &923

Technology 52(21), pp. 12188–12197 (2018).924

[56] Mine B. Tekman, Claudia Wekerle, Claudia Lorenz, Sebastian Primpke,925

Christiane Hasemann, Gunnar Gerdts, and Melanie Bergmann, “Tying up926

loose ends of microplastic pollution in the Arctic: Distribution from the927

sea surface through the water column to deep-sea sediments at the HAUS-928

GARTEN Observatory”, Environmental Science & Technology 54(7), pp.929

4079–4090 (2020), PMID: 32142614.930

[57] Shiye Zhao, Erik R. Zettler, Ryan P. Bos, Peigen Lin, Linda A. Amaral-931

Zettler, and Tracy J. Mincer, “Large quantities of small microplastics932

permeate the surface ocean to abyssal depths in the south atlantic gyre”,933

Global Change Biology 28(9), pp. 2991–3006 (2022).934

[58] Mikael L. A. Kaandorp, Henk A. Dijkstra, and Erik van Sebille, “Closing935

the Mediterranean marine floating plastic mass budget: Inverse modeling936

of sources and sinks”, Environmental Science & Technology 54(19), pp.937

11980–11989 (2020), PMID: 32852202.938

[59] Julien Boucher and Guillaume Billard, “The mediterranean: Mare plas-939

ticum”, Gland, Switzerland: IUCN. x 62 (2020).940

[60] Mita Drius, Lucia Bongiorni, Daniel Depellegrin, Stefano Menegon,941

Alessandra Pugnetti, and Simon Stifter, “Tackling challenges for Mediter-942

ranean sustainable coastal tourism: An ecosystem service perspective”,943

Science of The Total Environment 652, pp. 1302–1317 (2019).944

[61] Beatriz Morales-Nin, Antoni M. Grau, and Miquel Palmer, “Managing945

coastal zone fisheries: A Mediterranean case study”, Ocean & Coastal946

Management 53(3), pp. 99–106 (2010).947

[62] AJ Florczyk, M Melchiorri, C Corbane, M Schiavina, M Maffenini, M Pe-948

saresi, P Politis, S Sabo, S Freire, D Ehrlich, T Kemper, P Tommasi,949

D Airaghi, and L Zanchetta, “Description of the GHS Urban Centre950

Database 2015”, GHS Urban Centre Database 2015, multitemporal and951

multidimensional attributes. European Commission, Joint Research Centre952

(JRC) (2019).953

26



[63] Laurent C. M. Lebreton, Joost van der Zwet, Jan-Willem Damsteeg, Boyan954

Slat, Anthony Andrady, and Julia Reisser, “River plastic emissions to the955

world’s oceans”, Nature Communications 8(1), pp. 15611 (2017).956

[64] Lin Wu, Yongjun Xu, Qi Wang, Fei Wang, and Zhiwei Xu, “Mapping957

global shipping density from AIS Data”, Journal of Navigation 70(1), pp.958

6781 (2017).959

[65] Enrico Ser-Giacomi, Vincent Rossi, Cristóbal López, and Emilio960
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