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Marine and coastal sediments from the harbor of Cartagena (Spain) and its adjoining beach were investigated
regarding their microplastic burden. Fibers accounted for 47.62% and 61.66% in marine and coastal sediments,
respectively, followed by films (31.43% and 18.76%) and fragments (20.95% and 18.65%). Polyvinyl (36.07%),
polypropylene (21.31%), and polyethylene (18.03%) were isolated for marine sediments, and low-density
polyethylene (40.71%), polypropylene (20.16%), and acrylate (11.37%) for coastal sediments. Highest con-

centrations were found in the deepest marine sediments (24.0 m) and in the furthest zone from the seashore for
coastal sediments (18 m). Carbonyl index increased in the intermediate area (12.5 m) for marine sediments
(0.51), whilst vinyl index was maximum for the deepest samples (1.94), reporting Norrish type I and II reactions,
respectively. Coastal sediments collected close to the high tide line displayed the highest average values for both
indices, 1.57 and 1.29, respectively, indicating a higher exposition to weathering variables.

1. Introduction

Global plastics production has been increased from 348 million tons
in 2017 towards 359 million tons in 2018, almost reaching 370 million
tons in 2019 (PlasticsEurope, 2020). Human activities, including pack-
aging, building, construction, spillage during handling, transfer and loss
during transportation, or an inefficient end-of-life management, among
others, are responsible for the presence of million microplastic particles
in our oceans (Veerasingam et al., 2016). Although it is not possible to
give exact quantities of manufactured plastic material discarded or
washed into the sea or coastal areas, the estimations include that only
15% is floating on the surface of the sea, 15% is hovering in the water
column, and 70% will sink and accumulate on the sea bottom (Kurtela
and Antolovi¢, 2019), especially those with a density that exceeds that of
seawater (1020 kg m’3) (Woodall et al., 2015).

Plastics between 1 ym and 5 mm (particulate), or 3 pm and 15 mm
(fibers) are named microplastics (ECHA, 2019), and they are divided
into two different groups: primary microplastics, purposefully manu-
factured for commercial use in personal care products, plastic pellets or
nurdles for industrial manufacturing or powders for injection molding;
and secondary microplastics, formed in the process of weathering and
disintegration of larger plastic particles under the influence of the sun,
salt water, waves and other abiotic and biotic factors (Moore, 2008;
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Kershaw et al., 2019). In this sense, coastline has been spotted as a
significant reservoir for their accumulation and release to the sea
(Bronzo et al., 2021). Eriksen et al. (2014) have estimated a minimum of
5.25 trillion plastic particles weighing 268,940 tons floating in the world
oceans, with a tremendous loss of microplastics from the sea surface
compared to expected rates of fragmentation, surely due to different
mechanisms that remove these tiny particles from the surface.

Microplastics in the marine environment undergo physical, chemi-
cal, and biological degradation. Ultraviolet radiation, under 400 nm
wavelength, accelerates polymer degradation because of photolytic,
photo-oxidative, and thermo-oxidative reactions, and in seashore,
plastics such as polyethylene and polypropylene will also be degraded
by physical abrasion because of wave action and sand grinding (Wang
et al., 2016). Furthermore, all these processes could be coupled with a
biotic degradation, with bacteria and fungi producing a variety of en-
zymes capable of degrading natural and synthetic polymers (Sanchez,
2020).

Different weathering indices have been proposed to measure chem-
ical changes associated with microplastic aging and degradation.
Carbonyl and vinyl indices were probably the first indicators used to
measure the chemical oxidation of polyolefins such as polyethylene and
polypropylene, generally considered to reflect the degradation of the
mechanical properties of these polymers (Mellor et al., 1973). It has
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been postulated that carbonyl groups are the main light-absorbing
species responsible for the photochemical initiation reactions of UV-
exposed polyolefins, following Norrish type I and II reactions (Gar-
dette et al., 2013). When ketones degradation undergoes a Norrish type I
reaction, the resulting free radicals may lead to the formation of car-
boxylic acids, esters, or lactones via crosslinking, or may originate chain
scission. Conversely, Norrish type II reaction results in the formation of
terminal vinyl groups, acetone, as well as chain scissions (Stark and
Matuana, 2004). The crystallinity of polyolefins strongly fluctuates due
to chemical changes occurred during weathering processes, increasing
with carbonyl index. An early stage of degradation involves controlled
chain cleavage, which proceeds with the scission of the entangled
molecules during the amorphous phase, leading to a rearrangement of
the released segments (Rajakumar et al., 2009).

This paper deals with the occurrence and spatial distribution of
microplastics along the sediments in the harbor of Cartagena (Spain) and
its adjoining urban beach. Collected microplastics from both marine and
coastal sediments were characterized in terms of color, shape, and size,
and polymer types were identified by Attenuated Total Reflectance-
Fourier Transform Infrared Spectroscopy (ATR-FTIR). The three main
objectives of this study were: (1) to characterize microplastic distribu-
tion at different sampling points from both marine and coastal sedi-
ments; (2) to understand the correlation between weathering processes
taking place in their surface and their spatial distribution; and (3) to
relate crystallinity changes with carbonyl and vinyl indices. The results
of this study will provide insights on the contamination of marine and
coastal sediments, as well as spatial factors affecting abundance, dete-
rioration, and characteristics of microplastic burden, linking crystal-
linity changes to weathering indices to provide an increased
understanding for these processes.
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2. Materials and methods
2.1. Sampling marine and coastal sediments

Marine sediments close to the harbor of Cartagena, a three-millenary
city located in a natural bay in the Southeast of Spain, were collected
during March, June, and September 2019 at three different sampling
points (Fig. 1), named P1 (37°34'47.04” N, 0°58'34.62" W), P2
(37°35'36.72" N, 0°58'49.20” W), and P3 (37°34'29.58" N, 0°58'31.50”
W), with 8.0, 12.5, and 24.0 m in depth, respectively. The three sam-
pling sites differ in their main activities, representing different marine
environments also related to depth and hydrodynamic energy levels.
Sandy bottoms are the predominant sedimentary cover in P1, located in
front of Cala Cortina, a urban beach also monitored in this study; P2 is
located in the dock of Cartagena, close to the city, and it includes a
recreational and fishing port, and a cruise terminal with 700 m mooring
line and 11.25 m draft, with muddy bottom sediments; and P3, named
Escombreras dock, located 1.5 miles far from the city port, including
LNG (Liquefied Natural Gas) and LPG (Liquefied Petroleum Gas) ter-
minals, supertankers docking for crude oil discharge, and terminals for
loading vegetable oils and bioethanol, with more than 5000 m mooring
line and 21.40 draft (Fig. S1).

Each time, a surface of 0.04 m? was sampled by means of a Van Veen
hand-operated grab sampler (Fig. S2), the most frequently used tool for
benthic sediment collection (Claessens et al., 2011; Razeghi et al.,
2021), on board a speedboat guided by a pocket-size Garmin GPS.
Samples were subsequently subsampled in triplicate and placed into
sterilized glass vessels with metallic lid, until arrival into the laboratory.
Marine sediments were dried overnight a 60 °C in a forced air stove FD
23 (Binder GmbH, Tuttlingen, Germany), then sieved on a 5 mm mesh
sieve and stored at 4 °C in glass sealed containers before microplastic
extraction.

Fig. 1. Location of three sampling points for marine sediments monitored in this study.
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Coastal sediments were also collected at three sampling points
within the Cala Cortina urban beach (Fig. 2); named Z1, close to the high
tide line (37°34'52.94" N, 0°58'29.88"” W); Z2, 9 m landward from high
tide line (37°34'53.17” N, 0°58'29.67” W); and Z3, 18 m landward from
high tide line (37°34'53.46” N, 0°58'29.50” W). Triplicate samples of
0.25 m? quadrats were collected placing a square of 0.50 m with the aid
of a metal trowel, during March, June, and September 2019. Samples
were always collected from the superficial layer included within the
sampling frame (maximum depth 3-4 cm) and placed into 120-mm glass
Petri dishes, with an average amount (+SE) of 226.8 (+5.7) g (dw), and
minimum and maximum values of 193.3 and 265.3 g (dw) (Fig. S3).

2.2. Measurement of microplastics in marine and coastal sediments

All sample processing was conducted avoiding plastic lab devices to
the maximum, and all glassware was thoroughly washed with tap water
and twice with deionized water after each experiment, covering it with
aluminum foil to mitigate contamination. Only natural fiber clothing
and cotton coats were worn in the lab for sample processing.

Fifty grams of dry marine sediment was each time analyzed for
microplastics. Biofilm removal from their surfaces was carried out by
adding 100 ml of 10% KOH solution in 250 ml glass beakers, at 40 °C for
48 h. Dehaut et al. (2016) and Kiihn et al. (2017) have reported that
most of polymers identified from beaches and marine debris were
resistant against KOH, recommending its use for microplastic research.
Digested, samples were resuspended in 100 ml of 2.05 M NaCl solution
(density: 1080 kg m3) (Panreac, Barcelona, Spain) and mechanically
stirred in a jar-test device (300 rpm, 20 min), for a further extraction
based on density floatation. After 20 min of settlement, the supernatant
was vacuum filtered through a Biichner funnel using a paper filter (Prat
Dumas, Couze-St-Front, France, diameter 110 mm, pore size 0.45 mm).
The funnel wall was twice washed with deionized water and also
filtered. Isolated microplastic particles were recovered by orbital
shaking (150 rpm, 30 min), placing filters into 120-mm glass Petri dishes
after washing with 15 ml deionized water. Samples were dried overnight
at 60 °C in a forced air stove FD 23 (Binder GmbH, Tuttlingen, Ger-
many), and kept in a desiccator to avoid moisture. Coastal sediments
were similarly processed for microplastic extraction, although without
the digestion process, as previously reported in Bayo et al. (2019) for
sand sediments in the Mar Menor coastal lagoon.

Besides, negative control samples or procedural blank measurements
were analyzed throughout the study, by vacuum filtering a mixture of
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10% KOH (100 ml), 2.05 M NaCl solution (250 ml), and 150 ml of
deionized water through a clean paper filter, to determine any potential
microplastic contamination during the lab work. No microplastics were
identified from blank samples.

After visual identification under an Olympus SZ-61TR Zoom Trin-
ocular Microscope (Olympus Co., Tokyo, Japan) coupled to a Leica
MC190 HD digital camera and an image capturing software Leica
Application Suite (LAS) 4.8.0 (Leica Microsystems Ltd., Heerbrugg,
Switzerland), all isolated microparticles were analyzed to identify
polymer types and their weathering processes by means of a Thermo
Nicolet 5700 Fourier transformed infrared (FTIR) spectrometer (Thermo
Nicolet Analytical Instruments, Madison, WI, USA), provided with a
deuterated triglycine sulfate, DTGS, detector and KBr optics. The spectra
collected by attenuated total reflectance (ATR) were an average of 20
scans with a resolution of 16 cm™! in the range of 400-4000 cm ..
Spectra were controlled and evaluated by the OMNIC software without
further manipulations, and polymers were identified by means of
different reference polymer libraries, containing spectra of all common
polymers; i.e., Hummel Polymer and Additives (2011 spectra), Polymer
Additives and Plasticizers (1799 spectra), Sprouse Scientific Systems
Polymers by ATR Library (500 spectra), and Rubber Compounding
Materials (350 spectra). A hit quality percentage match >60% was used
as the threshold for polymer identification. Finally, total organic carbon
(TOC) was measured by means of a TOC analyzer (Shimadzu TOC-V
CSH).

2.3. Weathering indexes

Spectra obtained by ATR-FTIR for polymers with saturated alkyl
chains, such as polyethylene (PE), both low-density (LDPE) and high-
density polyethylene (HDPE), polypropylene (PP), and polyethylene
polypropylene copolymer (PEP) were used to estimate the carbonyl and
vinyl indices, representing further degradation of the polymer with
higher values of both indices. Carbonyl index is defined as the absor-
bance of the carbonyl peak at 1722-1712 cm™! relative to that of the
asymmetric tensile 2H vibration of methylene group (2910-2900 cm™1).
It is used as an indicator of the degree of polymer oxidation (Matsuguma
et al., 2017; Miranda et al., 2021), because of the introduction of a
carbonyl group into the chemical structure, and the peak between 2910
and 2900 cm™! can serve as a reference because it remains unchanged
during degradation (Andrady et al., 1993). Therefore, the carbonyl
index was used for the quantification of weathering processes of

72 (37°34°53.17”N, 0°58°29.67” W ) (9,0 m)

Fig. 2. Location of three sampling points for coastal sediments monitored in this study.
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indicated polymers, although it could not be used for polyethylene
terephthalate (PET) because of a systematic common peak at 1714 cm !
band due to C=O0 stretching (Miranda et al., 2021). Vinyl index was
calculated as the peak intensity for the vinyl group 910-900 cm™!
relative to that of methylene group (2910-2900 em™ ) (Stark and
Matuana, 2004; Miranda et al., 2021). In all cases, the FTIR analysis was
carried out using an integration method which considers the area below
the absorbance peak at the considered band maximum by means of a
tangential approach, further applying a baseline correction (Hofko et al.,
2018).

The crystallinity of polyethylene microplastics was monitored with
the method described by Zerbi et al. (1989), where double peaks
observed at 1474-1464 cm™! and 730-720 cm™! correspond to the
crystalline content; both 1474 and 730 em™), and the amorphous con-
tent; both 1464 and 720 cm ™. As proposed by other authors (Colomw
et al., 2000; Kaci et al., 2001), the bands at 730 and 720 cm ™' were the
most appropriate ones for the study, because an asymmetric behavior of
bands 1474 and 1464 cm ™! (Kaci et al., 2001) besides an interference of
bands 1474 and 1464 cm™! with peak from cellulose at 1430 cm™?
(Colomw et al., 2000). The following formula was used:

X =100 — 122100

+ 1 /Ib

where I, and I, represents the doublet peaks 730 and 720 em?,
respectively.

2.4. Statistical analysis of experimental data

Statistical treatment of data was carried out with the SPSS (Statistic
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Package for Social Science) 26.0 statistic software (IBM Co. Ltd., USA).
All data were expressed as mean + standard error (SE). The fitting
performance of one-way analysis of the variance (ANOVA) was
computed by means of F-test, and Fisher's Least Significance Difference
(LSD) test was applied when F-test reported rejection of null hypothesis
(Hp) to compare paired data and identify statistically significant differ-
ences. The nonparametric Kruskal Wallis test was used of the data did
not meet the assumptions for the one-way ANOVA. Besides, the fitting
performance of different proposed models was assessed by F-test, cor-
relation coefficient (R), determination coefficient (R?), standard error of
the estimate (S,), regression sum of squares (SSggg), and residual sum of
squares (SSggs). The adjusted determination coefficient (Rzadj) was a
useful index for comparing the explanatory power of different models
(Bayo et al., 2009). Residual values of the models were evaluated for
independence by means of the Durbin-Watson test (Rutledge and Barros,
2002), and predicted versus measured values allowed us to test the ac-
curacy of each model. Critical value for statistical significance was set at
p < 0.05.

3. Results and discussion
3.1. Distribution of microplastics in marine sediments

Microplastics were observed at all the three sampling points selected
(Fig. 3), with a mean (+standard error) concentration of 19.37 (£2.43)
items kg_1 dw (dry weight), increasing with depth, i.e., 16.57 (+2.96),
17.45 (£5.06), and 23.78 (4+4.59) items kg’1 dw (dry weight) for P1,
P2, and P3, respectively. Besides, the deeper the sampling point, the
larger the dominant size of microplastics was, i.e., 1.02 (+0.11), 1.22
(£0.19), and 1.40 (+£0.29) mm for P1, P2, and P3, respectively. In
shallow sediments, an easier resuspension of small-sized microplastics

Fig. 3. Microplastics isolated in marine (a—e) and coastal (f-i) sediments identified by FT IR: (a) Ethylene-vinyl acetate (P3/June) (Polymer Additives and Plasti-
cizers); (b) Polypropylene, isotactic (P3/June) (Hummel Polymer and Additives); (c) Acrylamide (P1/March) (Sprouse Polymers by ATR); (d) Low-density poly-
ethylene (P1/September) (Synthetic Fibers by Microscope); (e) Teflon (P2/March) (HR Polymer Additives and Plasticizers); (f) Low-density polyethylene (Z1/March)
(Sprouse Polymers by ATR); (g) Acrylate (Z1/June) (HR Polymer Additives and Plasticizers); (h) Poly(ethylene terephthalate) (Z3/June) (Sprouse Polymers by ATR);

(i) Polypropylene amorphous (Z2/September) (Polymer Additives and Plasticizers).
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may promote their transportation to the water column (Quinn et al.,
2017), with a lower concentration than that recorded in deeper sedi-
ments, as reported by Adams et al. (2021) in marine sediments of the
Canadian Artic. Migration favored by fish ingesting microplastics near
the surface and egesting faecal aggregates at depth (Lusher et al., 2016),
or fouling mechanisms, especially for microplastics with large surface
area to volume ratios (Fazey and Ryan, 2016), may determine the
microplastics fate with profundity.

The average of MP sampled in three sampling areas was in the range
of 66:10° to 95-10° items km ™2, in good agreement with data reported
for the North Atlantic Subtropical Gyre (10 MP km~2) (Eriksen et al.,
2014) or by Vega-Moreno et al. (2021) in the water column of Canary
Islands (50-10° MP km™2). The higher abundance and size of micro-
plastics with depth has also been previously reported (Isobe et al., 2017;
Matsuguma et al., 2017; Woodall et al., 2015), suggesting sediments to
be the missing link for microplastics in the sea. Nonetheless, the esti-
mated concentration in marine sediments from around the world may
vary significantly because of different factors, including the lack of
standardized sampling protocol that makes difficult the comparability of
data.

The mostly distributed shape of microplastics in marine sediments
was fiber (47.62%; 9.57 + 2.07 items kg~! dw), followed by film
(31.43%; 6.05 £ 0.95 items kg’1 dw), and fragment (20.95%; 3.75 +
0.79 items kg~! dw) (Fig. 4a). The smallest size corresponded to a
transparent film from P1 (210 pm), and the largest one to a fiber from P3
(9.00 mm). The average proportion of white microplastics was 44.76%
across samples, followed by blue shapes (30.48%), although brown
(7.62%), red (4.76%), green (4.76%), and black (3.81%) ones were also
detected (Fig. 4b).

Twelve different polymer families were identified (Fig. 4c) and, like
other studies in harbor sediments (Claessens et al., 2011), polyvinyl (PV)
(3.69 + 1.09 items kg’1 dw; 36.07%), polypropylene (PP) (2.52 + 0.76
items kg~ dw; 21.31%), and polyethylene (PE) (1.90 + 0.86 items kg~
dw; 18.03%) were the predominant types of microplastic polymers.
Lighter polymeric types (PE and PP) were mostly recovered in the
shallow sediments, whilst PET in fragmented form was only recovered at
the deepest sampling point (P3). PV microplastics were mainly recov-
ered from P1 samples (49.74%) (Fig. 4c). They are ester resins
increasingly used as matrix materials for commercial vessels and leisure
boats, because of its relative low cost, superior mechanical properties,
corrosion resistance and suitability for vacuum molding processing
(Thostenson et al., 2009). Most microplastics discharged into the sea
eventually sink into the sediments, and their spatial distribution could
be related to the polymer density (Harris, 2020; Wang et al., 2019;
Zheng et al., 2020), although, as reported by Vega-Moreno et al. (2021),
the oceanic dynamics and mesoscale convective flows may overcome the
microplastic motion induced by their own buoyancy. In our study,
microplastic depth distribution could be also a consequence of some
other variables, i.e., a vertical transfer because of anticyclone ridge
weather situations prevailing in our region (Cirera et al., 2012), where
eddies, especially at their cores where the geostrophic speed is
maximum, may transport microplastics (Brach et al., 2018).

3.2. Distribution of microplastics in coastal sediments

The coastal sediment samples from Cala Cortina were characterized
by a low organic matter content (TOC = 0.21 £ 0.04%), similar that
reported in river sediments from Albania (TOC = 1.4%), beach sediment
samples from Scotland (TOC = 0.24%), or India (TOC = 0.06%)
(Konechnaya et al, 2021). Identification by FTIR spectroscopy
confirmed that average concentration of microplastics was higher for
coastal sediments (30.01 £ 7.26 items kg_1 dw) than for marine sedi-
ments (19.37 + 2.43 items kg~! dw) previously reported, with mini-
mum and maximum concentrations ranging from 7.98 to 143.23 items
kg~ dw. Higher average concentration was reported for Z3 (46.52 +
20.45 items kg ™! dw) than for Z2 (24.74 + 4.84 items kg ™! dw) and Z1
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Fig. 4. Accumulated percentages for main characteristics of microplastics iso-
lated in marine sediments: (a) shape categories; (b) colors; (b) polymer types.

(18.78 4 3.30 items kg’1 dw). Z3 is the furthest point from the shoreline
(18 m), close to a car road and a crossing area with high volume of
pedestrian traffic and beachgoers, which may contribute to micro-
plastics burden into the ocean. Fig. 5 shows the evolution in the average
concentration of microplastics from Z3 to P3, the deepest sampling point
for marine sediments. The average microplastics concentration
decreased from Z3 to Z1, indicating a clear microplastic distribution
with their abundance being highest in the uppermost part of the urban
beach (Z3) and decreasing to Z1, the area close to the high tide line, and
then revealing a vertical gradient with depth in marine sediments, from
P1 to P3. Fiber was the most isolated microplastic shape in coastal
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Fig. 5. Average microplastic distribution in marine and coastal sediments
(error bars refer to standard error of the mean).

sediments (Fig. 6a) (18.51 + 4.14 items kg_1 dw), accounting for a
61.66% of total types of microplastics, a similar value to that proposed
by Sundar et al. (2021) in beach sediments of southernmost India (67%)
but lower than that reported by Akkajit et al. (2021) in Phuket, a popular
tourism destination in Thailand (85.6%). In our study, Z3 displayed a
higher average concentration of fibers (24.94 + 10.94 items kg~ dw)
than Z2 and Z1 (15.29 + 3.12 items kg ™! dw). Film and fragment forms
accounted for a 18.76% and 18.65%, respectively, with average con-
centrations of 5.63 + 3.22 items kg~! dw and 5.60 =+ 1.05 items kg !
dw, respectively. Fragments were statistically more abundant in Z3
(9.43 +1.59 items kg’1 dw) than in Z2 (5.19 + 1.56 items kg’1 dw) and
Z1 (2.17 + 0.97 items kg’1 dw) (F-test = 6.758; p = 0.008). This fact
might be linked to a fragmentation process of large plastic debris
(Wagner et al., 2014), and related to proximity to the area with the
greatest anthropogenic impact previously discussed, which implies that
the presence of microplastics in the coastal sediments is mainly due to
human influence, including litter disposal. Only one plastic bead was
found in a sample collected in Z1.

A total of 9 polymer families were identified across coastal sediment
samples (Fig. 6¢). The highest average concentration was by far for LDPE
(5.60 + 1.97 items kg’1 dw; 40.71%), followed by PP (2.78 + 0.86
items kg_1 dw; 20.16%), acrylate (ACRYL) (1.56 + 0.91 items kg_1 dw;
11.37%), and HDPE (1.27 + 0.86 items kg’1 dw; 9.26%). Other polymer
types; i.e., polyester (PEST), PET, PP, polystyrene (PS), or PV were
represented under 1 items kg_1 dw. White, blue, red, and black colors
accounted for 33.59%, 28.91%, 10.94%, and 7.81% of all analyzed
microplastics in coastal sediments, respectively (Fig. 6b). The predom-
inant colors for fiber forms were blue (45.57%), red (17.72%), and white
(12.66%), being transparent most of them (86.08%), as previously re-
ported in sand sediment studies in this area (Bayo et al., 2019). Wessel
etal. (2016) found 5 polymer types in intertidal sandy samples in Mobile
Bay (Alabama, USA), and Yu et al. (2016) and Graca et al. (2017) re-
ported a maximum of 8 types of microplastics in sand samples collected
in the Bohai Sea (China) and Southern Baltic Sea, respectively.

3.3. Carbonyl and vinyl indices

Carbonyl and vinyl indices were used to characterize the degree of
weathering and surface oxidation of polymers. Results are depicted in
Table 1, including minimum, maximum, and average number of each
index (£SE). As indicated in Materials and Methods, polyethylene
terephthalate (PET) could not be used for carbonyl index calculation
because of a systematic common peak at 1714 cm ™! band due to C=0
stretching (Miranda et al., 2021), that reported abnormally high
carbonyl index values, with a minimum of 2.01 and a maximum of 4.71
in both types of sediment. Carbonyl index proved to increase in marine
sediments from P1 (0.43 + 0.07) to P2 (0.51 + 0.09), and then
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statistically significant decreased to P3 (0.21 + 0.04) (F-test = 5.612; p
= 0.008). These differences could indicate a protective effect of depth in
preventing plastic weathering, with low temperature and a deficiency of
solar UV radiation exposure and heat irradiation, both stimulating the
sunlight-initiated degradation of microplastics in a natural weathering
process (Wang et al., 2016). For PE, no significant differences were re-
ported by sampling site (F-test = 3.063; p = 0.097), and for PP, site P2
(0.71 + 0.07) again showed the highest statistically significant average
value for carbonyl index (F-test = 16.974; p = 0.001) with statistically
significant differences in pairwise comparisons by LSD test between P2
and P1 (0.37 £ 0.10) (p = 0.006), and P2 and P3 (0.23 + 0.04) (p =
0.000). It seems that the initial photodegradation at the shallowest
sampling point (P1) evolves towards P2 through a Norrish type I



J. Bayo et al. Marine Pollution Bulletin 178 (2022) 113647
Table 1
Carbonyl and vinyl indices, and crystallinity for microplastic samples found in marine and coastal sediments.
Sampling location Site code Coordinates Carbonyl index Vinyl index Crystallinity
Minimum Minimum Minimum
Maximum Maximum Maximum
Average + S.E. Average + S.E. Average + S.E.
Marine sediments P1 37°34'47.04" 0.07 0.74 24.93
0°58'34.62" 0.81 1.03 70.84
0.43 £ 0.07 0.84 £ 0.07 41.65 £ 7.91
P2 37°35'36.72" 0.12 0.69 46.30
0°58'49.20” 0.83 1.80 77.14
0.51 £+ 0.09 1.26 + 0.19 63.54 + 6.74
P3 37°34/29.58” 0.08 1.57 25.52
0°58'31.50” 0.49 2.54 38.22
0.21 + 0.04 1.94 + 0.08 33.22 +£ 2.97
F-test = 5.612 F-test = 19.823 F-test = 5.197
p = 0.008 p = 0.000 p=0.028
Coastal sediments Z1 37°34'52.94" 0.11 0.93 33.98
0°58'29.88” 1.91 1.78 35.74
1.57 £ 0.45 1.29 £ 0.18 34.86 + 0.88
72 37°34'53.17" 0.08 0.35 43.93
0°58'29.67" 1.35 2.20 83.72
0.35 £ 0.06 1.16 £ 0.11 63.02 + 7.39
Z3 37°34'53.46" 0.10 0.33 17.79
0°58'29.50” 0.68 1.64 86.88
0.28 + 0.04 0.77 £ 0.12 54.44 + 4.10
F-test = 4.025 F-test = 3.724 F-test = 1.743
p=0.011 p=0.033 p=0.196

reaction because of the formation of the carbonyl group, followed by a
slower development in the deepest site (P3). Besides, TOC analysis
showed a higher average percentage for P2 (0.93 + 0.07%) than for P1
(0.44 + 0.04%) or P3 (0.67 + 0.26%), reflecting the decomposition of
polymer chains into the marine sediment (Maes et al., 2017).

There also appears to be a statistically significant difference between
sampling months in marine sediments according to carbonyl index.
Samples collected in September (0.19 + 0.02) displayed a lower
carbonyl index than those collected in June (0.51 + 0.06) (p = 0.000)
and March (0.44 + 0.09) (p = 0.008) (F-test = 9.683; p = 0.001). It is
difficult for external physicochemical factors to contribute to the
degradation of microplastics in colder than in milder temperatures (Niu
et al., 2021).

Degradation of plastic particles is more apt to occur on land than in
the oceans, where exposure to UV radiation and mechanical erosion is
minimal (Gregory and Andrady, 2003). Carbonyl index in coastal sedi-
ments proved to be significantly higher in Z1, the site close to the high-
tide line (1.57 + 0.45), than that in Z2 (0.35 4 0.06) and Z3 (0.28 +
0.04) (F-test = 4.025; p = 0.026). Although three sampling areas are
similarly affected by solar radiation and microorganisms, microplastics
collected in Z1 are also wave-exposed, with the presence of oxygen in
both air and water, involving an increased sensitivity to weathering
reactions that results in the formation of carbonyl radicals primarily
from the Norrish type I reaction. The creation of carboxylic, ester and
ketone groups on Z1 microplastics could be due to solar radiation,
photo-degradation, thermal oxidation, and biodegradation (Singh and
Sharma, 2008). In addition, Z1 demonstrated a wider range of carbonyl
index values than Z2 or Z3, showing that both fresh and degraded
microplastics coexist at that sampling point. The lowest maximum value
for carbonyl index was for Z3 (0.68), suggesting proximity to increased
anthropogenic activity, as previously reported.

Conversely to marine sediments, coastal samples collected in
September (0.42 + 0.09) displayed a statistically significant higher
carbonyl index than those collected in any other month (0.26 + 0.04) (F-
test = 3.613; p = 0.025). September is the typical rainy month in our area
(Ruiz-Alvarez et al., 2017), especially during 2019 when strong tor-
ments and flood episodes took place (Hermoso et al., 2021) that could
carry more degraded microplastics to the beach and enhance their me-
chanical abrasion. Moreover, rainfall episodes in September may induce
a dynamic environment and cause microplastic fragmentation, with a

statistically significant smaller average size (0.53 + 0.08 mm) than in
any other month (F-test = 7.678; p = 0.002). In this sense, a high
carbonyl index contributed to the accumulation of the lowest average
size. Similar results were reported in sewage systems from our region
during rainy episodes (Bayo et al., 2020).

Statistically significant differences in carbonyl index among forms
were found for marine sediments (F-test = 4.736; p = 0.016), namely
between films (0.30 + 0.04) and fragments (0.53 + 0.09) (p = 0.014),
and films and fibers (0.57 + 0.16) (p = 0.049). For coastal sediments,
differences in carbonyl index among colors and shapes were found for
PP (F-test = 7.064; p = 0.017), with a lower average value for colored
films (0.25 + 0.02) than for white fragments (0.84 + 0.18) (p = 0.006)
or white fibers (0.68 + 0.05) (p = 0.040). Differences in average
carbonyl index were identified among colors when running Kruskal
Wallis test (p = 0.016) (Table S1), likely between white and blue (0.2931
vs. 0.5525, p = 0.037) and white and green (0.7191, p = 0.011) although
they disappeared after significance values were adjusted by Bonferroni
correction for multiple tests (0.555 and 0.165, respectively) (Table S2).
Prata et al. (2020) reported no differences in average carbonyl index by
color in microplastics collected in a sandy beach in Portugal, although
carbonyl index turned out to be lower for black PP pellets than for
yellow particles. Pigments have proven to prevent or at least be pro-
tective from plastic chemical weathering, due to the absorption of the
harmful UV light and trapping of radicals that change the physical and
optical properties of the polymer and acting as an antioxidant in surface
sediments (Campanale et al., 2020).

The vinyl index significantly increased in marine sediments from P1
(0.84 + 0.07) to P2 (1.26 + 0.19), and then to P3 (1.94 + 0.08) (F-test =
19.823; p = 0.000). After a significant decrease of carbonyl index from
P2 to P3 previously reported, the formation of vinyl groups via a Norrish
type II reaction proved to be statistically favored by depth. The increase
formation of carbonyl groups at P2 could lead to a plateau or stabili-
zation at the deepest sampling site (P3), and the delay of secondary
carbonyl group formation at P3 conversely resulted in a significant in-
crease in the formation of vinyl groups, as demonstrated by the statis-
tically significant increase in the vinyl index. Besides, the decrease of
vinyl index in P1, the shallowest marine sediment, could be due to an
easy metabolization of double bonds by microorganisms (Sen and Raut,
2015).

For coastal sediments, vinyl index decreased from Z1 (1.29 + 0.18)
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to Z2 (1.16 + 0.11), and then to Z3 (0.77 + 0.12) (F-test = 3.724; p =
0.033). These results, combined with an also significant decrease in the
carbonyl index from Z1 to Z3 previously reported, may indicate that the
massive formation of both carbonyl and vinyl groups in Z1 stemmed
from Norrish types I and II reactions, responsible for the whole photo-
catalytic degradation process. The evolution of carbonyl and vinyl
groups are the main indicators for monitoring the degradation degree of
a polymer (Tofa et al., 2019) and, interestingly, both indices increased in
the same sampling area, Z1, where microplastic undergoes successive
and rapid reactions to generate both carbonyl and vinyl containing
species. This fact should be also related to the lowest microplastic con-
centration (18.78 + 3.30 items kg~ dw) previously reported for Z1.
Moreover, fibers displayed a statistically significant lower vinyl index
(0.78 £ 0.14) than films (0.92 + 0.09) and fragments (1.30 + 0.16) (F-
test = 3.394; p = 0.035), the latter with the largest exposure surface for
being chemically weathered, and both fibers and fragments proved to
display a higher average concentration in Z3, the sampling point with
the lowest average carbonyl and vinyl indices. Differences among colors
were found for average vinyl index (p = 0.003) (Table S1), i.e., between
yellow and brown (0.3390 vs. 1.7018, p = 0.011), yellow and black
(1.7783, p = 0.038), blue and brown (0.4330, p = 0.001), blue and black
(p = 0.027), green and brown (0.6968, p = 0.010), and white and brown
(0.9789, p = 0.005), although only significant differences remained for
blue and brown, as indicated by Bonferroni correction (p = 0.014)
(Table S3). Hence, the presence of carbonyl and vinyl groups confirms
the photo-oxidative degradation of polymers, that could lead to the
formation of nano-plastics (Acosta-Coley and Olivero-Verbel, 2015). In
general, an increase in both carbonyl and vinyl indices reported low
microplastic abundances together with small average sizes, especially
for coastal sediments, strongly related to important factors taking place
simultaneously, such as solar radiation, photo-degradation, thermal
oxidation, and biodegradation. However, the results for marine sedi-
ments were not so clear, possibly due to milder and more stable envi-
ronmental conditions, the absence of solar radiation, as well as
mesoscale anticyclonic eddies reported in our region.

3.4. Crystallinity changes

Pristine plastic has lower crystallinity than weathered one, indi-
cating that chain scission has occurred: the shorter the chains, the more
mobile they are, with an increased and more readily crystallization and
associated embrittlement (Stark and Matuana, 2004; Ter Halle et al.,
2017; Liu et al., 2021). Generally, because of structure and functional
groups destruction after degradation, the crystallinity of polymer in-
creases (Liu et al., 2019). This is consistent with the observation that P2,
the sampling point with the highest average carbonyl index for marine
sediments (Table 1), also displayed the highest average crystallinity
value, with statistically significant differences (F-test = 5.197; p =
0.028). In general, marine plastic debris display a higher crystallinity
compared to raw packaging material (Ter Halle et al., 2017), being
crystallinity increase an indicator of chains scission by oxidation and a
subsequent rearrangement of the smaller molecules, undergoing
recrystallization towards a more ordered structure (Stark and Matuana,
2004; Fayolle et al., 2008). Although crystallinity did not significantly
change by sampling points for coastal sediments (F-test = 1.743; p =
0.196) (Table 1) it did in marine sediments, proving to decrease from P2
(63.54 & 6.74%) to P1 (41.65 + 7.91%) (p = 0.040) and P2 to P3 (33.22
+ 2.97%) (p = 0.011), the deepest area, as identified by LSD test. In our
study, fibers reported the highest average value for crystalline index
(67.93 + 2.70%), followed by films (55.72 + 3.98%), fragments (40.50
+ 3.01%), and beads (35.73 + 3.55%) (F-test = 3.006; p = 0.043), for
both marine and coastal sediments.

3.4.1. Development of regression models
To relate crystallinity changes with carbonyl and vinyl indices, two
generalized linear regression models were developed on experimental
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data (Table 2), according to the following equations for marine (1) and
coastal (2) sediments:

Crystallinity = 26.281 4 293.482*Carbonyl Index — 161.351*Vinyl Index
@

Crystallinity = 93.398 + 22.845*Carbonyl Index — 35.297*Vinyl Index (2)

Egs. (1) and (2) resulted in R? values of 0.770 and 0.649, respec-
tively, indicating a clear linear relationship of carbonyl and vinyl indices
with crystallinity changes as independent variable, although a signifi-
cant proportion of the variance remains unexplained. This may lie in the
fact that, although all the weathering parameters considered stand for
changes in polymers surface, crystallinity variations may affect deeper
structural changes, with a higher degradation gradient in the most su-
perficial layers of the polymeric material. Both equations displayed a
negative influence of vinyl index, although its inclusion in the equations
was necessary, as the models without this index resulted in a lower Rzadj,
i.e., 0.341 and 0.038 for marine and coastal sediments, respectively, as
compared to 0.719 and 0.621, respectively, when vinyl index is
included.

The Durbin-Watson statistic test was used to detect the absence of
autocorrelation in the residuals from the regression models. When the
Durbin-Watson value converges to zero, there is a strong correlation
between the regression residuals. On the contrary, a Durbin-Watson
value converging to 2.0 indicates a weak correlation or random distri-
bution between successive points (Rutledge and Barros, 2002). As
depicted in Table 2, the Durbin-Watson statistics for marine and coastal
sediment models were found to be 2.563 and 1.627, respectively,
demonstrating that the residuals were independent.

To validate both models, a residual analysis was also conducted.
Fig. 7 depicts normal P-P (Probability-Probability) plots of standardized
residuals for observed versus predicted crystallinity values according to
both marine (Fig. 7a) and coastal (Fig. 7b) sediments. Both graphs dis-
played pair of values close to the line, implying the regression stan-
dardized residuals are normally distributed and both equations are
reasonable and reliable, with any unusual behavior and in accordance
with the hypothesis of normal distribution for the errors of the model.

4. Conclusion

Microplastics in marine sediments from the harbor of Cartagena and
coastal sediments from its adjoining beach were found in average con-
centrations of 19.37 and 30.01 items kg~' dw, respectively, with a
maximum average abundance in the deepest sampling point for marine
sediments (23.78 items kg~ dw) and the sampling point farthest inland
from the high tide line selected for coastal sediments (46.52 items kg~!
dw). Fiber was the most isolated microplastic shape both in marine and
coastal sediments, followed by film and fragment. Twelve and nine
different polymer families were isolated for marine and coastal

Table 2
Main statistical parameters defining regression analyses for crystallinity in
marine and coastal sediments.

Marine sediments Coastal sediments

R 0.878 0.805
R? 0.770 0.649
Ry 0.719 0.621
Se 8.483 11.416
SSreG 2169.147 6014.313
SSres 647.651 3258.274
F-test 15.072 23.073
p-value 0.001 0.000
df 11 27

Durbin-Watson 2.563 1.627

(R) correlation coefficient; (R?) determination coefficient; (Rzadj) adjusted
determination coefficient; (S.) standard error of the estimate; (SSggg) regression
sum of squares; (SSggs) residual sum of squares; (df) degree of freedom.
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Fig. 7. Relationship between observed versus predicted standardized residues
values for (a) marine sediments, and (b) coastal sediments for crystal-
linity equations.

sediments, respectively, with polyvinyl microplastics for marine sedi-
ments and LDPE for coastal sediments being the main ones identified.
The carbonyl index was statistically significantly higher in the inter-
mediate zone of marine sediments, although vinyl index proved to in-
crease from shallow to deeper marine sediments. For coastal samples,
those collected close to the high tide line displayed the highest carbonyl
and vinyl indices, with also the lowest average concentration of
microplastics, revealing an important degradation process commanded
by different biotic and abiotic factors. The evolution of indices was not
as clear in marine sediments, with other mesoscalic factors affecting the
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whole process. To conclude, both weathering indices could be reliably
used to predict changes in crystallinity, although a significant propor-
tion of the variance remained unexplained and should be identified in
future studies considering other factors in the experimental design as
well.
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