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ARTICLE INFO ABSTRACT
Editor: Damia Barcel6 The ubiquity of microplastics (MP) across all ecosystems raises concerns about their potential harm to the
environment and living organisms. Sediments are a MP sink, reflecting long-term accumulation and historical
Keywords: anthropogenic impacts. Three 21°Pb-dated sediment cores were used to understand the temporal variations of MP
Inverse estuary abundances (particles kg ™) and fluxes (particles m~2 year ') within the past century in Estero de Urfas Lagoon,

Nile red dye

an urbanized coastal lagoon in the Mexican Pacific. MP particles, extracted from sediments by density separation
Sewage treatment plants

. (saturated NaCl solution) were counted using a stereomicroscope, under visible and ultraviolet light on Nile red
Population growth | 3 o . K . .
Gulf of California (NR) stained filters. The polymer composition was determined in ~10 % of the suspected MP particles using
Mexican Pacific Fourier Transform Infrared spectrometry. Fibers (66 to 89 % of the total particles) predominated over fragments

(11 to 34 %). Before 1950, no MP particles were detected. Polyethylene terephthalate (PET) was the prevalent
synthetic polymer (up to 50 % of the particles), while semisynthetic cellulosic fibers were predominant,
underscoring the broader scope of anthropogenic contamination. Suspected MP abundances (NR stained filters)
were highest in the core collected at the innermost area, which was attributed to the lagoon’s hydrodynamics,
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since current velocities decrease from the proximal to the distal area to the sea. From the regression between MP
fluxes and time elapsed since sediments deposited, the cores showed consistent accelerated increases of MP
burial since mid-20th century, most likely because of the increasing availability of plastic products and popu-
lation growth, with the consequent increment in plastic waste and wastewater releases. Our findings emphasize
the growing MP pollution challenges at EUL, which may directly impact subsistence fishing and shrimp aqua-
culture activities, threatening local livelihoods and food sources; and also highlight the need for improved waste
management and pollution control strategies in rapidly industrializing regions, to protect both aquatic ecosys-
tems and human populations dependent on fishing products.

1. Introduction

Microplastics (MP) are persistent contaminants of global concern
owing to their widespread distribution throughout the world’s oceans
(Chen et al., 2023), their accumulation in bottom sediments (Martin
et al., 2022), reaching as far as the deep sea (Pohl et al., 2020); and their
capacity to accumulate toxic substances onto the particle’s surface
(Verla et al., 2019) that may lead to potentially harmful effects on biota
(and humans, through the consumption of seafood) because of the
ingestion and transfer of MP through trophic levels.

Sediments are the final repository of many long-lived human-pro-
duced wastes that reach the surface waters of aquatic ecosystems.
Continuous sediment deposition over time creates a chronological
archive that allows reconstructing the history of pollutants input, as long
as this sedimentary record is reliably dated. The dating method using the
natural radionuclide 2'°Pb (t12 = 22.23 + 0.12 years; Bé et al., 2008) is
the most widely used for establishing chronologies and reconstructing
environmental changes in aquatic ecosystems within the past ~100 to
150 years, a period during which appreciable environmental changes
occurred due to population growth and land use changes (Ruiz-
Fernandez and Hillaire-Marcel, 2009).

The total activity of 210ph in sediments (?'°Pbyyy) includes the
supported 210pp fraction (210pbsupp0rted) produced in situ within the
sediments and the excess 21°Pb (*!%Pbeycess) fraction, mainly of atmo-
spheric origin, that deposits onto the surface of the sediment column,
which is the fraction used for 2'°Pb dating. The 210pp._derived chronol-
ogies are usually corroborated by using the stratigraphic profiles of the
artificial radionuclide '*’Cs (T; ,2 = 30.05 £ 0.08 years; B¢ et al., 2006),
that was introduced to the environment during atmospheric nuclear
tests initiated in 1945 and caused the maximum atmospheric fallout
between 1962 and 1964 (UNSCEAR, 2000).

In areas where long-term monitoring programs are scarce or un-
available, 2!°Pb-dated sediment cores are especially useful because they
provide unique environmental records to reconstruct the history of
contamination (Ruiz-Fernandez and Hillaire-Marcel, 2009). Before the
recognition of microplastics as an environmental issue, there were no
systematic monitoring programs to evaluate their accumulation in the
aquatic environment; thus, the study of 2°Pb dated sediment cores is the
only reliable method for reconstructing historical MP contamination
trends.

Studies elsewhere, using 210ph_dated sediment cores, have success-
fully assessed MP contamination in aquatic ecosystems (Matsuguma
et al., 2017; Turner et al., 2019; Chen et al., 2020; Dahl et al., 2021) and
showed that MP abundances increased over time with increased pro-
duction, use, and waste generation of plastic. However, current knowl-
edge about burial rates and temporal trends of MP contamination in
coastal sediments remains scarce worldwide, mainly due to the analyt-
ical challenges posed by both the 2!°Pb dating of coastal sediments
(Barsanti et al., 2020) and the MP analysis (Loder and Gerdts, 2015) in
such a complex environmental matrix.

Despite 219Pb is a well-established technique, it is not straight for-
ward (Barsanti et al., 2020). There are still misconceptions about what
to expect from a 2!°Pb profile, such as that recent coastal profiles are
often deemed to be mixed and therefore not datable, without consid-
ering that atypical 2!°Pb profiles may be just the result of variations in

210p} activities owing to sedimentation changes (Sanchez-Cabeza and
Ruiz-Fernandez, 2012); excess 210p}, activities in low latitudes can be
low (Liu et al., 2001) and difficult to detect; there might be difficulties in
the robust identification of the 21°Pb equilibrium depth (Barsanti et al.,
2020); and the corroboration of the 210pp.derived dates, which is usu-
ally done by using '%’Cs, is becoming increasingly difficult (Drexler
et al., 2018) owing to the low 137Cs activities (often not detectable)
resulting from the low fallout in lower latitudes of the northern hemi-
sphere (Aoyama et al., 2006), the time elapsed since the maximum *3’Cs
fallout (~1963) and the high solubility of 137Cs in seawater (Ruiz-
Fernandez et al., 2020).

210pp_dated sedimentary records can provide relevant information
on baseline levels that could be used as target values for restoration and
to evaluate the evolution and trends (Uddin et al., 2021); to identify the
main sources and to elucidate key factors that trigger MP contamination
e.g., by contrasting the 2'°Pb-derived temporal profiles of MP with
documental information of known events, such as the starting opera-
tions of plastic industry facilities (Alves et al., 2023); and to evaluate
whether measures to reduce MP contamination have had the expected
effect (Torres and De-la-Torre, 2021). Thus, analyzing MP in 210pp,.
dated sediments is relevant to understand when MP began to accumulate
and how their sources and fluxes have changed over time, which is
essential for developing effective contamination controls and evaluating
the efficacity of policies and actions taken to curb ocean plastic pollution
at the local, national and global level.

The Estero de Urias Lagoon (EUL) is an urbanized coastal lagoon, in
which 2!%Pb-dated sediments from surrounding saltmarsh areas (Ruiz-
Fernandez et al., 2009; Ontiveros-Cuadras et al., 2019) showed
increasing trace element (e.g., Hg, Ni, Pb and V) contamination trends
that were associated with the expansion of urban and industrial activ-
ities in Mazatldn City around the lagoon, notably coinciding with the
initiation and full operation of a thermoelectric power plant in the
1980s. Subsistence fishing and shrimp aquaculture are still developed at
EUL, for which the contribution of MP contamination is undoubtedly an
additional environmental concern.

This study, based on the analysis of three 2!°Pb-dated sediment
cores, aimed to assess the levels and the temporal variation of MP
abundances and fluxes in EUL since the past century, to reconstruct the
historical trends of plastic contamination and explore the factors that
might have influenced such trends. We hypothesized that MP abundance
and flux have increased from the onset of global plastic commerciali-
zation in the 1950s to the present due to the increment in plastic pro-
duction and population growth. In order to test our hypothesis, we
compared the MP fluxes among three periods: <1950 (before mass
plastic production), 1950 to <1990 (acceleration of plastic production,
Geyer et al., 2017), and 1990-2021 (sampling year). To our knowledge,
this is the first historical reconstruction of MP contamination trends
based on the analysis of 2!°Pb-dated sediment cores in Mexico and one of
the still few published in the world.

2. Materials and methods
2.1. Study area

EUL, at the entrance of the Gulf of California, is surrounded by the
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tourist city of Mazatlan (501,441 inhabitants; INEGI, 2024). The lagoon
has a length of ~17 km and a mean depth of 1 to 3 m, except in the
navigation channel, in the proximal section of the sea (~3 km), where it
is periodically dredged (~2 years) to maintain a depth of ~13 m. Its

circulation is dominated by tidal currents, with a speed of 0.91 ms™! in
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the harbor zone, 0.83 m s~ in the intermediate zone, and 0.31 m s~ in

its innermost zone (Cardoso et al., 2015). As rainfall and terrestrial
runoff are the only sources of freshwater input into EUL, seasonal
weather conditions highly influence its physicochemical characteristics.
The prevailing climate is warm sub-humid, with rainfall mostly
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Fig. 1. (A) Location of Mazatlan City (land of deers, in the ancient Nahuatl language); (B) Sampling sites of sediment cores EU08, EU09, and EU14 (orange dots) and
location of the wastewater treatment plants WITP1 (Urfas 1), WTP2 (Urias 2), WTP3 (Castillo), and WTP4 (Santa Fe) (blue dots) in Estero de Urias Lagoon, Sinaloa,

Mexico (southern Gulf of California).
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occurring between June and October (mean annual precipitation of
878.7 mm between 1986 and 2016 (INEGI, 2017). In the dry season, the
mean value of water temperature is 26.3 °C and of salinity is 39.4 %o,
while during the rainy season, these values increase to 31.5 °C and
decrease to 31.7 %o, respectively. Due to the absence of a continued
freshwater supply, EUL exhibits an inverse estuary circulation pattern,
leading to water retention and the accumulation of contaminants within
the lagoon (Cardoso et al., 2015).

EUL hosts the largest tuna fleet in Latin America, a thermoelectric
plant, and it supports commerce, fishing, seafood processing, and naval
industry services (Molino-Minero-Re et al., 2014; Ruiz-Fernandez et al.,
2018). The morphology of EUL has significantly changed since the
1940s due to the growth of Mazatlan City, involving large-scale
dredging, the construction of embankments and infrastructure such as
roads, docks, navigation channels, breakwaters, shrimp culture facil-
ities, and the urbanization of land reclaimed to the sea through landfill,
which have modified the circulation patterns and water mass exchange
of the lagoon (Vasavilbazo Saucedo and Covantes Rodriguez, 2012).

Previous studies, performed in 2'°Pb-dated sediment cores from
saltmarsh (Ruiz-Fernandez et al., 2016) or mangrove (Aldana-Gutiérrez
et al., 2021) areas showed increasing sediment accumulation rates,
associated with the extensive land use changes and morphological
modifications that EUL has undergone since the middle of last century
(Vasavilbazo Saucedo and Covantes Rodriguez, 2012). In addition, the
urban and industrial development of Mazatlan City has caused a severe
reduction of mangrove surfaces and the contamination of its waters,
sediments, and biota with metals and organic pollutants, particularly
since the 1980s (Cearreta et al., 2021), promoted by runoff during the
rainy season and the discharge of contaminated wastewater into the
lagoon.

The lagoon receives effluents from (a) four municipal wastewater
treatment plants that consist of primary and secondary treatment
(PTARs El Castillo, capacity 8.9 liters per second (L s™1), in operation
since 2001; Santa Fe, 48 L s’l, since 2008; Urias I, 400 L s’l, since 2014
and; Urfas II, 350 L s, since 2021 (CONAGUA, 2022); (b) several
shrimp aquaculture production units, mostly surrounding the innermost
part of the lagoon, whose residual waters (enriched in particulate resi-
dues) are discharged to the lagoon in each harvest period (Fig. 1).

The analysis of MP in suspended and surface sediments of EUL (Rios-
Mendoza et al., 2021; Cardoso-Mohedano et al., 2023) indicated that
fibers constitute the primary MP form in EUL sediments, with poly-
ethylene and polyethylene terephthalate being the prevalent synthetic
polymers. Also, MP fluxes (determined using a sediment trap) are
highest during the rainy season, although this seasonal variation is not
mirrored in surface sediments, which exhibit consistent MP abundances
throughout the year and almost across the whole lagoon, except at the
inner zone, where highest abundances are caused by the relatively
limited water exchange and proximity to wastewater treatment plants.
Despite the poor environmental conditions at EUL, subsistence fishing is
still carried out, and the presence of MP threads in the gastrointestinal
tracts of 13 fish species from EUL has been reported, from which the
polymers identified were polyamide, polyethylene, polypropylene, and
polyacrylic (Salazar-Pérez et al., 2021).

2.2. Sampling

The sampling sites were carefully selected to minimize the risk of
sediments mixing, avoiding dredged areas (i.e., the navigation channel,
Fig. 1) and harbor or anchorage areas for boats (OIEA, 2012, 2021).
Sediment cores EU08, EU09, and EU14 (Table 1) were collected, be-
tween 2020 and 2021 (Table 1) with a gravity corer Uwitec®, with diver
assistance, using a transparent PVC tube (8.6 cm internal diameter and
1-m long). The sediment cores were capped with aluminum foil and
transported vertically to the laboratory, where they were extruded and
sectioned at 1-cm intervals using a metal spatula (10 cm wide). To
prevent contamination of deeper core sections by residues from
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Table 1
Sampling data from sediment cores EUO8, EU09, and EU14 collected in Estero de
Urias Lagoon, Mexico, at the entrance of the Gulf of California.

Core Sampling Coordinates Water Length Depth (cm),
date (dd/ depth (cm) age (years),
mm/yyyy) (m) year AD”

EU08  21/08/2020 23.176583° N 3.3 51 33-34, 111

106.351967° W + 20, 1909

EU09  21/08/2020 23.166314° N 1.7 43 27-28, 136

106.333058° W +17, 1883
EU14  26/05/2021 23.15243° N 1.5 40 9-10, 102
106.32424° W + 20, 1915

@ According to 2'°Pb dating, this is the maximum datable depth, age, and year
when it was deposited.

shallower sections adhering to the inside of the sampling tube, the outer
edge of each section was trimmed with a stainless-steel ring slightly
smaller in diameter than the tube (OIEA, 2021). The samples were
placed in aluminum trays and freeze-dried; dry sediments were ground
to fine powder with a porcelain mortar, except aliquots for grain size
distribution and MP abundance analysis.

2.3. Laboratory analysis

2.3.1. Gamma-ray spectrometry

Activities of total 21°Pb (21%Pbyya, 46.5 keV), 22°Ra (szbsupported,
through 214p} in secular equilibrium, 351.9 keV), and 137 (661.7 keV)
were determined by gamma-ray spectrometry (HPGe well-detector,
Ortec-Ametek; Diaz-Asencio et al., 2020). Sediment samples were
measured for 2 to 3 days to obtain a counting uncertainty <10 % for
210pp, 210ph . .5 activities were calculated as the difference between
219pb and 2'%Pbgypported-

2.3.2. Loss on ignition

Loss on ignition was determined by combustion in a muffle furnace
(Thermo Fisher Scientific BF51800) at 550 °C (LOIss0) and at 950 °C
(LOIysp) to estimate organic matter and carbonate content, respectively
(Heiri et al., 2001).

2.3.3. Grain sizge distribution

The percentages of sand, silt, and clay fractions were determined by
laser diffraction using a Malvern Mastersizer 2000E, in sediments pre-
viously treated with 30 % H30- to destroy organic matter.

2.3.4. Microplastic abundance

The suspected MP particles were extracted from the sediment sam-
ples (14 sections from the EUO8 core, 15 sections from the EUQ9 core,
and 12 sections from the EU14 core) through density separation
(Hidalgo-Ruz et al., 2012) using a saturated NaCl solution (density ~
1.2 g m L™Y) and filtration with glass fiber filters, as described in detail in
Cardoso-Mohedano et al. (2023). Briefly, 5 g aliquots of dry sediments
were treated with HoO5 (30 %) to remove organic matter; the remaining
sediment was resuspended with a saturated NaCl solution (1.2 £ 0.1 g
mL™Y), left to settle overnight, and filtered with a vacuum pump
(Thermo Barnant 400-3910 Vacuum Pressure Station) using GF/F filters
(Whatman glass microfiber filters, 0.7 pm pore size; 4.7 cm diameter).
We used 5 g of dry sediment due to the limited sediment mass available
in each core section (particularly in the upper, more recent sections with
higher water content) since we chose a high-resolution core sectioning
approach, with 1 cm thick sections, to achieve good temporal resolution.

The suspected MP particles were counted twice on the total (100 %)
surface of the filter; the particles were also classified by color and shape
(fragment, film, and fiber; Hidalgo-Ruz et al., 2012) under a LABOMED
Luxeo 4Z stereo microscope (35x magnification) using visible light,
following the common practice for the analyses of MP in 2!°Pb-dated
sediments, which allowed for global comparison of our results. In
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addition, to improve the efficiency of visual inspection, the same filters
were stained with a Nile red (NR) solution (Maes et al., 2017) and the
suspected particles were counted twice, using a ZEISS Stemi 508 mi-
croscope (40x magnification) and a fluorescent lamp NIGHTSEA SFA
(light emission 360-380 nm).

To identify the prevailing synthetic polymers in the sediments,
twenty particles of each filter were randomly selected using a random
number generation function (RAND, Microsoft® Excel® 2019). The
particles were transferred one-by-one with a tungsten needle to be
analyzed with a Fourier Transform Infrared spectrometer (WFTIR-ATR
Thermo Scientific™ Nicolet™ iN™10 MX Ultrafast Imaging Microscope,
with germanium microtip ATR) in attenuated total reflection (ATR)
mode. Some particles were lost during transfer or broke while being
analyzed; however, we ensured to analyze a minimum of 10 % (between
5 and 10 particles) of the suspected MP particles from each filter, ac-
counting for 200 particles among the three cores. To determine the
polymer type constituting the particles, the spectra were compared with
reference spectra libraries (HR Specta Polymer and Plasticizers by ATR
(2008) and Hummel Polymer Sample Library, (1988, 2004, 2008) from
Thermo Fisher Scientific Inc.; and “Microplastics ICML” a homemade
library) using the OMNIC™ Specta software. Only polymer matches
with a coincidence of >75 % were considered valid (Hossain et al.,
2020). Approximately 90 % of the particles examined by pFTIR were
identified, which suggested the need to improve our reference spectra
database.

2.4. Quality control

To minimize cross-contamination, the staff wore cotton clothing and
laboratory coats, and the workspaces had limited access to personnel.
Sampling equipment was thoroughly washed with concentrated deter-
gent, rinsed with reverse osmosis (RO) water, dried with cotton towels,
and stored in wooden transport boxes. The overlying water of the cores
was kept until laboratory processing to prevent sediment exposure to
air. All working surfaces were cleaned with RO water before use. Ma-
terials and samples were kept covered most of the time (with aluminum
foil, Petri dishes, or glass watches), except during evaporation or mi-
croscopy analyses, and were re-covered during pauses or after finishing
analysis.

For MP analyses, quality control included calcination (450 °C, 4 h) of
all glassware and glass fiber filters before use to eliminate plastic resi-
dues. To avoid sample contamination, water (ultrapure Thermo Scien-
tific™ Barnstead™ Smart2Pure™), H,0,, and saline solutions were
filtered through a 25 pm mesh sieve. A procedural blank (including all
reagents, but not sediment samples, following the same extraction and
analysis procedures) was included in every batch of samples, and
counting blanks (fiber glass filters within an uncovered petri dish) were
also used to quantify airborne contamination during microscopic in-
spection. A total of 9 procedural blanks and 8 counting blanks were
prepared. Suspected MP particles in the blanks were all fibers; they
ranged between 3 and 8 items per filter in the procedural blanks
(average 6.2 + 1.5 particles), and from none to 2 particles in the
counting blanks (average 1.1 + 0.6 particles). The number of particles in
each procedural blank was subtracted from the suspected MP particle
count of the samples in the corresponding analytical batch.

We assessed the method repeatability through the analysis of 2 sets
of replicate samples (n = 6 each); the coefficients of variation (CV, the
percentage ratio of the standard deviation to the mean) were below 10 %
(<8 % for unstained filters and <3 % for stained filters) and thus,
considered acceptable (Karnes and March, 1993). The mean abundances
of MP in both replicates were compared using the Z-score (AMC, 2016),
whose values < |2| indicated that the mean abundances were compa-
rable (Z-score = 1.57 for unstained samples and 0.74 for stained
samples).

For other analyses performed in the sediments, quality control
included the assessment of accuracy through the analysis of reference
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materials IAEA-300 for 2!°Pb and *”Cs; and Malvern QAS3002 for grain
size; and the assessment of precision by replicate analysis (n = 6). Re-
sults obtained from the reference materials were within the reported
range of the certified values. The coefficients of variation of the replicate
analysis were <8 % for LOIs5(, and LOlgs; and <5 % for 210pp and grain
size.

2.5. Data treatment

2.5.1. 29pp dating

Age models and mass accumulation rates (MAR, g cm ™2 year™ ') were
estimated through the Constant Flux (CF) model (Robbins, 1978). For
each sediment layer, the age was calculated using Eq. (1) and the mass
accumulation rates using Eq. (2), following the methodology described
in Sanchez-Cabeza and Ruiz-Fernandez (2012):

(i) = %ln% &)
(i) = ~AD) @

where t(i) (year) is the time elapsed since the sediments at depth i were
deposited, r(i) is the mass accumulation rate (g cm 2 year‘l), C(i) is the
210Pbexcess activity (Bq kg’l), M is the 21°Pb decay constant (year’l), A(0)
is the total inventory of 210ph, cess (i.€., the 2'%Pbeycess activity accu-
mulated from the core surface down to the equilibrium depth, where
210ph, cess is zero), and A(i) is the inventory below the layer to be dated
(both in Bq cm™2). The 210Pbexcess inventories were calculated by inte-
grating over the core length the product of 2!%Pbeycess activity (Bq kg ™1)
and dry mass (kg) divided by the cross-sectional area for each section
(ecm~2). The radionuclide activities in unmeasured sections were inter-
polated versus mass depth (g cm™2).

2.5.2. Microplastics

The suspected MP particle abundances (the particle ratio to the
sample dry weight) are reported as particles kg . The MP flux (particles
m 2 year ) is the velocity at which MP particles accumulate per unit
area per year, and it was calculated as the product of the suspected MP
abundance and MAR at each core section. The slope of the linear
regression between MP flux and the elapsed time since sediment depo-
sition (i.e., MP flux/time, particles m~2 year’z) is, therefore, the ac-
celeration of the accumulation of suspected MP particles per unit area.

The suspected MP abundances and fluxes were compared among
three periods: <1950 (before mass plastic production), 1950 to <1990
(acceleration of plastic production, Geyer et al., 2017), and 1990-2021
(sampling year). Analysis of variance (two-way ANOVA) was used to
compare the mean values observed at each period within and among
cores. Pearson correlation was used to evaluate the relationship between
the suspected MP abundances and the sediment characteristics (i.e.,
grain size distribution as an indicator of hydrodynamics, and LOIss5¢ as
an indicator of organic matter content). All analyses were performed at
95 % confidence (p < 0.05).

To ascertain whether the color distribution of the suspected MP
particles varied based on the sampling site or period, the number of
particles (fibers and fragments) per color at each core section was
examined using hierarchical cluster analysis (Ward’s method, Euclidean
distance) with Minitab 15®.

3. Results
3.1. %1%pp dating
In all three sediment cores, 21°Pb activity profiles exhibited

decreasing activities with depth, though they did not follow the theo-
retical exponential decay trend (Fig. S1), which was assumed to be
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caused by varying sediment inputs with time, as previously observed in
other lagoon areas (Ruiz-Fernandez et al., 2016; Aldana-Gutiérrez et al.,
2021). Based on the age models, all cores contained sediments accu-
mulated >100 years ago (Table 1, Fig. $1). Most 137Cs activities in the
three cores were below the minimum detectable activity (MDA; 1.2 Bq
kg™1), thus it was not possible to use it for validating the 21°Pb-derived
age models. MAR values (Fig. S2) were significantly lower (p < 0.05) in
EU14 (0.03t0 0.13 g cm 2 year’l) than those in the other two cores,
which were comparable (0.29 to 0.69 g cm ™2 year ! in EU0S; 0.03 to
0.59¢g em 2 yealr’1 in EU09).

3.2. Sediment characteristics

The sediments were composed mainly of muddy sands (35-77 % of
sand) with similar silt (14-39 %) and clay (7-33 %) percentages
(Fig. S2). All cores had comparable clay content, whereas in EU14 the
percentage of sand was significantly (p < 0.05) higher and of silt
significantly lower (p < 0.05) than in the other two cores. LOIs5q (4-8 %
in EUO8, 4-11 % in EU09, and 7-15 % in EU14) and LOlgso (1-3 % in
EUO8 and 1-2 % in EU09 and EU14) values were comparable among
cores (Fig. S2). In core EU08, LOIss5( percentages decreased towards the
core surface as sand percentages increased; whereas in cores EU09 and
EU14, LOIss5 percentages decreased downcore while sand percentages
decreased towards the core surface.

Science of the Total Environment 951 (2024) 175613
3.3. Microplastic abundances and temporal variation

No MP particles were detected in samples before the 1950s with
either method. Suspected MP abundances derived from stained filters
were significantly (p < 0.05) higher, with values ranging from 2 to 10
times greater than those derived from the unstained filters (Fig. 2a,b).
The intervals of suspected MP abundances from unstained filters were
400-2120 particle kg~! in EU08, 200-2701 particle kg~ in EU09, and
1196-2278 particle kg~! in EU14, whereas those from stained filters
were 201-5604 particle kg ! in EU08, 1005803 particle kg ™! in EU09,
and 3296-31,907 particle kg~* in EU14. It was noticeable that, except in
EUO08, the MP abundances were significantly (p < 0.05) correlated with
the percentages of LOIssq (used as a proxy for organic matter content; r
= 0.95 in EU09 and 0.93 in EU14) and sand (as indicator of strong
hydrodynamic conditions; r = —0.91 in EU09 and —0.90 in EU14).

The sediment samples showed a predominance of fibers (mean
values were 66 % in EUO8, 86 % in EU09, and 89 % in EU14) and, to a
lesser extent, fragments (mean values of 34 % in EU08, 14 % in EUQ9,
and 11 % in EU14) ranging in size from 0.1 to 4.3 mm. Blue particles
were predominant (mean values of 48 % fibers, 38 % fragments in EUOS;
62 % fibers, 70 % fragments in EU09; and 63 % fibers, 74 % fragments in
EU14) followed by white/transparent, black, and red particles (Fig. 3).
Based on the color of suspected MP particles, cluster analysis categorized
the core sections into three main groups (see Fig. S3), among which,
group A exclusively contained sections from core EUO8, group B
included sections from cores EUO8 and EU09, and group C comprised all
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Fig. 2. Temporal variation of microplastic abundance (upper row) and fluxes (lower row) in sediment cores from Estero de Urias Lagoon, México, entrance of the
Gulf of California. MP abundances were determined using (a) unstained filters, (b) and (c) Nile red-stained filters.
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sections from core EU14 and some from EU09.

A gradual increase in suspected MP abundances was observed since
the mid-20th century (Fig. 2a, b). The MP abundances in unstained fil-
ters were comparable among the three cores (p > 0.05) in both periods
(1950 to <1990 and 1990-2021) (Fig. 2a); in contrast, the MP abun-
dances from the stained filters were comparable between EUO8 and
EU14 for both periods, but significantly higher (p < 0.5) than in EU09
(Fig. 2b).

3.4. Microplastic fluxes

The MP fluxes in the three cores, determined from the NR stained
filters, were significantly (p < 0.05) higher (from 157 % up to 1032 %)
than those obtained from unstained filters. Both methods showed that
MP fluxes in all cores gradually increased from the 1950s towards the
present, with the highest levels recorded during the most recent period
(1990-2021). From NR stained filters, the suspected MP fluxes within
the early period 1950 to <1990 were comparable between the cores
EU09 and EU14, but lower than in EUO8, whereas, within the recent
period (1990-2021) suspected MP fluxes were comparable between
EU08 and EUQ9, but lower than in EU14 (Fig. 2c).

The slopes of the regression analysis of suspected MP fluxes versus
time revealed an accelerated accumulation of suspected MP particles per
unit area in all three cores since de 1950s, though this acceleration
varied both among cores and across the two periods. In the early period,
the descending order among the cores of the acceleration values (annual
increase of particles cm 2 year 1) was EUO8 (321) > EU14 (100) > EU09
(61), but more recently, this order changed to EU14 (1293) > EU09
(464) > EUO08 (293) (Fig. 4).

3.5. Polymer identification of the suspected MP particles

Among the synthetic polymers identified, polyethylene terephthalate
(PET) was prevalent, although polyethylene (PE), polypropylene (PP),
acrylic (PMMA), and nylon were also occasionally observed (Figs. 5, S4).

Cellulose, rayon, and cellophane were also detected (Fig. S4); how-
ever, as their spectra are very similar and commercial libraries may not
classify them properly (Cai et al., 2019), they are collectively reported as
regenerated cellulosic fibers (RCF, Fig. 5). These were distinguished
from natural fibers following Comnea-Stancu et al. (2017) by identifying
in the spectra the broad, featureless peaks at 3330 cm’l, the absence of
peaks at 1735 cm ™!, and the poorly defined peaks at 1105 and 1051
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cm™! (Fig. S4). These regenerated cellulosic particles were predominant,
in some cases, representing up to 100 % of the particles (for example,
sediment sections deposited before the 1970s; Fig. 5).

Although cellulose is not a plastic, it is often transformed into man-
made products, thus cellulosic particles are considered anthropogenic
microdebris, often reported when detected in microplastic studies
(Dawson et al., 2023). No corrections or extrapolations of the overall
abundances were made based on the results of pFTIR analysis. In our
opinion, adjusting the original data without analyzing all particles
would be inappropriate.

4. Discussion
4.1. 219pp dating

All three sediment cores showed non-uniform 21°Pb profiles (i.e.,
deviating from the theoretical profile with activities decreasing with an
exponential trend), which could be indicative of post-depositional
sediment mixing; however, we assumed that these 210ph cess profiles
reflect changes in sediment accumulation rather than mixing because:
(@) 2%Pbeyeess activities in sediments result from the balance between the
210ph, cess flux and sediment input (i.e., mass accumulation rate, MAR;
Krishnaswamy et al., 1971; Sanchez-Cabeza and Ruiz-Fernandez, 2012)
leading to irregular 2'°Pb,, profiles due to sedimentation changes; (b)
210ph, cess profiles with regular exponential decline are uncommon since
sediment input is influenced by natural factors (e.g., rainfall variability;
sporadic storms or hurricanes) and human activities (e.g., dredging,
shoreline modifications); (c) previous studies using 210py dates cores
from saltmarsh (Ruiz-Fernandez et al., 2016) and mangrove (Aldana-
Gutiérrez et al., 2021) areas of EUL have shown variable sedimentation
rates that have been linked to extensive land use changes and morpho-
logical modifications that the lagoon has undergone since last century
(Vasavilbazo Saucedo and Covantes Rodriguez, 2012); and (d) if the
sediment cores were mixed, all variables analyzed in the sediments
(including 210Pb, 226Ra, LOIss50, LOIgs0, sand, silt and clay; Figs. S1 and
S2) would have shown flat profiles, or at least the same trends, which
was not the case.

Sediments on the Mexican Pacific Coast often lack detectable 37Cs
activities (Ruiz-Fernandez and Hillaire-Marcel, 2009), making it diffi-
cult to confirm 21°Pb-derived age models. This is attributed to low '*”Cs
atmospheric fallout in the region during nuclear testing tests (UNSCEAR,
2000), the time elapsed since the maximum global fallout from atmo-
spheric nuclear weapon tests, the high 13’Cs solubility in seawater and
its potential diagenetic mobility in the sediments (Ruiz-Fernandez et al.,
2020). Despite 13’Cs data was unuseful in corroborating the age models,
changes in sand content may serve this purpose at least in cores EUO8
and EUQ9 (Fig. S2). Considering that high hydrodynamic energy levels
lead to the accumulation of coarse sediments, while low energy condi-
tions promote the deposition of fine sediments (Alcérreca-Huerta et al.,
2022), the higher sand percentages in EUO8 and lower ones in EU09
since the 1940s (not visible in EU14; Fig. S2) could be related to the
construction of facilities to accommodate deep-draft vessels in the port
of Mazatlan in that period (e.g., installation of breakwaters and dredging
of the navigation channel; Vasavilbazo Saucedo and Covantes Rodri-
guez, 2012) as these activities altered the hydrodynamics of the lagoon,
increasing current velocities in the area closest to the sea and slowing
them down in the inner and shallower parts of the lagoon (Montano-Ley
et al., 2023).

The consistency of MP abundances and flux trends observed among
cores and the well-defined onset of the MP record (during the 1950s) is
also a reasonable corroboration of 2°Pb-derived age models in future
studies at EUL, and maybe in other regions worldwide. Other studies
elsewhere (Weber and Lechthaler, 2021) have suggested that, due to the
widespread distribution of plastics worldwide, their enduring persis-
tence, their clear temporal delimitation, and the lack of a natural
background, plastics could serve as a marker of the Anthropocene and
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for dating young sediments.
4.2. Microplastic contamination

4.2.1. Characteristics of sediments and microplastics

The association between MP and organic matter content in the sed-
iments has been previously explained i) as a result of MP- depositing
together with the organic components in the sediments owing to
biofouling, since it increases the MP sedimentation (Liu et al., 2023); ii)
by the influence of grain size, since finer sediments accumulate more
organic carbon, suggesting that finer grains trap more MP particles
(Marques Mendes et al., 2021); or iii) due to similarities in densities and
sedimentation processes, such as the aggregation of MP with organic
matter (e.g., marine snow and fecal pellets of marine organisms) (Maes
et al., 2017).

We consider that the significant correlation of MP abundances with
the percentages of sand and LOIs5( in cores EUO9 and EU14 reflects the
influence of grain size and, thus, the hydrodynamics on sedimentation.
Indeed, i) finer particles, including MP, require lower current velocities
to settle and accumulate, and ii) sedimentary organic matter tends to
concentrate with decreasing grain size and increasing surface area
(Horowitz, 1985). Interestingly, these correlations were not observed in
core EUO8, suggesting that factors other than the sediments’ intrinsic
characteristics (such as proximity to major sources of contamination or
transport processes that homogenize the MP distribution) may also
affect MP abundances.

The shape and color of MP particles have been considered important
characteristics when addressing MP contamination (Hidalgo-Ruz et al.,
2012). Color seems to influence plastic photoaging, microplastic for-
mation, and environmental impacts, since colorants impact the
longevity and degradation rate of plastics, with some leading to faster
polymer breakdown and microplastic formation (Key et al., 2024). Also,
color may lead to preferential uptake of MP by biota (Ugwu et al., 2021)
since visual predators may mistake brightly colored MP for prey (Zhao
et al., 2022). The predominance of fiber-shaped MP particles and the
prevalence of blue color in our study aligns with previous reports else-
where, which identified blue fibers as the dominant types of MP in
marine environments (Athapaththu et al., 2020; Ugwu et al., 2021).

Color of MP has been used to identify MP sources or polymer type;
with blue, black, white/transparent, and red reported as the character-
istic colors of MP in domestic and industrial wastewater (Deng et al.,
2020; Sanchez-Hernandez et al., 2021; Stanton et al., 2019); and clear
and transparent particles being ascribed to polypropylene, or white to
polyethylene, and opaque colors to LDPE (Hidalgo-Ruz et al., 2012).
However, plastic weathering can alter both density and color (Duis and
Coors, 2016), making color analysis for determining MP type or origin,
less significant compared to the more reliable methods of spectral or
chemical identification for accurate MP characterization (Zhang et al.,
2020).

In our study, the grouping of the sedimentary core sections based on
the particle color abundance (Fig. S3) appeared to be associated with the
sampling site location, particularly with cores EUO8 and EU14 falling
into distinct groups (A and C), which could be due to the proximity to
predominant MP sources; however, the grouping did not align with
deposition periods, suggesting independence from temporal factors.
Although the predominant MP source remain unidentified, we speculate
that the EU14 sampling site could be more influenced by the discharges
from aquaculture facilities, while EUO8 and EU09 may be more affected
by wastewater treatment plant effluents (Fig. 1). Group B included
sections from cores EUO8 and EU09, possibly due to current-driven
particle homogenization, as previously hinted by Cardoso-Mohedano
et al. (2023).

The predominance of fibers agreed with previous observations in
suspended (58 to 100 % of all particles) and surface (85-100 %) sedi-
ments at EUL (Rios-Mendoza et al., 2021; Cardoso-Mohedano et al.,
2023). The presence of fibers is considered an indicator of domestic
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effluents (Su et al., 2020) since a large proportion of MP fibers found in
the marine environment may have been released from cloth washing
(Browne et al., 2011; Habib et al., 1998), as even when wastewaters are
treated, treatment plants do not have a specific removal phase for MPs
(Freeman et al., 2020).

4.2.2. Microplastic abundances

The lack of a standardized method for extracting and analyzing MP
in environmental samples makes difficult comparisons across studies,
often yielding limited information. Despite differences in the charac-
teristics of study sites and analytical methods, comparing MP levels
among locations around the world offers significant insights that
broaden our understanding of global marine pollution and contextual-
izes the specific conditions of the area under investigation. Few pub-
lished studies have employed NR staining for MP analyses in 2!°Pb-dated
sedimentary cores; hence, only results obtained without staining were
compared with recent studies in coastal sediments. Indeed, the MP
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abundances in the sediment cores from Estero de Urias Lagoon fell
within the fourth quartile (i.e., the top 25 % of values) of a database
compiled from the literature of MP abundances in 2°Pb-dated sediment
cores from diverse coastal environments worldwide (Fig. 6).

Among the most relevant human-related factors driving the level of
MP contamination are high population density, mismanagement of
plastic waste, proximity to urban and industrial areas (including tourism
attractions, fishing grounds, maritime transportation facilities, green-
house cultivation areas), sewage outlets and wastewater treatment
plants (Hantoro et al., 2019; Wang et al., 2020; Wei et al., 2022).
However, the flushing rate, i.e., the rate at which water enters, circulates
through, and exits the lagoon, is also a fundamental physical property
that controls the retention time and pollutant accumulation (Anthony
et al., 2009). Thus, the relatively high MP abundances in EUL cores can
not only be explained as a result of the various sources of pollution that
converge in the lagoon (e.g., urban, industrial and port wastewater
discharges) but also by the inverse estuarine circulation pattern that
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characterizes it, which promotes water retention and the accumulation
of pollutants, including MP (Cardoso-Mohedano et al., 2023).

The higher abundances of suspected MP in stained than in unstained
filters (Fig. 2a, b) were because the use of NR solution and the fluores-
cence lamp improved the visual identification of particles, facilitating
the identification of transparent pieces that might have otherwise gone
unnoticed. Considering that sediments may accumulate high percent-
ages of white and colorless particles (up to 95 %; Dobaradaran et al.,
2018), only results from the NR-stained filters are discussed further.

The higher MP abundance in EU14 compared to the other cores was
attributed to EUL’s hydrodynamics, since EU14 was collected in the
innermost part of the lagoon (Fig. 1), where slower currents (0.31 m s™1)
and longer water turnover (around 70 days) occur, making it the most
vulnerable zone to contaminant accumulation (Cardoso et al., 2015).
Indeed, the simulation of the transport and accumulation of poly-
ethylene fibers released from Infiernillo Inlet (Fig. 1) indicated that, on
average, particles accumulated inside EUL, mostly at the innermost area
of the upper lagoon (Cardoso-Mohedano et al., 2023). Urban planning in
Mazatlan City should account for the confinement of currents in the
inner part of the EUL, which favors sediment and pollutant accumula-
tion; thus, to improve the lagoon’s environmental quality, where both
wild and farmed fishery products are produced, discharges of treated or
untreated waste should be avoided.

4.2.3. Temporal distribution of microplastic fluxes

Although MP abundances in EU14 were significantly (p < 0.05)
higher than those in EUO8 and EU09 in both periods, the MP fluxes (g
cm™2 year™!) were comparable among the three cores (Fig. 2). This
finding i) indicates that the load of suspended MP particles is homoge-
nized by currents before deposition (Cardoso-Mohedano et al., 2023),
and ii) emphasizes the importance of comparing historical data in terms
of fluxes instead of concentrations, since fluxes are normalized by the
mass accumulation rates.

The acceleration of the accumulation of MP particles per unit area (i.
e., the slopes of MP flux versus time) in all cores was positive in both
periods (1950 to <1990 and 1990-2021), and cores EU09 and EU14
showed increments since 1990, capturing the acceleration of MP pro-
duction over time (Fig. S5). This could be related to both Mazatlan City’s
population growth and the increasing availability of plastic products,
plastic consumption, and residue wasting, leading to an increased
release of raw and treated urban and industrial wastes that eventually
reached EUL. Despite Mazatlan City’s population growing at a similar
pace since the 1950s (Fig. 2c; INEGI, 2024), the growth rate of the
annual global polymer resin and fiber production, at least during the
period 1990-2015, was about 3.5 higher than the growth rate during the
earlier period (Fig. S5).

The acceleration of MP accumulation was higher in EU14 than in
EUO09 in both periods; however, EUO8 had the highest value in the early
period and the lowest in the most recent one (Fig. 4). The notable in-
crease in MP flux in EUO8 from 1950 to <1990 (acceleration of ~325
particles m~2 year2; Fig. 4) can be ascribed to the population growth of
Mazatldn City (mainly towards the eastern part of EUL) characterized by
its highest inflection during this period (Fig. 2c). Additionally, the
expansion of human settlements, reflected in the development of pop-
ular neighborhoods in the 1960s (surrounding the Infiernillo Inlet) and
the growth of industrial infrastructure (bordering the navigation chan-
nel of EUL), including the establishment of the Bonfil industrial park in
the 1970s (Vasavilbazo Saucedo and Covantes Rodriguez, 2012),
collectively contributed to an augmented discharge of wastewater into
the lagoon (Sanchez Rodriguez and Calvario Martinez, 2020). On the
other hand, as wastewater treatment plants and shrimp farms are known
as potential sources of MP (Liu et al., 2021; Lusher et al., 2017) the
increase in MP flux during the most recent period (1990-2021) in EU14
and EUQ9 (acceleration of ~1, 293 and ~465 particles m~2 year‘z,
respectively; Fig. 4) is most likely due to the installation of four waste-
water treatment plants (since the early 2000s) and several shrimp farms
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(since the late 1980s) that discharge both treated and untreated
wastewater into the innermost area of EUL (Fig. 1).

4.3. Polymer identification of the suspected MP particles

PET, the synthetic polymer most frequently detected among the
particles analyzed (Fig. 5), along with PE and PP, are among the top four
types of polymers (PP, PE, PVC, and PET) with the highest global pro-
duction (PE, 2023). They are also among the most common synthetic
polymers (PE, PP, PET, and PS) reported for coastal ecosystems world-
wide, as they are commonly used to manufacture everyday plastic
products (Giindogdu, 2022) and are widely used materials in the pack-
aging and construction industries. Interestingly, PET appeared in the
three sediment records since the 1970s, most likely because PET bottles
came into widespread use in the mid-1970s, after Coca-Cola and Pepsi-
Cola began bottling carbonated beverages (Smith, 1975).

While this study effectively reconstructed the temporal variation of
MP abundances and the increasing trends in MP fluxes in EUL sediments
since the mid-20th century, our results may be limited by the relatively
small number of particles (~10 % of the total counts) analyzed for
polymer identification, as recent recommendations suggest analyzing a
larger number of particles to improve result representativeness (De
Frond et al., 2023). Nevertheless, the consistency of our results across
the three sediment cores analyzed in this study, as well as with our
previous studies in suspended and surface sediments that used the same
methodology (Cardoso-Mohedano et al., 2023; Rios-Mendoza et al.,
2021) supports the reliability of our findings. Certainly, more advanced
mathematical approaches to the problem of sample representativeness
and uncertainty reporting are urgently needed.

The prevalence of cellulosic fibers among the particles analyzed in
EUL sediments aligns with findings elsewhere, highlighting their sig-
nificant role in marine MP pollution (Cashman et al., 2022). The iden-
tification of cellulose fibers might be perceived as irrelevant because
they are not considered plastics and, due to the rapid degradation of
natural fibers, they are thought to cause no harm to the environment;
however, both fiber types sorb chemical pollutants and are vectors for
chemical pollution dispersion (Ladewig et al., 2015). Although infor-
mation is still scarce, it has been recently reported that both natural and
synthetic microfibers impact the growth and behavior of estuarine or-
ganisms during their early life stages (Siddiqui et al., 2023). In addition,
cellulose is used for many different products (e.g., paper, textiles, and
cardboard) and it is also an important additive for the tobacco industry,
where it is used to produce reconstituted tobacco and to prepare both
cigarette paper and filter (DKFZ, 2012). Thus, cellulose fibers still
represent an additional source of anthropogenic environmental
contamination that must be better understood (Stanton et al., 2024).

5. Conclusions

The study aimed to assess the temporal variation of microplastics
(MP) abundances and fluxes in three 21°Pb dated sediment cores from
Estero de Urias Lagoon (EUL), an urbanized coastal lagoon at the
entrance of the Gulf of California. Despite challenges posed by atypical
210ph profiles and low '*7Cs activities (<1.2 Bq kg™1), the historical
trends of MP contamination were coherent across the sediment cores,
confirming the reliability of the methodology, which could be repro-
duced in other coastal lagoons, although we stress the need for inde-
pendent markers to corroborate age models. The absence of MP before
the 1950s might be useful to validate 2'°Pb-derived age models where
the 137Cs signal is not detectable, and the onset of MP particles may be
an additional marker of the Anthropocene epoch.

Sediments contained predominantly fibers (66-89 %) and fragments
(11-34 %), mostly blue in color (38-74 %). MP abundances (200-2701
particles kg~! in unstained filters) ranked among the highest in 21°Pb-
dated marine sediments worldwide. Since EUL upholds subsistence
fishing and shrimp aquaculture activities, this finding underscores the
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need for immediate attention to mitigate plastic pollution impacts on
aquatic life and human populations reliant on seafood.

A possible limitation of this study is the small number of particles
analyzed for polymer identification; however, results were consistent
across cores, showing the prevalence (14-50 %) of polyethylene tere-
phthalate (PET) since the 1970s. Thus, reducing PET use, improving
recycling rates, and raising awareness to prevent PET waste from
entering the environment would be beneficial.

MP fluxes were comparable among cores, increasing from the onset
of global plastic commercialization in the 1950s to the present. Accel-
erated MP accumulation since the 1990s (annual growth rate between
299 and 1293 particles m~2 year !, depending on the core) were
influenced by the increasing plastic production, population growth, and
hydrodynamics of the sampling site. The highest MP fluxes, between
1990 and 2021, at the lagoon’s innermost part might result from treated
and untreated wastewater discharges from wastewater treatment plants
and shrimp farms. Urban planning should avoid placing known MP
sources in coastal areas with low flushing rates.

The increasing MP presence in EUL highlights the growing threat of
plastic contamination in coastal ecosystems, emphasizing the global
need to regulated plastic production, use, and disposal, to develop
efficient education strategies, and sanitation and coastal management
programs to protect coastal environments and communities from
incessant MP contamination.
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