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Abstract: Environmental contamination is ubiquitous and even in the ocean, signs of
contamination of different types (chemical, biological, or plastic) are detected in all kinds
of environments. In this study, a sediment core was sampled at the bottom of the Blue
Hole of the Maldives (Ari Atoll) to make a first characterization of the sediment in terms
of its grain size and organic-inorganic matter composition and to assess the sediment
contamination levels in terms of trace elements (by ICP-MS analysis) and the eventual
presence of microplastics (by optical classification and microRaman analysis of items). High
concentrations of Hg (a maximum value of 0.145 ppm at the bottom layer of the core),
Cd (a maximum value of 0.65 ppm at the core surface layer), and As (9.4 ppm at the top
of the core) were highlighted at different layers of the sediment core. Plastic polymers
were not detected in the sediment core, but 51 fibers characterized by the presence of
artificial dyes or additives were found in the core (a mean of 5.7 fibers for each slice). The
results confirmed the sediment contamination of the Maldivian Blue Hole, supporting the
hypothesis of contamination due to ineffective waste management within the archipelago
and mass tourism affecting the atolls.
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1. Introduction

Environmental contamination produced by anthropogenic activities is known to be
widespread in all terrestrial, aerial, and marine environments [1,2]. Contamination is caused
by the introduction of various substances and materials into the environment, including,
among others, metals, hydrocarbons, pesticides, pharmaceuticals, and solid waste [3-6]. Some
forms of contamination have a long history and have therefore been studied for years, such
as metal-related contamination [7]; others have only been the subject of research for a few
years (e.g., emerging contaminants) [8,9]. In the ocean, traces of contamination are found in
all matrices: the surface layer and water column [10-12], sediments [13,14], and biota [15-17].

Regarding contamination by solid materials, the problem of plastic debris and mi-
croplastics (1 pm-5 mm plastic debris, MPs) is now one of the main objects of environmental
studies. In fact, MPs constitute a universally recognized environmental problem, and it
is known that they are present from the poles to the equator and in all environments
(aerial, terrestrial, and marine) [18-20]. In the marine environment, their presence has been
demonstrated at all depths in the water column [21-23], in sediments from shallow coastal
areas [24,25] to abyssal and hadal areas [26-28], and in biota (fish, reptiles, mammals, and
benthic organisms) [29-34].
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Contamination is therefore also present in remote regions (such as Antarctica and
the Arctic [35-37]), or regions considered “pristine environmental paradises” such as the
archipelagos of tropical islands (the Seychelles, French Polynesia, the Bahamas, and the
Maldives). In fact, these islands are not pristine [38,39] because they have towns and cities
and commercial and industrial activities, and they are impacted by millions of visitors
every year with consequent effects on the environment. In the case of the Archipelago of the
Maldives, 1.88 million tourists from all over the world visited the atolls in 2023, occupying
hotels, resorts, or vessels spread throughout the entire archipelago [40]. The influx of such
a high number of visitors each year causes considerable management (supply of goods)
and environmental impact (dispersion of solid waste and chemicals) problems, which puts
the Maldivian Government under great pressure to study long-term precautionary and
mitigation measures and strategies [41,42]. In fact, waste management strategies in the
Maldives are mainly based on landfilling (Thilafushi Island) and open-air burning, and
there are no wastewater treatment options [43—45].

Various research teams have confirmed chemical contamination in different matrices
in the Maldives. For example, high concentrations of metals (Zn, Cu, Al, Cr, Sn, Pb, U, and
V) were detected in coral skeletons in the North Male and South Male Atolls [46]. Persistent
organic pollutants (POPs), such as polychlorinated dibenzo-p-dioxin (PCDD), polychlo-
rinated dibenzofuran (PCDF), and dioxin-like polychlorinated biphenyl (DL-PCB), were
found in soils related to the open burning of waste on islands [47]. Emerging contaminants
(caffeine, fluoxetine, and norfluoxetine) were detected in reef sponges in the proximity of
landfills [48]. Toxic heavy metals (Al, Cu, As, Cr, Mn, Ni, and Cd) were present in tuna
fishes caught in the Laccadive Sea (North Maldives) [49]. Finally, heavy metals (Cu, Zn, and
Fe) were recently found in seawater around Thilafushi Island, an artificial island created by
the Maldivian Government in 1991 as a municipal landfill [50]. No data were found on the
metal contamination status of marine sediments in the Maldives.

The presence of plastic and MPs has also been studied and confirmed in the Mal-
dives’ islands. Imhoff et al. [51] assessed the abundance of plastic debris on shores and in
natural accumulation zones in Vavvaru Island (Lhaviyani Atoll, North Maldives). They
found a considerable amount of plastic debris (more than 1000 plastic particles per m~2)
in remote locations that are affected by ocean plastic transport. In the same atoll,
Patti et al. [52] confirmed MP presence in sediments (more than 200 particles per
kg*1 of sediment) across the fore reef, reef flat, and beaches on the small-inhabited
Naifaru Island. Saliu et al. [53] found plastic and charred MPs in sea surface water
(0.32 £ 0.15 particles m~3) and beach sediments (22.8 & 10.5 particles m~2) inside and
outside the reef rim in the Faafu Atoll (central Maldives) even though the site is sparsely
populated and not very touristy. In Magoodhoo Island (Faafu Atoll), Raguso et al. [54]
established that 58% of the surveyed coral individuals (n. 38 individuals) were affected
by the presence of MPs.

From the results of these previous studies carried out at different locations in the
Maldivian archipelago and the lack of data on trace element contamination in Maldivian
bottom sediments, we decided to perform one of the first exploration studies on the bottom
sediments of the Blue Hole of Ari Atoll. The aim of the study was to make the first physical
characterization of the sediment and the first assessment of the presence of contamination
in terms of trace elements and MPs. Sampling took place in May 2022 as part of a scientific
campaign that included the first physical-chemical characterization of the blue hole water
column by measurements with a multiparameter probe [55]. Here, we present the results
of the analysis carried out on the sediment core.
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Blue Holes and Maldivian Blue Hole

Blue holes are submarine karst cavities with very peculiar chemical characteristics of
their water masses (marked halocline, high concentrations of H,S, and a marked deficit or
total absence of oxygen), populated only by communities resistant to extreme environments,
such as unicellular algae, bacteria, archaea, fungi, and foraminifera [56-58]. They are unique
environments with very high scientific significance [57] that are found in various parts of
the world and not easily accessible due to their morphology and depths. Among the best
known in the world, the maximum depths of blue holes vary widely: 60 m for the Middle
Caicos Island in the Bahamian Archipelago [59], 125 m for the Great Blue Hole of Belize [60],
and 301 m for the Sansha Yongle Blue Hole in China, the world’s deepest marine blue
hole [61]. A blue hole was also recently (in 2001) discovered in the Maldives archipelago
(Figure 1), which is, so far, the only one discovered in the Indian Ocean. The Maldivian
Blue Hole is in the Faanu Mudugau Lagoon in Ari Atoll [55,62] in the western part of the
archipelago, and overlooks the Inner Sea, which cuts the archipelago longitudinally.
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Figure 1. (A) A map of the archipelago of the Maldives and Ari Atoll; (B) the location of the blue hole
(red X) inside the Faanu Mudugau Lagoon; and (C) a scheme of the vertical profile of the blue hole
with the sampling point and the sediment core, with the subdivision in nine 2 cm slices.

Some blue holes are close to the coast and are easily accessible; therefore, they are
highly frequented by tourists and are under increasing pressure from tourists practicing
scuba diving or snorkeling. For example, the Egyptian Blue Hole was visited by more than
1000 visitors during the peak days in 2014 [63] with direct consequences on the surrounding
coral reef and pollution of the marine environment. On the other hand, other blue holes
are not the object of tourist visits and are almost undisturbed environments, except for the
scientific activities that are carried out there. This is partly because of their inaccessible
location and partly because they are poor in attractive marine populations on the walls and
bottom (neither corals nor fish live in blue holes). This is the case of the Maldivian Blue
Hole, which is an environment that is almost undisturbed by human presence. In fact, it is
not a tourist site, and the nearest resort is 4.5 km to the NW and the nearest inhabited island
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is 9 km away to the S. For these reasons, it is ideal for scientific research in oceanographic,
geological, chemical, and biological features.

Because of their shape and lack of dynamics, blue holes are terminal collection sites for
anything that settles from the water column and falls from the nearby coral reef lagoon [64].
Therefore, they are collectors of sediment, fecal pellets, dead organisms, coral fragments,
and any extraneous object, such as MPs, carried by currents and introduced from the
external environment (fibers or small particles carried by the wind). Bottom sediments of
blue holes can thus be archives of climate variations and environmental contamination rates
of the areas in which they are located [65]. For this reason, we decided to sample a sediment
core from the bottom of the Maldivian Blue Hole and characterize the sediment (the grain
size and organic-inorganic matter composition), investigating its level of contamination in
term of trace elements and MPs.

2. Materials and Methods
2.1. Sampling

During the XXV Scientific Expedition organized by the University of Genoa (Italy), the
International School for Scientific Diving, and the Albatros Top Boat (12 May 2022), SCUBA
divers collected a shallow sediment core at 82 m of depth on the bottom of the Blue Hole of
Faanu Mudugau (Ari Atoll, Maldives, 3°55.799" E 72°56.469' N; Figure 1).

Since this was the first time that sediment sampling was carried out within the Mal-
divian Blue Hole and therefore no past data on its composition and contamination were
available, we decided to sample only one core to obtain the first baseline results. The choice
to take a sediment core was made to obtain initial information on the vertical composition
of the surface sediment of the blue hole bottom.

The choice of sampling method was determined by both our desire to alter and disturb
the blue hole environment as little as possible and the need to visually inspect the sampling
site before inserting the core liner into the bottom, so as to be sure of successful sampling.
Therefore, sampling was carried out manually by very gently inserting a 60 cm long and 6 cm
wide transparent Poly(methyl methacrylate) (PMMA) tube into the bottom sediment, avoiding
disturbance of the sediment surface. Then, the tube was extracted from the bottom and closed
with red rubber corks. This sampling method is often used for the extraction of short sediment
cores, permitted us to choose the best sampling point, and allows for the steady and controlled
insertion and extraction of the core tube [66—68]. The extraction of the core from the blue hole
bottom was successful, but during the long ascension to the surface, the material inside the
tube deposited on its base, producing a core with a final thickness of 18 cm.

Once on board, the sediment core was measured, photographed, and immediately
sub-sampled into 9 slices 2 cm high using a steel paddle and a steel ring. The slices were
stored in glass jars previously rinsed with micro-filtered water and sealed with aluminum
film. In the laboratory, each slice was divided into several portions for subsequent analysis:
grain size distribution, chemical composition, content of organic and inorganic matter, and
MP presence. Finally, a portion of each slice was used to characterize the foraminiferal
community present in the blue hole sediment. Foraminifera results are reported in Giraldo-
Gomez et al. [69]. No replicates of the analyses were made because only one core was
sampled and because only a few grams of the sediment were available.

2.2. Sample Grain Size and Chemical Analysis

An average of 15 g of the sample was used to perform the particle size analysis of
the sediment following Cutroneo et al. [70]: samples were wet-sieved to divide the coarse
fraction (diameter & > 63 um) from the fine fraction (& < 63 um). Then, the coarse fraction
was dried and dry-sieved with a set of stainless steel sieves (J < 63 um, 63 < J < 125 um,
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125 < @ < 250 um, 250 < @ < 500 pm, 500 < & < 1000 um, 1000 < G < 2000 pm, and
@ > 2000 pm), while the fine fraction was analyzed using a Multisizer™ 3 Coulter Counter
(Beckman Coulter, Inc., Indianapolis, Indiana, USA).

The organic and inorganic sediment composition was determined by sediment com-
bustion in an ISCO muffle (ISM320 mod.) at 550 °C for 3 h: the organic fraction was
removed by combustion and the un-combusted (inorganic) fraction was determined by the
weight difference from the total sample weight [71].

The sediment samples (0.5 g portion, previously pulverized) were also analyzed by
inductively coupled plasma mass spectrometry (ICP-MS) after modified aqua regia digestion
(1:1:1 HNO35:HCI:H,O). The concentration of 53 elements was determined, including those
considered most significant as indicators of anthropogenic contamination (Ca, Fe, Mg, Mn,
As, Cd, Co, Cr, Cu, Ni, Pb, V, Zn, and Hg). Procedures to ensure the quality of the results
included analysis of blanks; a test on the certified reference material standards; and duplicate
samples to ensure reproducible results [72]. Analysis was performed by the Bureau Veritas
Mineral Laboratories of Vancouver, Canada (ISO 9001 Quality Management Systems).

2.3. Sample Treatment, Analysis, and Precautions for Microplastic Research

A 50 mL portion of the sample was used to search for MPs in the blue hole sediment.
The sediment samples were placed in Pyrex beakers, dried in a thermostatic oven at
60 °C, and weighed (average weight of 20 g). Then, 200 mL of super-salted pre-filtered

water with a density of 1.3 g cm 3

was added to each sample. The super-salted water was
obtained by adding 2.4 kg of MgCl, to 1 L of fresh water. MgCl, was chosen because it
is neither toxic nor harmful and because it allows for a higher-density solution than that
obtained using NaCl [73]. The mixtures of the sediment and super-salted water were stirred
for 2 min with a glass rod and allowed to settle for 48 h. The supernatant was collected
with a pipette and poured into a glass jar. The operation was repeated three times until
30 mL of the supernatant for each sample were obtained.

Ten mL of 4% HCl was added to the supernatant for the removal of the abundant
carbonaceous particles present. Due to the carbonate nature of the sediment, the abundant
presence of foraminifera in the samples, and the low presence of organic matter, HCI was
used to treat the samples in place of the commonly used H,O,, following the results of the
study conducted by Pfeiffer and Fischer [74]. In fact, they showed that, in the case of a
calcareous matrix, HCl can be used for digestion at a maximum concentration of 10% and
at a reaction temperature of 20 °C because it effectively consumes the calcareous material
and shows no distinct effect on any of the synthetic polymers [74]. HCI was left to act for
96 h at room temperature (18-20 °C).

Afterward, the supernatants were filtered through GF/F glass microfiber filters
(diameter 47 mm, pore 0.7 pm; Whatman™, GE HealthCare UK Limited, Little Chal-
font, UK) and rinsed with 2 L of pre-filtered fresh water to remove salt residues and prevent
crystal formation. Finally, the filters were placed in glass Petri dishes.

The identification (shape), counting (number), measurement (size), and classification
(color) of the items collected on the filters were performed using an optical microscope Leica
716 APO (5x magnification), managed by Leica Application Suite 3 (Leica Microsystems,
Mannheim, Germany) analysis software [27].

Following [27,75], the items (at least 10% of the items characterized for each filter)
were analyzed using a XploRA™ PLUS MicroRaman spectrometer (Horiba Scientific, Ltd.,
Kyoto, Japan) with the LabSpec 6 Spectroscopy Suite software (Horiba Scientific, Ltd.,
Kyoto, Japan) of the Department of Earth, Environment, and Life Sciences of the University
of Genoa. The choice to use pRaman spectroscopy was made because it is a widely and
successfully employed method in the study of MPs dispersed in the environment, as is
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Fourier-transform infrared (F-TIR) spectroscopy [76]. The identification of item materials
was conducted by comparing the obtained spectra with the Spectral Library of the Wiley’s
KnowItAll® Software (version 24.2.72.0; John Wiley & Sons, Inc., Hoboken, NJ, USA). Only
results with correspondence of >70% to the reference spectra were accepted; spectra with a
match of <70% were classified as “unrecognized”.

All the instrumentation used in the laboratory was rinsed previously with pre-filtered
fresh water, the operators wore cotton coats, and the air exposure of the samples was reduced
to the bare minimum to minimize the contamination of the samples. A control filter was
placed next to the samples when they were exposed to air during laboratory operation and
puRaman analysis. All materials used in the sampling process (core tube and red rubber corks)
and laboratory (paper filters, paper towel, and sample filters) were analyzed by pRaman so
that they could be identified and not considered if found in the samples.

The diagram in Figure 2 summarizes all of the steps that were carried out for the study
of the presence of MPs in the Maldivian Blue Hole, placing emphasis on specific measures
to be taken into consideration in the laboratory and during analyses. In detail, the black
boxes show the different steps of sample treatment and item analysis; the red boxes show
the precautions taken to minimize the contamination of samples during their handling and
the checks that were carried out on the materials used for sampling, sample treatment, and
analysis in laboratory; the blue boxes show the use of the control filters to detect and, if
necessary, eliminate items due to any external contamination of the samples.

CORE LABORATORY Laboratory precautions:

- Hood Cotton lab coat
Drying Microfiltered super- AR
00C=00 salted water HCI I 1
\ / = TTr

Extraction Treatment Filtration o
— \ = $ K Microfiltered
— fresh water
Weighing — i\n\ —_— —_— i
\l [\ © | Blank on:

C—
e
E Rt === | paper filter, paper towel, filters
el _'_: N
...... < 2 N
— =2 = open tab blank fiter ; (-
; MICROSCOPE l MICRORAMAN
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[ Rubber 3 @ Samples =~ —— @ Samples ——
o S — é o
Cdpvctube |[© Lab control _, 5 Lab control
filter filter AYZ-
/
9 Closed Raman control filter < @ Open Raman control filter

Figure 2. A schematic representation of all steps (in black), all materials and precautions (in red), and
the control filters (in blue) used in the extraction and analysis of microplastics in the sediments of the
Maldivian Blue Hole core.

In terms of precautions, it was essential to use control filters when the samples were
exposed to air to be able to detect the presence of particles unrelated to the samples but
due to the handling of them. The items found on the control filters underwent the same
treatment as those of the samples and were then listed, photographed and analyzed with
puRaman. Subsequently, if these items were also present in the samples, they were removed
from the count. This step in the procedure for the determination of MPs in environmental
samples is essential to have greater confidence in the robustness of the results and thus in
the assessment of the actual MP contamination of the environment under investigation. In
fact, during treatment and analysis, samples are inevitably exposed to the air and, therefore,
can be contaminated at any time by the environment in which they are exposed. In the
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specific case of the Maldivian Blue Hole, it was possible to identify 29 items (55% fibers
and 41% fragments) on the control filters.

Finally, it should be noted that blue (Copper phthalocyanine) fragments were found in
the control filter (Figure 3). The discovery of these granules in the control filter made it clear
that these fragments were already present in the virgin filters, leading to their automatic
exclusion from the counts whenever they were detected in the samples. This situation
emphasizes the importance of the ”anti-contamination” precautions taken in the handling
of samples and during analysis in order to avoid erroneously indicating the presence of
MPs in the environment.

(b)

3 — RHX#419; Copper phthalocyanine
40002 - Blue fragment
3000
20003

cm™ (c)

Figure 3. Images taken at pRaman with 100x (left) and 10x (right) magnification of the blue
fragments found in the control (a) and samples (b) filters; (c) the spectrum obtained by uRaman
analysis (in black) and the resulting spectrum in the reference spectra library (in red).

2.4. Assessment of Ecological Risks

The chemical concentrations of eight elements (As, Cd, Cu, Cr, Ni, Pb, Zn, and Cr)
found in the blue hole core were used to assess the degree of contamination and the
associated ecological risk of the core sediments. Two assessment indexes were considered:
the Pollution Load Index (PLI) and Potential Ecological Risk Index (PERI), following [77].
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2.4.1. Pollution Load Index (PLI)

The PLI is used for the total assessment of the degree of sediment contamination and
comparison among the core slices. The PLI is calculated starting from the Contamination
Factor (CF) values of each considered element with the following equation:

PLI=(CF; - CFp - CF; ... - CFy) ™", @

where CF is the ratio of the concentration of each element in the sediment with the concentra-
tion of those elements in the background, and 7 is the number of considered elements (n = 8).
Since background values were not available for the Maldives, the general upper continental
crust (UCC) [77] values were considered. The UCC values are reported in Table 1.

Table 1. The upper continental crust (UCC) values (in ppm) and the toxic response factor (T;) for the
eight trace elements considered in the sediment core [77].

Trace Element ucCc T:
As 2.0 10
Cd 0.2 2
Cu 14.3 5
Cr 35 2
Ni 18.6 5
Pb 17 5
Zn 52 1
Hg 0.056 40

Sediments are considered as “polluted” if PLI > 1; sediments are “non-polluted” if
PLI < 1. PLI =1 is the baseline level of pollution.

2.4.2. Potential Ecological Risk Index (PERI)

The PERI is a well-known method for assessing the potential risk of trace element
pollution in sediments, considering the total trace element concentration and the toxic
response factors for each element [78].

PERI = ZE;, (2)
where E; is the ecological risk factor:

E. =T, -CE 3)
where T; is the toxic response factor. T; has a standard value for each element [77]. T, values
for the eight trace elements considered in this study are reported in Table 1.

Considering E; results, the ecological risk of the bottom sediments is classified as fol-
lows: “low” with E; < 40; “moderate” with 40 < E; < 80; “considerable” with 80 < E, < 160;
“high” with 160 < E; < 320; and “very high” with E, > 320 [77].

Considering the PERI results, the potential ecological risk is “low” with PERI < 90,
“moderate” with 90 < PERI < 190, “considerable” with 190 < PERI < 380, and “very high”
with PERI > 380 [77].

2.5. Statistical Analysis

Principal Component analysis (PCA) was applied to the results of the physical charac-
teristics of sediments and element concentrations found in core slices to identify the most
characterizing parameters within the slices. PCA was conducted by R package “vegan”
(version 3.5.3) [79].

3. Results and Discussion
3.1. Grain Size and Organic—Inorganic Content

The results of sediment size classification are summarized by the modified Shepard
triangle diagram [80] of Figure 4. The first slice (02 cm) is characterized by the prevalence
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(85%) of the grain size fraction < 63 pm (the fine fraction). Slice 24 cm is almost equally
composed of fine fraction, sand, and gravel (43, 24, and 33%, respectively), with the maximum
percentage of gravel among the slices. Slices 4-6, 6-8, and 8-10 cm show a gradual increase
in sand, with a decrease in the fine fraction and an almost constant percentage of gravel.
Quite the opposite, slices 10-12, 12-14, and 14-16 cm have a constant portion of sand, but
show a progressive decrease in gravel with a consequent increase in the fine fraction. Sample
16-18 cm is mostly composed of fine fraction (55%), with 35% of sand and 10% of gravel.

I | [ [ [ I [ [
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

FINE FRACTION

Figure 4. Modified Shepard’s triangle diagram for sediment samples.

In 2006, in a study on surface sediment samples in Ari Atoll, Gischler [81] found that,
generally, bottom sediments consist of only 0.7% of fine fraction (<125 um), but that fine
fraction preferentially accumulates in the deepest lagoon parts. They found that sediments
were made up of aragonite (78%), high Mg-calcite (20%), and low Mg-calcite (2%). Morgan
and Kench [82], studying the sediment fluxes in the North Male Atoll, defined that bottom
sediments were typically sand size, in contrast to what was found in the blue hole core.
Seasonal variations were highlighted in sediment transport by Morgan and Kench [82]:
during the NE monsoon period, sediment transport was characterized by finer sediments
(fine to medium sand), while during the SW monsoon period, sediment transport was
characterized by medium sand and gravel. Analyzing the tidal flow regime and sediment
transport in North Male Atoll, Rasheed et al. [83] assumed that the main mode of sediment
transportation is the wind-driven transport for shallow lagoon areas of the Maldives
archipelago, but that tides dominate the sediment transport regime in the shallow water
areas. The Male area is affected by a relatively low mean spring tidal variation of 0.97 m but
is characterized by strong diurnal and seasonal differences. In fact, high tides and low tides
have different heights [84] which can therefore influence sedimentation in different ways.

The prevalence of the fine fraction in the uppermost layer of the blue hole core indicates
the prevalence of fine sedimentation within the blue hole from the surrounding lagoon,
confirming that, usually, the lagoon is characterized by calm dynamic conditions. The
constant input of fine carbonate material (with varying concentrations of organic material
dependent on the season) usually falls into the blue holes under fair weather conditions,
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as evidenced by Gischler et al. [85] and Schmitt et al. [60]. The progressive increase in
granule size in the underlying slices may be an indication of a high-energy event (e.g.,
strong seasonal monsoons, tsunamis, or flood events [84]) that resulted in coarser material
settling in the Maldivian Blue Hole.

The dynamics within the atolls and lagoons are governed by tides and the surface
currents [86] that flow through the channels between the lagoons and the openings in them.
The combined currents, driven by tides and wind, can exceed speeds of 2m s~ 1[83]. General
circulation in the region is governed by the monsoon regime. The monsoon climate of the
Maldives governs local circulation and sedimentary deposition to such an extent that it
conditions and forces the morphology of the atolls themselves [87]. The increase in the fine
fraction in the last sections of the core would reflect the normal sedimentation of the area and
thus the limit of the disturbance event represented by the central slices of the core. This is
supported by the study carried out by Morgan and Kench [82] in the North Male Atoll: the
authors used sediment traps to quantify the sedimentation rate on the reef platform under the
different actions of the two monsoon regimes that characterize the Maldivian climate. Morgan
and Kench [82] verified that 95% of transport occurs during the southwest monsoon period
with rates of up to 1905 g m~! d~!. This confirms that the component of sediment transport is
very important in the coral reef environment and that processes involving sediment handling
include the filling of lagoons with outer sediments [82].

Due to their proximity to the equator, the Maldives are generally not affected by storms;
only the northern parts are occasionally affected by cyclones [81]. However, the archipelago
is affected by large-scale events such as tsunamis or flood events [81,84]. For example,
the Indian Ocean tsunami of 2004 had a devastating impact on the archipelago and its
population as well as the two flood events (long wave period up to 20 s) of April 1987
and May 2007 [84]. The first flood event was generated by a storm propagating from the
southern Indian Ocean with a wave period of 15-16 s and a significant wave height (Hs) of
about 3 m in deep water and much larger near the coasts (a maximum wave height of 5m
in Male). The 2007 flood event was generated by two consecutive storms from the South
Indian Ocean and South Africa; it was characterized by an 18-20 s wave period and a Hs
peak of 3.05 m. Both events had devasting effects on the Maldivian islands [84] and may
have played an important role in the sediment transport into the atolls and hence into the
blue hole, bringing coarse material into it. However, we have no direct indication from our
results that the increase in sediment size in the central section of the core was due to solid
transport from these strong events.

Giraldo-Gémez et al. [69], in a parallel study on foraminiferal tests in the Maldivian
Blue Hole core, found that sediment transport mostly occurs over very short distances, and
all material was recently deposited on the bottom of the blue hole. This study suggests
that the core is made up of recent material from nearby areas but does not provide any
additional indication of sedimentation rates, the time corresponding to the 18 cm of the
core, and the grain size vertical distribution.

Figure 5 summarizes the percentage composition of the slices in fine and coarse size
fractions and organic—inorganic content. The organic fraction was between 3.4 and 4.5%.
The trend of the organic—inorganic composition along the core mirrors the trend of the
size class abundances: as the coarse portion of the sediment increases, the percentage of
inorganic material in the samples increases; thus, it confirms that the organic fraction is
more closely related to the fine fraction [88].

Consistent with the above grain size consideration, the higher concentrations of
organic matter in the surface layer of the core can be explained by the fall in the blue hole
of material from the lagoon. Once at the water/sediment interface on the bottom of the
blue hole, the organic material can undergo the degradation process and can thus lead to a
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gradual concentration decrease in the underlying layers of the core [89]. Its decrease in the
intermediate layers of the core may also support the hypothesis of more dynamic events
that did not allow the fine fraction and organic matter to settle. The return to the normal
sedimentation regime in the bottom core layers is supported by the increase in the organic
material not yet degraded.

The grain size partition in the core can be a testimony to the special depositional
environment represented by blue holes [65].

| e

Figure 5. An image of the core (left) flanking the grain size distribution (center) and inorganic—
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organic fraction composition (right) of the sediment in the different slices (from 0-2 to 16-18) of the
core sampled from the bottom of the Maldivian Blue Hole. The x-scale in the graph of the inorganic
and organic fractions is displayed with a range of 93-100% to highlight the variation in the otherwise
barely visible percentages of the organic fraction.

3.2. Major and Trace Elements

Calcium, the main constituent of the carbonate atoll sediments, shows concentrations
ranging from a minimum of 24% of the third (4-6 cm) slice to a maximum of over 40% (not
measured by the method of analysis used) of the first slice (0-2 cm). Mg, a major component
of dolomite with Ca and frequent carbonate present in the Maldives [90], is between
0.7 and 1.1%. Strontium is >2000 ppm in all samples, confirming its close association with
carbonate sediments including Maldivian sediments (high Sr aragonite-rich carbonate
(HSAC) sediments), as shown by Alonso-Garcia et al. [91].

Ca, Mg, S, and P (Figure 6) have the same trend in the sediment core: the maximum in
the first slice (0-2 cm), the minimum in the third (4-6 cm for Ca, P, and Mg) or second slice
(2—4 cm for S), and an increase towards the bottom of the core. Iron shows values of 0.01%
at most.

Among the trace elements (Figure 7), Cu, Pb, and Zn show decreasing values along
the core, with the highest values in the third (4-6 cm for Cu and Pb) or second (2—4 c¢m, for
Zn) slices. Cd and As have the highest concentrations (0.65 and 9.4 ppm, respectively) in
the first slice (0-2 cm). In contrast, Cr and Hg show their maximum concentration at the
bottom of the core (16-18 cm), with 6.0 ppm and 0.145 ppm, respectively. Ni, Cr, and Hg
concentrations have a similar trend from the top to the bottom. In general, the first slice is
found to have the highest contamination overall.
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Figure 6. Major element concentrations (in %) in the 9 slices of the sediment core from the first on the
top (1: 0-2 cm) to the last on the bottom (9: 16-18 cm). * the Ca concentration is >40% in the first slice.
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Figure 7. Trace element concentrations (in ppm) in the 9 slices of the sediment core from the first slice
(top, 0-2 cm) to the last one (bottom, 16-18 cm).

Mercury concentration in marine sediments depends on the local lithologies but is often
used as an indicator of anthropogenic contamination. In accordance with this, many govern-
ments have established environmental quality standards (EQSs) for Hg (as a priority substance)
in sediments. For example, Italy (the Mediterranean Sea) has defined the EQS for Hg as 0.30 ppm
following the European Commission strategic objectives [92], and Canada has established this
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as 0.13 ppm following the Canadian Environmental Protection Act [93]. No EQSs are defined
for the Maldives sediment. The maximum Hg concentration found in the bottom core slice is
half of the Italian EQS, but twice the Canadian one, thus corresponding to an unexpectedly
high value. A study was conducted in the framework of the Minamata Convention [94] in
2019 to identify the status and existing challenges to mercury management and regulation in
the Maldivian archipelago. The Maldives does not produce objects or materials containing Hg
and does not mine it, so all Hg present is imported from abroad. However, the archipelago
is exposed to Hg contamination derived from its release in the environment produced by the
practice of open-burning waste on islands and placing waste in open storage areas [94].

Following the standard guidelines of safety limits for metal concentrations in marine
sediments (as defined by the United States Environmental Protection Agency (US EPA) and
reported in [95]), the maximum value of As found in the Maldivian Blue hole (9.4 ppm) is
indicative of a sediment defined as “polluted”. The maximum value of Cu (25.9 ppm) is at
the lower limit of sediments classified as “moderate polluted”, while concentrations of Cr,
Ni, Pb, and Zn correspond to a “non-polluted” sediment.

Cadmium concentrations found in the blue hole sediment ranged between 0.18 and 0.65 ppm.
Following, for example, the Italian law limits for Cd concentration in marine sediments
(0.3 ppm; Italian Ministerial Decree n. 260/2010 and Legislative Decree n. 172/2015) [92],
concentrations found indicate that the first layer and the three deepest layers of the core
have relatively high values. Worldwide, Cd-Ni batteries, landfills, use of agricultural
fertilizers, vehicular emissions, and inappropriate waste disposal are the main sources of
Cd pollution in the environment [96]. Mikhailenko et al. [97] highlight that Cd pollution
has a direct relationship with tourism as a result of hotel wastewater and increased traffic.
Therefore, all these aspects may contribute to the presence of Cd in the Maldivian sediments.

Arsenic pollution is derived from chemicals used in agriculture such as herbicides,
fungicides, and insecticides [98]. Although agriculture is not an extensive activity on the Mal-
divian islands, pesticides and insecticides are regularly used at resorts to combat mosquitoes,
bedbugs, and cockroaches or on golf courses to ensure the integrity of grass fields [99].

3.3. Pollution and Ecological Risk Assessment

The results of the pollution and ecological risk assessment are reported in Figure 8.
All PLI results show “non-polluted” sediments, while the PERI highlights a “moderate”
ecological risk in four slices (1, 3, 4, and 9). This last result is mainly influenced by the E; of
As and Hg; in fact, the E; of As was “moderately high” in the first slice, and the E; of Hg
was “moderately high” in slices 1, 3, 4, and 6, and “considerable” in the bottom slice.

PLI PERI
0.0 0.5 1.0 90 180

(=]

1 | 1

EERREREN
iy

Figure 8. The Pollution Load Index (PLI) (left) and Potential Ecological Risk Index (PERI) (right) results
for each core slice of the blue hole. In green are the results corresponding to “non-polluted” sediments
(PLI < 1), and “low” potential ecological risk (PERI < 90); in yellow is the “moderate” ecological risk
(90 < PERI < 190).
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3.4. PCA Results

The PCA result (Figure 9) summarizes well the differences between the core slices and
highlights the following three groupings of slices: slices 1 and 9 are completely separated
from the others due to the prevalence of fine-size components and high values of elements
such as Ni for slice 1, and Hg, Cd, and Cr for slice 9; slices 2, 3, and 4 are grouped together
due to the high concentrations of Pb, Zn, and Cu; and samples 5-8 are separated from the
others depending on their coarse component.

T
9

1.0

0.5

PC2

0.0
|
I

-0.5
|

PC1

Figure 9. PCA results. The black numbers are the core slices; in red, elements, coarse, and fine
components of the sediment, and inorganic (I) and organic (O) fractions. Superimposed, the purple
and green circles grouping slices 2, 3 and 4, and 5-8, respectively. PC1 explains 43% of the variance;
PC1 and PC2 explain 80% of the total data variation.

3.5. Items Results

The results of the characterization of items extracted from the core sediments are
reported in Table 2. A total of 984 items were counted and classified: fragments (34%) and
fibers (25%) are the most represented shape; brown (26%), black (20%), and blue (16%) are
the most frequent color; and the items are sized mostly between fine fraction (<63 pm) and
500 um (84%) reflecting grain size characteristics of the sediment. The first slice (0-2 cm) of
the sediment core is the richest in items, followed by the lower layers.

Among items analyzed with pRaman, no plastic polymers were identified, but 51 fibers
(a mean of 5.7 fibers for each core slice) characterized by the presence of artificial dyes or
additives (such as carbon) were detected. Other materials identified with pRaman include
chitin fibers, particles of Fe oxides, carbonates (remaining despite HCI digestion), SiO,, and
one paracrystalline carbon particle.

The fiber composition was been defined, but only dyes or additives were, because one
of the main problems with pRaman detection technology is the spectral distortion caused
by the fluorescence signals. Fluorescence signals result from micro-biological, organic, or
inorganic items [76] and some plastic additives (such as pigments), which lead to a low
signal-to-noise ratio in the pRaman spectra of MPs [100,101].
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Table 2. The results of the classification of items extracted from each slice of the sediment core of the
Maldivian Blue Hole.

Slice 1 2 3 4 5 6 7 8 9
Number of items 207 93 72 79 123 62 57 153 138
Grain size classification (in %)

@ > 2000 pm 0.0 1.1 14 51 1.6 1.6 53 0.6 0.0
1000 pm < & <2000 pm 14 5.4 8.3 6.3 41 8.1 10.5 33 7.3
500 pm < & <1000 pm 44 8.6 13.9 13.9 10.6 19.3 10.5 6.5 9.4

250 pm < @ <500 pm 9.2 19.3 32.0 12.7 114 194 28.1 14.4 10.1
125 pm < @ <250 pm 18.8 32.3 194 30.4 21.9 22.6 26.3 32.7 239
63 um < J <125 um 34.8 25.8 19.4 24.0 34.1 25.8 15.8 28.1 319
<63 um 314 7.5 5.6 7.6 16.3 3.2 35 14.4 17.4
Shape classification (in %)
Fibers 7.7 28.0 444 329 29.3 27.4 474 11.7 35.5
Fragments 343 247 27.8 342 33.3 419 22.8 39.9 39.1
Granules 1.0 12.9 11.1 6.3 49 9.7 263 19.6 5.1
Other 57.0 344 16.7 26.6 325 21.0 35 28.8 203
Color classification (in %)
White-Cream 242 20.4 20.8 12.6 10.6 6.5 53 46 11.6
Orange l6.4 7.5 9.7 13.9 26.8 16.1 8.8 15.7 6.5
Blue 53 19.3 279 11.4 203 14.5 29.8 11.1 232
Black 17.9 19.4 19.4 253 9.0 274 26.3 275 15.2
Brown 28.5 28.0 125 20.3 244 27.4 15.8 34.6 27.5
Other 7.7 54 9.7 16.5 8.9 8.1 14.0 6.5 16.0
nRaman results (in %)
Artificial dyes/additives 21 11 12 30 12 16 13 24 30
Other components 8 3 9 4 15 0 0 3 5
Not recognized 71 87 79 67 73 84 87 72 66

Two techniques are most used in the study of items dispersed in the environment,
Raman and Fourier-transform infrared (F-TIR) spectroscopy [102,103]. Recent studies have
compared the two techniques, highlighting the pros and cons of each: e.g., Raman is the
most suitable for the identification of small (5 < & < 500 pm) MPs, although it requires more
time than F-TIR [103,104]; F-TIR does not have the disadvantage of fluorescence, but suffers
interference with water [76]. The results of these comparisons confirm that both techniques
are valid and that using them in a combined manner would be ideal for a more correct
and complete characterization of MPs dispersed in the environment [76,102]. This ideal
combination is counterbalanced by an important economic component for the purchase
and/or use of the two instruments.

In the case of the Maldivian Blue Hole, although it was not possible to determine
the material of the fibers, dyes/additives were detected, thus highlighting the anthropic
nature of these items. In turn, the presence of synthetic-colored fibers, although not
composed of plastic materials, highlights the problem of the release of fibers into the
environment and their extreme persistence in the marine environment [105]. Numerous
studies have addressed the different behavior of MPs in the ocean, highlighting differences
in surface drifting, transport in the water column, and settling based on shape, density,
degradation, fouling coverage, etc. [106]. Among the dispersed items, fibers have the
lowest sedimentation velocity and can therefore remain in the water column longer and
travel greater distances with currents [52]. Furthermore, fibers, even with dimensions
greater than 1000 pm, can easily be transported in the air by wind and therefore can reach
every part of the Earth’s surface, more easily than items of other shapes [107]. This may
explain the absence of MPs in the shape of fragments or granules within the Maldivian
Blue Hole sediments.

4. Conclusions

A sediment core sampled from the bottom of the Blue Hole in the Maldives (Ari
Atoll) was analyzed to make an initial physical characterization of the sediment and an
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assessment of the sediment contamination of trace elements and microplastics. Some
evidence of contamination was found for trace elements such as Hg, As, Cd, and Cu.
Artificially colored fibers were found in all slices of the core. These make the blue hole an
interesting study site for determining the diffusion of pollutants in the Maldivian marine
environment and an archive of the degree of environmental contamination around it. The
peculiar distribution of sediment particle size classes found in the core highlights the
need for future studies on sedimentation rates within the lagoon and the blue hole, and
studies on the effect of seasonal and extreme events on sedimentation. Future studies on
sedimentation rates and sediment dating could also help to understand the timing involved
in sedimentation inside the blue hole. Moreover, the high values of trace elements found
in the blue hole sediments draw attention to the spread of contamination in the Maldives
archipelago. These findings, and the fact that other studies have found high values of
trace elements in coral skeletons, tuna fishes, and seawater, indicate the need to further
investigate the degree of contamination of the Maldivian marine environment and to carry
out an archipelago-wide study of bottom sediment contamination, which is lacking to date.
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